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Foodborne pathogens are one of the major causes for food spoilage which happens in raw meat,
vegetable, and dairy products. The emerging antibiotic resistance acquired by common pathogens
is bringing urgency for food industry to explore more options for effective and safe antimicrobial
agents. As one of the largest groups of plant metabolites, flavonoids were discovered to possess

antimicrobial activity but much of the detailed mechanisms remain unclear.

In this study, we established a QSAR model using published datasets that can summarize and
predict the redox behaviors of flavonoids with given structures. Then several flavonoids with
similar backbone structures yet varied hyperactive groups were tested for antibacterial activity.
We observed that flavonoid antibacterial activity has a positive correlation with its antioxidant
potential, which was typically measured in acidic environments. Our ORAC analysis revealed
that the most theoretically antioxidant flavonoids may exhibit prooxidant properties due to rapid
degradation in weak alkaline conditions, a phenomenon directly associated with their antibacterial
activities. We then focused our study on myricetin, the most potent one in the group that contains
a C2=C3 double bond and B-ring pyrogallol group structure. We discovered that myricetin

undergoes autoxidation to generate reactive oxygen species (ROS) at physiological conditions.



We then supplemented enzymes or cofactor metals that are essential for various cellular oxidative
pathways to the growth medium of E.coli or L. monocytogenes with myricetin, and noticed
significantly corresponding interference or improvement of the inhibitory effect. These data
suggested that the antibacterial activities of myricetin are directly mediated by the ROS generated
by its autoxidation. We also showed that the ROS generation in turn altered the physiological
profile of E.coli cells that may lead to its demise. These alterations include the compromise of
membrane integrity, increased leakage of cellular components, as well as transcriptional
upregulations of multiple genes associated with oxidative damage prevention, DNA replication or
DNA damage repair. Altogether, our findings highlighted the use of the previously underexplored
natural flavonoid compound myricetin, among other flavonoids, as a potential and potent
antibiotic with elucidated mechanisms of action that could be partially inferred from its structural
features. The emergence of such broad-spectrum, strong and natural antibiotics will serve as one
of the key solutions to the alarmingly rising problems of antibiotic resistance and will therefore

be unmeasurably beneficiary to the food and drug industry.
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Chapter 1 Introduction

11 Food Preservation and Safety

Food preservation has a history as long as the history of food [1]. Before the modern invention of
refrigerators, mankind has relied on freezing, drying, smoking, salting and fermenting to preserve
raw meat or other products for an extended amount of time. Along with the development of
technology and the in-depth understanding of food science, a growing numbers of preservation
processes and techniques are applied in the food production pipeline [2]. Yet, the main purposes
for these techniques, prevention of microbial growth and chemical composition changes, remain
the core concerns in the food industry. Chemical changes are usually caused by hydrolytic or
oxidative reactions with the external environment, and would result in overall compromise of the
color, smell, taste and nutrition values of food. Microbial growth on the other hand, could have
much more severe or even deadly consequences. As a matter of fact, foodborne diseases are
becoming a serious challenge throughout the world: more and more new species of pathogens are
being identified and isolated on a daily basis. Among those, some notoriously famous pathogens
like Escherichia coli 0157:H7, Salmonella species, Listeria monocytogenes have been
recognized since as early as in the 1940s as major microorganisms responsible for foodborne
illnesses. More recently, new emerging pathogens such as Vibrio vulnificus and Cyclospora
cayetanensis have also come under the radar [3]. Even for those pathogens we are familiar with,
they are constantly evolving rapidly to adapt environment, more often than not with increase of
virulence. Most of the cases occurred with zoonotic pathogens and could be attributed to the
massive use of antibiotics on animals. Some examples are methicillin-resistant Staphylococcus
aureus (MRSA), species of Salmonellae and Campylobacter, all of which are known to be
resistant to many antibiotics [4]. The emerging species of new pathogens and the limitation of

effective medicine to fight old ones together pose a serious and luring threat to the public health.



Thus, food preservation has become one of the most challenging and pressing issues in the food

industry.

In order to avoid spoilage in food, the widely used food preservatives normally possess either
antimicrobial or antioxidant activity and have been extensively used in the manufacture process
of food. Along with the exploding global population, the need for food products with longer
shelf-life has also been sky rocketing. Indeed, food preservatives have a large margin of market
and this market is expanding rapidly. By the year of 2021, the food preservatives market is about
to reach 2.94 billion USD in terms of value. The increasing demand for effective and safe food
preservatives has reflected the growing public awareness of food safety as now more than ever,
consumers begin to pay more attention and concerns on the side-effects that may come along with
food preservatives. Based on their sources, most of them can be categorized as natural
preservatives (Class 1) and artificial food preservatives (Class Il). Class | preservatives include
sugar, salt, syrup and other edible food ingredients and are generally considered less harmful to
human health [5]. Class Il artificial preservatives on the other hand, comprise of synthetic or
chemical compounds and are usually the main reason that causes consumers’ concern. Artificial
food preservatives are advantageous in their expanded panel of derivatives to be applied widely
and their capability to be manufactured on a large and cost-effective scale. They also have great
potentials to be manipulated chemically for performance improvements. While impressive
progress has been made with extended shelf-lives of food products achieved by the addition of
artificial preservatives, sometimes consumers are exposed to the risk of carcinogenic chemicals or
uncharacterized agents that can cause other diseases. Recently, many food manufacturers cut the
use of artificial preservatives in the products and try to find an alternative approach as food
products labeled with “natural preservatives” start to catch more eyeballs. Since natural
preservatives usually come from native organisms or have already been proven as edible,

consumers are much less worried about foodborne safety issues. This preference from consumers



and the true potential of safe natural food additives raise an exciting challenge for food
scientists—searching for and characterizing natural antimicrobial agents for potential food grade

preservatives.

1.2 Foodborne Pathogens

In the United States, about one in every six people can be exposed to the danger of consuming
contaminated food. If we put aside the ones caused by chemical reagents, most of the food
contaminations are due to microorganisms such as: bacteria, fungi, viruses, and some protozoa.
The existence of specific microorganism may serve as the indicator of certain food product. Some

of the main contributors to foodborne pathogens are detailed described here.

1.2.1 Campylobacter jejuni and Campylobacter coli

The Campylobacter species are curved or spiral-shaped Gram-negative bacilli. The illness caused
by these bacteria is characterized by acute diarrhea, abdominal pain, and fever. Other serious
conditions within the gastrointestinal tract have been associated with Campylobacter spp.
infections, including intestinal bloody diarrhea, esophageal diseases, periodontitis, functional
gastrointestinal disorders, celiac disease, cholecystitis, and colon cancer [7]. People acquire the
infection of Campylobacter from having contaminated poultry, water or interacting with farm
animals harboring these bacteria. Along with Salmonella spp., Campylobacter spp. is one of the

most frequently isolated foodborne pathogens.

1.2.2 Salmonella typhimurium
Salmonella typhimurium is found in human intestinal lumen as a pathogenic Gram-negative
bacterium. It directly infects epithelial cells in the gut and triggers white blood cells infiltration,

causing diarrhea in infected patients. S. typhimurium is extensively associated with foodborne



pathogen outbreaks in both developing and developed countries [8] by people consuming

undercooked meat, dairy products and raw eggs [9].

1.2.3 Escherichia coli O157:H7

Escherichia coli is a Gram-negative, facultatively anaerobic, rod-shaped bacterium, which can be
found in the lower intestine of human beings. Unlike most serotypes in the family, some E. coli
strains may cause serious food poisoning. Large infection outbreaks of infamous E. coli O157:H7
have involved thousands of cases across the world. It was first identified as a foodborne pathogen
in 1982 and categorized as enterohemorrhagic E. coli (EHEC) [10]. E. coli O157:H7 related
diseases may result from contaminated meat, fruits, vegetables, and even person-to-person
contact. Symptoms of E. coli O157:H7 include bloody diarrhea, non-bloody diarrhea, Kidney
disease, etc. Most of the studies believe these pathogens colonize in the large intestine by
adhering to the cell membrane. Veron toxins or Shiga toxins (Stx) and cytotoxic factors, are
produced by E. coli O157:H7 and other EHECs [10]. Even among pathogens that may cause

severe diseases, E. coli O157:H7 is one of the most important EHEC serotype in North America.

1.2.4 Listeria monocytogenes

Listeria monocytogenes is a facultative anaerobic Gram-positive bacterium. It is widely
distributed in nature, resistant to adverse environment, and able to survive in food for a long
period of time. Listeriosis has become a major foodborne disease with high fatality rate over past
decades. The outbreaks of L. monocytogenes were always related to milk products, meat and
poultry products, and seafood. Consumption of contaminated food may lead to septicemia,
meningitis, and meningoencephalitis, and abortion for pregnant women. A unique mechanism of
pathogenicity of L. monocytogenes distinguishes it from other pathogens. It enters cells and
transmits directly between cells. This mechanism reduces its exposure to antibiotics and makes it

capable of penetrating into brain and placenta [11].



1.2.5 Foodborne fungi pathogens

Apart from bacteria, fungi also comprise of a major part of foodborne pathogens. While some
fungi are central ingredients in the food industry (for example, S. cerevisiae is one of the most
widely known agents in bakery and brewery), many pose threats to the human health and
especially dangerous as sources of food spoilage. Two major ways of how fungi can be harmful
are through the generation of toxic metabolites such as mycotoxins [12], or through active
invasive fungal infections (IFIs). In both cases, the risks come from fungal contamination or
spoilage of food and beverage that could lead to serious illnesses or outbreaks of infectious
disease [13] . CDC estimates a few hundred species fungi out of a totality of millions that could
cause human diseases, ranging from mild allergic reactions to deadly invasive infections. Among
these, common foodborne fungal pathogens include Alternaria, Aspergillus, Candida, Fusarium,

mucormycetes and circinelloides [13-16].

1.3 Antibiotics

Overview

Antibiotic is a large group of antimicrobial substances that act against bacteria. Some of them
also possess antiprotozoal activity, yet most do not exhibit antiviral activities. Antibiotics can
function by either Killing the bacteria (bactericidal) or inhibiting the reproduction of the bacteria
(bacteriostatic). Different classes of antibiotics have been described, primarily based on their
chemical structure, the mode of actions, or the spectrum of activities. Antibiotics belonging to
different classes, target various biosynthetic pathways. Most frequent targets of antibiotics
include but are not limited to bacterial cell wall synthesis, nucleotide synthesis and protein

synthesis [17]. These targeting mechanisms and effects on bacterial cells by commonly used



antibiotics, as well as indications in bacterial resistance to antibiotics will be discussed below in

detail.

1.3.1 Antibiotics mode of actions

1.3.1.1 Antibiotics targeting cell wall

Bacterial cell walls are made of peptidoglycan, which consists of long sugar polymers. The base
structure is formed by linear chains of two alternating amino sugars, N-
acetylglucosamine (NAGA) and N-acetylmuramic acid (NAMA) [18]. The peptide chains extend
from the sugars in the NAMA polymers and form cross links with the help of DD- transpeptidase.
The D-alanyl-D-alanine of peptide chain is cross linked by glycine residues in the presence of
penicillin binding proteins (PBPs). Cross-linking between amino acids in parallel amino sugar
chains results in a three-dimensional structure, serving as a strong and rigid wall. The specific
amino acid sequences and molecular structures vary with the bacterial species. Antibiotics

belonging to the B-lactam family and the glycopeptide family inhibit cell wall synthesis [17].

B-lactam antibiotics, such as ampicillin and carbapenems, target primarily PBPs. It was proposed
that the p-lactam ring mimics the D-alanyl-D-alanine structure in peptide chains that is normally
bound by PBP. Once occupied by f-lactam ring, the PBP is then no longer available for the new
peptidoglycan synthesis. This disruption of peptidoglycan layer synthesis eventually results in

lysing of bacteria.

Glycopeptides, including vancomycin, are glycosylated non-ribosomal peptides. They target
Gram-positive bacteria by binding to the D-alanyl-D-alanine terminus of the growing

peptidoglycan, hence inhibiting cell wall synthesis [19].

1.3.1.2 Protein synthesis inhibitors



Bacterial protein biosynthesis is conducted by the 70S ribosome, consisted of two
ribonucleoprotein subunits, namely the 30S and 50S subunits. Many groups of antimicrobials
were reported to target either subunit of the ribosome, thus conveying inhibition to the bacterial

protein biosynthesis.

Aminoglycosides, such as streptomycin and neomycin, are highly polar molecules, which cross
the bacterial outer membrane via a self-promoted uptake process. However, the subsequent
penetration into the inner membrane requires oxygen and is dependent upon electron transport
[20]. Due to this reason, aminoglycosides work best in aerobic conditions and have poor
antibacterial activities against anaerobes. Synergistic activities were observed for
aminoglycosides in cocktail with antibiotics that inhibit cell wall synthesis (such as -lactam and
glycopeptides), which allows greater penetration of aminoglycosides at lower dosages. Once
entered the cells, aminoglycosides bind with the 16S rRNA of the 30S subunit, causing
perturbation of the translation elongation by impairing the proofreading process. The interference

in turn leads to misreading and premature termination of translation [17].

Tetracycline antibiotics such as tetracycline, chlortetracycline and doxycycline are well known
for their broad spectrum of activity, targeting both Gram-positive and Gram-negative bacteria,
and also some protozoan organisms. Tetracycline penetrates into the outer membrane of Gram-
negative bacterial cells via passive diffusion. The accumulation of tetracycline in the periplasm
leads to their entering into the cytoplasm by ways including passive diffusion, proton motive
force, and phosphate bond hydrolysis, thus being partially energy dependent. Once in the cells,
tetracycline targets 16S rRNA of the 30S subunit for binding, arresting translation by sterically

interfering with the tRNA docking to the A site during elongation[21].



Some other antibiotics target the 50S ribosomal subunit to inhibit protein synthesis process. These
antibiotics include chloramphenicol, macrolides, and oxazolidinones. The detailed mode of
actions varies despite the fact that all three families of antibiotics bind to the 23S rRNA of the
50S subunit. Specifically, chloramphenicol directly interferes with substrate binding in the
ribosome, therefore inhibiting the peptidyl transferase activity [17]. As a comparison, macrolides
sterically block the progression of the growing peptide, resulting in premature detachment of
incomplete peptide chains. Oxazolidinones interfere with protein synthesis at multiple stages,
including (1) inhibition of 70S formation and (2) blocking translocation of the peptide chain

from A to P site once the 70S is already formed [22].

1.3.1.3 DNA replication Inhibitors

Fluoroquinolones target the bacterial DNA gyrase, which is an enzyme within the class
of topoisomerase. The DNA gyrase activity is essential for unwinding the excessive positive
supercoiling stranded DNA, allowing other enzymes to engage properly to the DNA strands for
replication or transcription. Fluoroguinolones have high binding affinities to the bacterial gyrase,
interfering its enzymatic functions, hence preventing DNA replication. This could result in
double-strand break accumulation, replication fork stalling and eventually cell death. Mammalian
topoisomerases have lower binding affinities for fluoroquinolones, therefore effectively avoiding

high toxicities [17].

1.3.1.4 Folic acid metabolism inhibitors

Both prokaryotic and eukaryotic cells need folate for the biosynthesis of diverse types of cellular
components. While mammalian cells possess ways to uptake and transport folate into the
cytoplasm, bacterial cells must undergo de novo synthesis through the folate biosynthetic
pathway. Due to the lack of conserved folate biosynthetic factors in the mammalian system,

targeting the folate metabolism pathways by antibiotics has advantages in its specificity and


https://en.wikipedia.org/wiki/Enzyme

safety [23]. Sulfonamides and trimethoprim inhibit different steps in the same biosynthetic
pathway during folic acid metabolism. Sulfonamides inhibit dihydropteroate synthase in a
competitive manner, due to its higher affinity for the enzyme than its natural substrate.
Trimethoprim inhibits dihydrofolate reductase at a later stage of the pathway. While used together,

they show synergy and lead to a reduced mutation rate in bacteria for resistance [24].

1.3.2 Bactericidal and bacteriostatic

Antibiotics generally exhibit bacteria growth inhibition via bacteriostatic or bactericidal activities,
with the major difference being if the cells were killed or merely suspended in growth while still
alive [25]. Two terms are introduced, namely minimum inhibition concentration (MIC) and
minimum bactericidal concentration (MBC), for determining an antibiotic to be bactericidal or
bacteriostatic. MIC is defined as the lowest concentration of an antimicrobial drug that will
inhibit the visible growth of a microorganism. MBC is defined as the lowest possible
concentration of antimicrobial agent that kills the initial bacterial inoculum by >99.9%. While
MIC represents the lowest dose of an antibiotic to inhibit bacteria growth, the MBC value
describes the lowest dose of an antibiotic resulting in cell death, thereby being complementary to
MIC. The determination of an antibacterial agent to be bactericidal is to calculate the MBC/MIC
ratio (<4 for bactericidal agents) [26]. Apart from direct measurement of MBC and MIC, studies
with more general antibiotics suggest that bacteriostatic and bactericidal drugs impact distinct
pathways in the bacterial cells. Bacteriostatic drugs typically pause the protein synthesis
pathways, with many being direct ribosome unit inhibitors [27, 28]. Meanwhile, the majority of
bactericidal drugs target key players in DNA replication, DNA damage response, cell wall
integrity [29]. Based on these definitions, one can expect that it is not mutually exclusive for an
antibiotic to be bactericidal and/or bacteriostatic. In fact, it depends on multiple determinants
such as the target strain susceptibility, in vitro or in vivo experiments, and whether a certain

antibiotic is functioning alone or in combination with other antimicrobial reagents.
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1.3.3 Side effects and antibiotic resistance

Currently, the development of applicable antibiotics includes screening for adverse effects before
formal clinical use, thus are normally safe for human use. However, side effects were observed
with some antibiotics, and can range from mild to severe symptoms depending on the specific
antibiotic, the bacteria species as well as the specific environmental conditions. Some side effects
may include hypersensitivity or allergic reactions, while others may lead to diarrhea, due to the
disruption of normal protective gut flora (in the case of Clostridioides difficile -associated
diarrhea). Antibiotics may also interact with other medicinal substances, such as the
potential tendon damage  from  aquinolone  antibiotic if  co-administered with a
systemic corticosteroid [30]. Sometimes, it may take years to reveal the true side effects of
antibiotics. Oral administration of chloramphenicol was banned in the US back in 90s due to the
increased number of chloramphenicol-associated cases of aplastic anaemia and its suspected

carcinogenicity [31].

Antimicrobial resistance is recognized as one of the greatest threats to human health worldwide.
This is largely attributable to the overuse of antibiotics that selects for bacteria or mutants that
confer resistance. As described in the previous sections, antibiotics have their specific mode of
actions with some of them sharing the same targets. Therefore, bacteria may either gain resistance
to a single family of antibiotics or develop multi-drug resistance. For example, bacteria harboring
B-lactamase is able to counteract B-lactam antibiotics and develop resistance. In other cases, some
Staphylococcus aureus and Escherichia coli strains encode an enzyme that is able to modify the
23S rRNA of the 50S unit, allowing escape of the rRNA binding with multiple drugs including
phenicols, lincosamides, oxazolidinones, etc [32]. Due to the increasing cases and types of
emerging antibiotic resistant bacteria, scientists have devoted themselves for new antibiotics

discovery as well as researching alternative ways to combat bacterial infections, including



11

developing vaccines and utilizing phage therapies [33]. Altogether, antibiotics developed in the
past century have their advantages yet also underlying limitations and safety concerns that
urgently require complementary approaches for mankind to gain full and safe protection from
bacteria infections. In most recent years, more and more researchers have turned to natural

products that harbor antibacterial capacities for antibiotic development.

1.4 Natural Antimicrobial Agents

As mentioned above, searching for natural antimicrobial agents is to relieve the increasing unease
regarding the use of artificial preservatives. Other than that, the developing antibiotic resistance
by pathogenic microorganisms is another reason why natural antimicrobial agents have received

so much attention.

Natural antimicrobial agents can be obtained from a variety of sources including animals, plants
and micro-organisms. Regarding antimicrobials of animal origin, chitosan [34, 35] and lysozyme
[36] are among most understood ones. Antimicrobials originated from microorganisms on the
other hand, include substances from bacteria, fungi and algae and also have great potential for
practical use in food [34, 37-39]. In this dissertation, antimicrobials of plant origin will be

discussed in detail.

Plant-derived antimicrobials are widely discovered in herbs, spices and plant by-products [6, 40-
42]. Some compounds from fruits and vegetables are already proven to have considerable
antimicrobial activity [43]. Surprisingly, many of those including peels, seeds and husks, which
are normally considered waste, have showed even stronger antimicrobial activity than usable
parts [44]. Considering the massive amount of waste from fruits and vegetables produced
worldwide every year, this could be a major source of natural antimicrobial agents for economic

reasons if utilized wisely.
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In most cases, plant-derived antimicrobials are secondary metabolites, most of which have the
major compound groups including phenolics, phenolic acids, flavonoids, tannins, saponins,
terpenoids and alkaloids [45]. The differences in the antimicrobial activity may result from the
differences in the chemical structure of these compounds [46]. (Figure 1.1) For example, phenolic
compounds apply their antimicrobial activity through damaging the cell membrane of bacteria
cells [47]. Certain function groups such as hydroxyl (-OH) group have been reported to play key
roles in causing inhibition. Their effects include either depletion of ATP pool [48] or inactivation
of enzymes [49] that may result in cell death. Other than the identities of function groups, the
antimicrobial activity is also influenced by the position of these groups [50]. For example,
difference in antimicrobial activity between carvacrol and thymol, two major compounds in
essential oils, was observed despite their similar structure. Another example of the importance in
hydroxyl group’s position came from the report that flavanones and flavones showed activities
against MRSA strains only when hydroxyl group appeared at 5-position [51]. In addition,
phenolic structure has been proven to play a key role in compounds showing antimicrobial
activity. This was revealed in the investigation of the relationship between major antimicrobial
compounds in essential oils and their chemical structures [48, 50]. Thus, a better understanding of
the relationship between structure and antimicrobial activity will pave the road for the discovery

of new natural antimicrobials.
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Adapted from Savoia et al., 2012 [46].
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15 Flavonoids

The occurrence of flavonoids is widespread in the plant kingdom [52, 53]. Flavonoids are
universally found in different parts of plants. Their distribution varies depending on the classes of
plants, the types of organs and the surrounding environment [54]. Additionally, flavonoids are
known as the secondary metabolic compounds derived from the low molecular weight plant
polyphenols and those compounds usually play an essential role in plant organs. Initially, the
function of flavonoids is considered to provide colors in flowers and aroma of fruits to attract
plant pollinators [55]. In other reports, flavonoids are believed to protect plants from survival
stresses like microbial infection, UV-B radiation [55], frost hardiness, drought, heat, and freezing
[55-57]. Moreover, flavonoids are also involved in energy transfer, regulation of plant growth and

photosynthesis [54].

Based on chemical structures, more than 4,000 flavonoid compounds have been isolated and
identified [58]. The basic structure of flavonoids consists of two benzene rings (A and B) linked
through a heterocyclic pyran ring (C) (Figure 1.2). According to different substitutions on the
backbone structure, flavonoids are divided into several subgroups: flavone, flavonol,
dihydroflavonol, catechin, flavanone, isoflavone, etc (Figure 1.3). The polyphenolic structure
infers the antioxidant activity. In recent decades, other functions of flavonoids are revealed as
anti-inflammatory [59], anticancer [60], antiviral [61], and antifungal properties [62]. Among all
these functions, the antimicrobial activity of flavonoids draws more and more attentions due to its
potential applications in the medical field and food industry. The flavonoid containing crude plant
extracts that were widely used to fight infections mark the start of such research endeavors, which
eventually led to the discovery of the knowledge base of antibacterial properties possessing
flavonoids to this day. Representative flavonoid compounds belonging to different subgroups that
have recorded activities against bacterial cell growth are introduced below for the current

understanding of their antibacterial behaviors and underlying mechanisms [63].
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15.1 Flavanone

Some flavonoids are classified based on the compound origins in biosynthesis. Flavanone is one
of such classes known both as intermediates and end products in plant biosynthesis processes.
The groundwork laying structure-activity relationships between these molecules and bacterial
inhibition has been assessed using MRSA as a model system [64]. The analysis highlighted the
importance of dihydroxylation at 2°,4” or 2°,6” on the B-ring as well as 5°,7° on the A-ring. Other
derivatives that promote the biofunction include long chain aliphatic groups substituted at C-6 or
C-8, hydroxyl groups on C-5 and C-2° [51]. Other indicated that neither mono nor poly

methoxylation derivatives of flavanones contributed to such functions [65].

Some of the most characterized flavanones are naringenin, nobiletin, tangeretin and liquiritigenin,
and have been reported to be responsible for the bacterial protection from medicinal plants [66,
67]. The search for more representative and active flavanone is still showing promising progress
marked by the recent discovery of lonchocarpol A, which robustly inhibits the micromolar
synthesis in Bacillus megaterium [68]. Research groups working with S. aureus identified
prenylation, geranylation, and lavandulylation as key boosters of flavanone activities. Three
individual prenylated flavanones at C-6 or C-8 have been proven effective on the antibiotic
resistance strain MRSA [69, 70]. In the case of geranyl and lavandulyl group substitutions, direct
comparisons between the 6-lavandulyl containing flavanone sophoraflavanone G and leachianone
G with 6-prenyl demonstrated that lavandulyl is a stronger enhancer than prenylation [64].
Naringenin who lacks the lavandulyl group on C-8 and hydroxyl group on C-2’ corresponding
exhibit weaker activities against bacteria. Similar to the prenyl group, both geranyl and
lavandulyl tend to occur on C-6 and C-8, suggesting that these sites are hotspots for antibacterial

promoting substitutions.
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152 Flavone

Flavone is structurally distinct from flavanone mainly via the unsaturated C3-C4 bond, making its
chemical skeleton planar. The flavone family have long been popular candidates in flavonoid
antibacterial activities. Like the case with flavanones, Pioneer works have identified prenylation
to be a critical impacting factor in flavone antibacterial activities. For example, a di-prenylated
flavone named kuwanon C showed activities against both Gram positive (S. epidermis and S.
aureus) and Gram negative strains (E.coli and S. typhi) [71]. On the other hand, Corylifol C, a
flavone with only a mono prenyl group isolated from Psoralei corylifolia, exhibited negligible
growth inhibition of S. aureus or S. epidermis [72]. Morusin, also a di-prenylated flavone, has
limited antigrowth capacities only on Gram positive bacteria. This reduction of antibacterial
properties can be explained on the structural level as evidence revealed that the C-3 prenyl
group on morusin likely reacts with the other prenyl group on C-8 internally, forming a ring-like
substituent with the C-7 OH group, losing both active prenyl groups. The collective published
evidence thus further strengthens the importance of the prenylation of flavones in their

antibacterial capabilities.

Another important chemical impactor is suggested to be acylation on flavones. Multiple groups
have observed enhanced activities against bacteria when O-acyl substituents are present.
Moreover, investigations on a variety of Oroxylin A or chrysin derivatives have revealed strong
positive correlations between their antibacterial activities and presence of nitrogen, phenyl groups,
long alkyl chains, or long distances from the alkyl amines to the core ring structure, realized by
engineered spacer insertions [73-75]. Altogether, acylation is likely an impactful additive on the

flavone structure for its functional enhancement.

1.5.3 Flavonol
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Flavonol is structurally close to the family of flavones where a hydroxyl group is present at the C-
3 position instead of hydrogen. While many flavonols are found to be active agents against both
Gram-positive and Gram-negative bacteria, other evidence also seem to suggest that their
activities can be largely affected by the substituent groups instead of in the backbone structural
components. For example, some flavonol with only either a methoxyl or a hydroxyl moiety
typically exhibit only modest inhibitions on the bacterial growth especially when compared with
some commonly used antibiotics, limiting their potentials to be utilized as novel antibiotic agents.
On the other hand, having other active moieties present may greatly enhances their potency.
Some commonly active substituent groups include prenyl groups (papyriflavonol A against
multiple strains), hydrocarbonyl (kenusanone C against various bacteria) and lavandulyl
(kushenol X against S. aureus and B. subtilis) [71, 76]. Despite the emerging novel derivatives of
flavonols, some of the most characterized flavonols were chosen in this study to further examine

their modes of action in fighting against bacterial growth.

Quercetin, a dietary flavonoid, widely exists in our daily food such as onion, tomato and lettuce.
Instead of existing as its original structure, it usually is bound with sugars, ethers or phenolic
acids. Quercetin and its derivatives have received increasing attention for their bioactive activities
in many aspects including antioxidant, anti-obesity, anti-cancer, anti-inflammatory and
antimicrobial activities [77-80]. Galangin is one of the most important and naturally
active flavonoids, which is extracted primarily from the roots of various herbal medicines such as
Alpinia officinarum Hance, Alnus pendula Matsum, Plantago major L,
and Scutellaria galericulata L. Like some other flavonoids, galangin was reported to possess
many biological activities, including anti-inflammatory, antimicrobial, anti-obesogenic, and
antioxidant effects. In addition, many studies have indicated an anticancer effect of galangin
against various malignancies, including breast cancer, lung cancer, colorectal cancer, melanoma,

hepatocellular carcinoma and etc [81].
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Myricetin is very common in berries, vegetables, teas and wines produced from various plants. It
exists in both free and glycosidically-bound forms. Myricetin is recognized for its iron-chelating,
antioxidant, anti-inflammatory and anti-cancer properties [82]. Additional studies also
demonstrated that myricetin possesses antihypertensive activity, immunomodulatory activity, as
well as activity against neurological disorders, rendering it a high valuable therapeutic use [82].
The antimicrobial activities of myricetin against various bacteria and viruses by itself or in
combination with other antibiotics were also described, with various mechanisms case by case.
Most importantly, among intense examinations on in vitro and in vivo models, very few of these
studies have raised concerns with adverse effects of myricetin, making it a safe food additive

option.

Kaempferol is a flavonoid found in many edible plants including tea, broccoli, cabbage, kale,
tomato, strawberries, grapes and plant-based traditional medicine. Epidemiological studies have
revealed that kaempferol-containing food consumption seemed to be linked with reduced risks of
various cardiovascular diseases and cancer development. Other studies have demonstrated that
kaempferol and some of its glycosides derivatives possess a wide spectrum of pharmacological
functions, including but not limited to antioxidant, anti-inflammatory, antimicrobial, anticancer,

anti-osteoporotic, analgesic and antiallergic activities [83].

1.5.4 Flavonon-3-ol

Flavonon-3-ol is a family of flavonoids that are also known as dihydroflavonols. Similar as
flavanones, flavonon-3-ols classes are also both biosynthesis intermediate and end products in
plant metabolism. Many flavonon-3-ols showed even more robust and broad activities than
traditional antibiotics and the MRSA strains were found sensitive to most dihydroflanovols [84].

Due to their high potentials in being used as novel antibiotics, two promising agents were also



19

chosen to undergo a series of experimentations to profile their potency and possible mechanism

of action when significant.

Ampelopsin, also known as dihydromyricetin, is a flavanonol. It is widely found in Ampelopsis
species which are used as herb medicine in East Asia. For example, Ampelopsis grossedentata, a
wild plant in South China, has been reported to possess lots of pharmacological properties, such
as antioxidant, analgesic, antimicrobial, relieving cough and reducing blood pressure, etc [85]. As
a good source of flavonoid, A. grossedentata has been confirmed to present ampelopsin as its
major flavonoid, taking up more than 20% (w/w) [86]. The successful cultivation of A.
grossedentata makes large-scale production possible for dihydromyricetin, enabling its massive
use in functional food and medicine. However, the poor solubility restricts its functions. Thus,
increasing its solubility or dispersibility in liquid system will be a great improvement for its

application in food and pharmaceutical industry.

Taxifolin, or dihydroquercetin, is a flavonoid commonly found in onion, milk thistle, French
maritime pine bark and Douglas fir bark. Taxifolin has promising pharmacological activities in
the management of inflammation, microbial infections, oxidative stress, cardiovascular, and liver
disorders. Additionally, taxifolin demonstrates prominent anticancer activities, evaluated by
multiple in vitro and in vivo experiments, and is suggested to be further developed as a new drug

for human use [87].

15,5 Anthocyanidin and Proanthocyanidin
Unlike flavonones and flavonon-3-ols, anthocyanidins and proanthocyanidins are found in plant
tissues only as accumulative end products of biosynthesis. Proanthocyanidin are oligomers of

flavan Separate studies unveiled three individual proanthocyanidins to exhibit antivirus functions
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against coxsackie B virus and HSV [88, 89]. The proanthocyanidin family were reported to be
effective on both drug sensitive and resistance bacterial strains [90, 91]. Some examples of
characterized ones include EPA, PB3 and PEC that were recently isolated and all have inhibitory
effects on Gram positive and Gram negative bacteria. A popular theory is that the oligomeric
status has a direct positive correlation to their antibacterial behaviors, backed up by the
comparisons between some common flavanol monomer, dimer, trimer and oligomers [92, 93].
The molecular mechanisms for many of such oligomers remain unclear and will require extensive

investigations before being converted to medicinal or antibacterial applications.

1.5.6 Aurone, isoflavonoid and Chalcone

Aurone, isoflavonoids and chalcones represent flavonoid families in relative minority yet with
notable potentials in being fully utilized for their strong antibacterial capabilities. Aurone
naturally exist as common pigments for plant color displays. Besides, some extracted aurones
also possess antimicrobial, anticancer and antidiabetic indications [94, 95]. An isolated
heptasubstituted aurone glucoside was able to fight against 5 out of 22 different bacterial species
[96]. The double bond in aurones grants it with either the Z or E configuration and interestingly,
only the Z configuration adopting aurone isomers are thought to be directly active in bacteria

growth, underscoring the potential role of geometric configurations in flavonoid functions.

Isoflavonoids represent flavonoids with a 3-phenylchromen-4-one backbone and with the B ring
attached to the C ring at the C-3 position. They can be further classified into subgroups just as
regular flavonoids into isoflavones and isoflavanones accordingly and could have distinct
potencies at targeting bacteria that is currently at a premature stage to be thoroughly understood
solely based on their structural components. Lupalbigenin is found to be strong against S. aureus
and MRSA SK1 with an MIC at 4 pg/mL [97]. Gancaonin G was derived from genestein with

substituted prenylation at C-6 position and methylation on 7-OH and shows only moderate
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activities against the oral pathogen S. mutans [98]. Glabridin on the other hand, showed robust
inhibitions against Gram positive bacteria with MIC values typically below 10 pg/mL, yet fairly

poor with Gram negative ones with MIC scores usually greater than 100 pg/mL [99].

Chalcones are the family mostly found in edible plant tissues and structurally has an open linkage
made of three carbons between its two ring components. Systematic studies have inferred that
chalcone may possess even stronger bacterial targeting properties than flavanones or flavone
against MRSA and streptococci. A closer investigation on the chemical moieties have identified
the C-2’ hydroxyl group to be specifically important in conveying the activities [64, 100]. In
contrast, fluorination or chlorination moieties on the C-4 position of the B ring were dispensable
for bacterial inhibition [51]. Recent discoveries also added to the story regarding the importance
of hydroxyl groups at the C-4” position, as exemplified by the 2’,4’-dihydroxychalcone showing
activities against both MSSA and MRSA, but that the 2’ hydroxyl group alone in the A ring is not
necessary [101]. On the other hand, methoxylation seems to completely abolish these activities of
chalcones [102]. In the case of dihydrochalcones, their antibacterial behaviors are considerably
vulnerable, when reduction of the double bond, C-benzylation or the dihydrochalcone dimers all

render the compound inactive against pathogens such as M. tuberculosis [103].

Figure 1. 2 The skeleton structure of flavones.
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Figure 1. 3 The skeleton structures of the main classes of flavonoids.
Adapted from Cushnie et al., 2005 [104].

1.5.7 Antioxidant Activity of Flavonoids
1.5.7.1 Flavonoids as Antioxidants
Flavonoids are well-known as effective antioxidants [105]. Owing to the phenolic hydroxyl

groups at certain positions of benzene rings [106], flavonoids demonstrate their antioxidant
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activities by scavenging free radicals, donating protons, quenching singlet oxygen, and chelating
metal ions. The beneficial effects of flavonoids to human body are highly related to their
antioxidant activities as well. For example, free radicals, e.g. superoxide (O.*), alkyl peroxyl
(ROOe), alkoxyl (RO¢), and hydroxyl (HO¢), are believed to participated in several life events in
cells such as energy production, intercellular signal transmission, and cell growth regulation.
However, severe cell damage may occur when excessive free radicals are generated, leading to
breakage of DNA strands, lipid peroxidation, and inactivation of enzymes, etc. Multiple defensive
mechanisms are applied by human body to avoid such outcomes which potentially result in aging,
cardiovascular diseases, and even cancer [60]. Therefore, antioxidants such as flavonoids may

strengthen the body defense by scavenging extra free radicals.

1.5.7.2 Structural basis for the antioxidant action of flavonoids

The Structure-Activity Relationship (SAR) of flavonoids have been systematically studied for
their high structural diversity [107]. Although the mechanisms through which flavonoids act as
health-promoting agents are still not well explained [108], their antioxidant activities are known
highly dependent on the presence of function group substitutions at different positions of carbon
backbone structure. Naturally occurred flavonoids are mostly glycosides, but sugar moieties are
not the major groups responsible for the biological activities. Rather, common substitution groups
such as hydroxyl and methoxyl groups alter the activity of flavonoids differently according to
their number and position. Electronic properties, hydrophobicity, topology, and steric effects are

several influencing factors that eventually lead to activity alterations [109].

The structural diversity of flavonoids attracts enormous interest and makes them excellent subject
for QSAR studies [110, 111]. SAR and QSAR studies provide insightful information for model

construction and help to elucidate the mechanism of action. Prediction of the activity of target
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compounds and synthesis of potent analogues can both be realized by analyzing the activities of a

variety of flavonoids [112-116].

The relationship of flavonoid structures and their antioxidant activity has been discussed and
some general conclusions have been drawn [117, 118]. In general, the antioxidant activity of
flavonoids is highly linked to hydroxyl groups: more potent antioxidant activity can be achieved
when more hydroxyl groups are present especially on A and B rings, while the extent of
conjugation between B and C rings also plays a role [112, 119-126]. More specifically, Bors et.
al., raised three criteria as general structural requirements for flavonoids with antioxidative
potential [127]:

1) The catechol structure on the B ring, which renders phenoxyl radicals of flavonoids high
stability by hydrogen bonding and expanded electron delocalization;

2) The C2=C3 double bond, which brings coplanarity to the backbone structure and
stabilizes phenoxyl radicals by electron delocalization;

3) 3-OH and 5-OH groups, which leads to the enhancement of the radical scavenging

capacity and the radical absorption ability of flavonoids.

Other statements have been claimed in the studies from other groups: catechol moiety on the A
ring contributes to antioxidant activity in the absence of the same structure on the B ring [128,
129]. The importance of flavonoid backbone structure was demonstrated only when o-dihydroxy
structure is absent [130]. Additionally, 3-OH group was proven to be critical to the antioxidant
activity. Either glycosylation at C-3 position or removal of 3-OH decreased their antioxidant
activity dramatically [131]. Future criteria should be addressed in the manner that the contribution

of each single structure is discussed under different circumstances.

1.5.7.3 Mechanisms of the antioxidant action of flavonoids
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1) Scavenging of reactive free radicals.

As one of the major mechanisms of the antioxidant activity of flavonoids, scavenging reactive
free radicals is realized through two possible pathways: H-transfer (i) and Electron-transfer (ii).
The reaction equations are shown as below:

(i) FOH + ROH* — FO= + ROH

(i) FOH + ROH* — FOH"= + ROH" — FO= + ROH

H-transfer is controlled by the bond dissociation enthalpy between hydrogen and oxygen atom,
while electron transfer is related to the ionization potential and the reactivity of the FOH*= cation
[132]. Radical FO= is the thermodynamically favorable form in both mechanisms proposed,
which explains its reactivity as a radical scavenger. For H-transfer, the structural requirements are
similar to the ones for the antioxidant activity of flavonoid [127]: catechol structure in the B ring,
C2=C3 double bond, and C4 carbonyl group. Flavonoid phenoxyl radical is formed through
deprotonation and may further donate hydrogen to a second radical to become a stable quinone.
Electron-transfer may dominate the scavenging action when no hydrogen atom is available for
donation. For example, 3-OH and 5-OH monohydroflavones have very limited ability of
deprotonation or H-transfer radical scavenging due to the strong hydrogen bond between the

hydroxyl group and the C4 carbonyl group.

2) Chelating of trace metal ions.

Transition metal ions, such as Fe* and Cu*, have been proved to be important in oxygen
metabolism and free radical formation [105]. Through Fenton reaction, for example, highly
reactive oxygen species are generated in the presence of iron (I1) or copper (1):

H.0, + Fe?* (Cu*) — HO= + OH +Fe®" (Cu?")

Flavonoids limit the prooxidant actions of transition metal ions by chelating them. Potential
binding site is 3°,4’-OH groups on the B ring, and this partially explains why catechol structure is

required for demonstrating antioxidant activity.
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3) Inhibition of enzymes involved in free radical production.

Prooxidant enzymes, such as NADPH oxidases, xanthine oxidase, endothelial nitric oxide
synthase and mitochondrial oxidases, play important roles in generating reactive oxygen species
(ROS) and oxidative stress regulation in vivo [105, 133]. The in vivo antioxidant activity of
flavonoids may partially result from inhibiting the prooxidant enzyme activity. Therefore, several
flavonoids are of great interest for designing new compounds to be potentially used for disease

treatment.

1.5.8 Prooxidant Activity of Flavonoids

Although flavonoids are generally regarded as antioxidants, these polyphenolic compounds can
also act as prooxidants [134-136]. The prooxidant activity of flavonoids is related to their
hydroxyl group substituent pattern. Catechol moiety on the B ring, one of the key factors of the
antioxidant activity of flavonoids, may also contribute to the prooxidant activity. It makes it
possible for some flavonoids to go through autooxidation or enzymatic electron oxidation with
the formation of semiquinone and quinone. As electrophiles, these metabolites bind to
macromolecules in the cells by forming covalent adducts. Meanwhile, they participate in redox
cycling, resulting in the production of ROS and oxidative stress. The transformation of flavonoids
may be accelerated in the presence of transition metal ions and are believed to be the basis of the

prooxidant effect [105].

Some flavonoids which show toxic effect may apply the mechanism mentioned above. Quercetin
has been found to form alkylating quinone-type metabolites and its mutagenicity was identified
[137, 138]. DNA damage was observed for several flavonoids with multiple hydroxyl groups in
their A or B ring [139, 140]. Copper (II) ion plays a key role in the ROS generation and DNA

binding.
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To sum up, flavonoids can demonstrate both antioxidant and prooxidant activity within the same
compound. There is a possibility that the most active antioxidant happens to be one potent
prooxidant since hydroxyl groups are responsible for both two activities [141]. Thus, cytotoxicity
should be taken into consideration when designing certain functional compound based on SAR of

flavonoids

1.6 Oxidative stress in bacteria

The existence of molecular oxygen (O,) does not have a history as long as the existence of life.
The appearance of photosynthetic organisms not only set up a milestone for more advanced life
forms but also created a crisis for most of the living organisms three billion years ago —
oxygenation of atmosphere. The small size and non-polarity of oxygen render it the ability to
rapidly diffuse across biological membranes. Other than participating in aerobic respiration to
provide energy, oxygen reactively accepts electrons from environment to generate superoxide
(02), hydrogen peroxide (H202) and hydroxyl radical (HO=). These Reactive Oxygen Species
(ROS) proactively oxidize biomolecules such as nucleic acids, lipids, and amino acids. The rate
of cell respiration is not fast enough to lower the intracellular O, concentration to a level that
exposes no threat to cell growth. Microorganisms have thus developed a variety of self defense
mechanisms of escaping oxidative stress: obligate anaerobes and microaerophiles reside in
anaerobic microhabitats; aerobes have developed a series of strategies to defend themselves

against the hostile environments.

1.6.1 Formation of O, and H20: in aerobic cells
For a long time, O, and H,O.are considered generated constantly inside microbe cells when they
are exposed to oxygen-containing environments. Other researchers suggest otherwise by mutating

SOD in E. coli, S. cerevisiae, and other organisms [142-144]. So far there is no enzyme that has
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been reported to generate O, or H»O; as a stoichiometric product in E. coli. In Contrast, O, or
H.O, are formed when redox enzymes accidently transfer electrons to oxygen molecules instead

of their designated substrates.

The respiratory chain includes a series of redox enzymes which serve as electron donors to
oxygen. Both O, and H,O- have been detected when respiratory vesicles are incubated with
reductive substrates in vitro in the presence of oxygen [145-148]. Membrane vesicles derived
from glucose-grown cells consume oxygen and release as O, at approximately 0.2% while the
figure is doubled with H.O.. The electron transfer between oxygen and respiratory enzymes can
happen at a higher rate in cells initially cultured under anaerobic conditions. Thus, the release of

O and H;0: s elevated correspondingly.

In the normal process, respiratory dehydrogenases use reductive substrates as electron donors,
passing the electrons on to secondary redox moieties (quinones or iron-sulfur clusters) from
flavin cofactors where the electrons made their first stop. O, and H,O; can be generated when
FADH, from reduced flavin transferred the electrons incorrectly to oxygen [149]. The electron

transfer from flavins is univalent and nonspecific.

1.6.2 Biomolecules that O, and H,O, damage

The toxicity of Oz and H,O, was studied by constructing bacterial SOD and catalase/peroxidase
mutants [142, 150, 151]. These mutants demonstrate metabolic defects resulting from the
dysfunction of a family of dehydratases [152, 153], which contain a [4Fe-4S]?* cluster structure.
Both O, and H,O; can bind the critical iron atom at the active site of enzymes to release iron and
[3Fe-4S]* species, which are unstable and inactive. The released unincorporated ferrous iron ions
are further oxidized by H20-, rendering hydroxyl radicals which cause DNA damage. Thus, Oy

and H,O; are both mutagenic agents to cells [154, 155].
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1.6.3 Defensive strategies against oxidative stress

Superoxide undergoes spontaneous dismutation but still requires scavenging systems to be
maintained at a low intracellular level. Gram-negative bacteria usually adopt two systems,
cytoplasmic and periplasmic, since Oz cannot penetrate membranes at neutral pH [156, 157]. E.
coli deploys two cytoplasmic SOD isozymes (MnSOD and FeSOD) and one periplasmic enzyme
(CuzZnSOD). The steady-state concentration of O, is maintained at approximately 0.1 nM while
the intracellular formation rate is about 5 uM/s [147]. The synthesis of SODs is triggered by the

activation of SoxRS system.

Hydrogen peroxide in E. coli is scavenged by peroxidases (primary) and catalases (secondary).
NADH peroxidase AhpCF is a two-component protein. AhpC is firstly oxidized by H,0, to form
a Cys46-Cys165 disulfide bond, which can be reduced by other Ahp cysteinyl residues to form a
second disulfide. Then NADH-reducible flavoprotein AhpF reversibly binds to this bond for
reduction [158]. This mechanism renders Ahp high activity for intracellular H.O- controlling.
Hydrogen peroxide exceeding 20 uM saturates Ahp and activates OxyR regulon, inducing katG-
encoded catalase [147]. Ahp and catalase are both with high turnover rate to maintain an H,O;

concentration difference across membranes.

1.7 Rationale and Research Objectives

Due to the increasing attention paid to food safety, the use of artificial food preservative has
raised concerns from consumers. The requirement for natural food preservative is challenging for
not only food manufacturers, but also food scientists. One of the good sources for natural
antimicrobials is plant by-products. These by-products are massively produced in food

manufacturing process and generally regarded as waste. Plant by-products, such as peels, seeds
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and husks, normally serve as a natural defense to prevent fruits from spoilage. Flavonoids are a
group of phenolic compounds commonly extracted from plants. Flavonoids have been reported to
have anti-inflammatory, anti-cancer, anti-proliferative and antimicrobial activities. However, the
mechanisms behind the antimicrobial activities still remain unclear. On the other hand,poor
bioavailability has restricted the application of flavonoids in food industry. This study focuses on
the antimicrobial activities of flavonoids against foodborne pathogens, including their structure-
activity relationship, antimicrobial molecular mechanism and approaches of how flavonoids can

be incorporated into food products more efficiently.

Research Objectives

1.7.1 Establish a QSAR model to probe the relationship between flavonoid structures with
antibacterial activities.

A mathematical equation was built using QSAR analysis to model the redox behaviors of
flavonoids based on their structural features in chapter 2. Next, antimicrobial activities of selected
flavonoids against common foodborne pathogens are investigated, including Gram-positive and
Gram-negative bacteria. The flavonoid redox profiles obtained from the QSAR model accounted
for the differences in antimicrobial activities from the variety of flavonoids. Furthermore, the
QSAR model provided further explanations for how the flavonoid redox potentials may dictate

their antibacterial activities in chapter 2 and chapter 4.

1.7.2  Study on the antibacterial mechanism of myricetin and ampelopsin.

According to literature, flavonoids may apply their antimicrobial activity by triggering cell
leakage resulting from membrane damage. The mechanism study in this dissertation is focused on
cell membrane integrity, oxidative stress response and gene transcription in chapter 3. Detailed
discussions on the compound metabolism and possible defense mechanisms from bacteria cells

are covered in chapter 4. Extended studies on the full dissection of bacteria biological response,
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expansion on other antimicrobial potentials, compound impact on gut microbiome and biosafety,
as well as directions for improvement by formulation are proposed as immediate future
applications in chapter 5. These would further add to the understandings of these compounds on

the basis of this study.
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Chapter 2 QSAR of redox behavior and bacterial inhibition efficiency of flavonoids

Liang Wen!, and Qingrong Huang*
!Department of Food Science, Rutgers, the State University of New Jersey, New Brunswick, NJ,
USA

2.1 Abstract

As one of the largest groups of plant metabolites, flavonoids have been discovered to possess
antimicrobial activity but some of the mechanisms are still unclear. In this study, several
flavonoids with similar backbone structures were studied for their antibacterial activity. Utilizing
both computational prediction as well as experimental approaches, we observed a correlation
between predicted redox behavior and antibacterial function of flavonoids. In fact, flavonoids
with low anodic potential render prooxidant environments in aqueous solution under
physiological pH, likely due to their rapid degradation, that inhibit bacterial growth. Among all
flavonoids tested, myricetin, which contains B-ring pyrogallol group structure and C2=C3 double
bond, demonstrates a strong prooxidant activity and was found to be the most potent one in
antibacterial function. Our study establishes a correlation between the redox behavior and
antibacterial activities of flavonoids, while laying a foundation for prediction on antibacterial

activity of a given flavonoid structure.

Keywords: Flavonoids, antibacterial activity, anodic potential, prooxidant activity, quantitative

structure activity relationship (QSAR)
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2.2 Introduction

Flavonoids, as common plant metabolites, are universally found in different plant organs. Their
distribution can vary depending on the classes of plants, the types of organs and the environment
[54]. The functions of flavonoids are originally thought to provide colors in flowers and aroma of
fruits to attract plant pollinators [55]. Other studies also claimed that flavonoids protect plants
from survival stresses, including ultraviolet B (UVB) radiation [55], injury recovery, signal
transfer [56, 159, 160], frost hardiness, drought, heat, and freezing [55, 56, 161]. Moreover,
flavonoids are also involved in energy transfer, regulation of plant growth and photosynthesis
[54]. More than 4,000 flavonoid compounds have been isolated and identified, based on their
chemical structures [58]. Flavonoids share a common chemical structure of two benzene rings (A
ring and B ring) linked through a heterocyclic pyran ring (C ring). The polyphenolic structure of
flavonoids infers the antioxidant activity, which has been largely associated with multiple
beneficial activities, including anti-inflammatory [59], anticancer [60], antiviral [61], and
antifungal properties [62]. Especially, the antimicrobial activity of flavonoids draws more

attention due to potential applications of these compounds in as antibiotics and food preservatives.

The antibacterial activity of flavonoids has been increasingly documented in recent years. Crude
extracts from plants with a history of use in folk medicine have been screened in vitro for
antibacterial activities [162]. Other research groups also isolated and identified the structure of
flavonoids that possess antibacterial activity, which include galangin, quercetin and various
guercetin glycosides and kaempferol together with its derivatives [162]. The mechanisms of
some of these antibacterial actions were also described and may vary for each flavonoid molecule.
These mechanisms include membrane disruption [7], biofilm formation interference [163], DNA
synthesis inhibition [164], as well as cell membrane synthesis inhibition [165]. For example,
quercetin was shown to reduce the thickness of the membrane bilayer in a reconstituted model

system [166]. Myricetin has also been found to perturb bilayers leading to thermal property



34

alterations, interpreted from NMR analyses [167]. Some flavonoids were also reported to block
DNA replication pathways either by direct intercalation into dsDNA, shown in Proteus vulgaris
and Staphylococcus aureus (S. aureus) [168], or interacting with essential enzymes such as DNA
gyrase or replicative helicases in Escherichia coli (E. coli) [169]. Other discoveries have also
suggested that different subsets of flavonoids could inhibit ATP synthases and reduce the ATP
bioavailability in E. coli and S. aureus [170, 171]. However, very limited evidence has been
shown to support that the redox status of flavonoids attributes directly to their antibacterial

functions.

We aimed to establish the connection between the antibacterial activity of flavonoids and their
redox status. Firstly, we established a quantitative structure activity relationship (QSAR) model
for predicting the anodic potential (Eap), as a measurement of redox activity, of flavonoids based
on their observed chemical structure. Next, we evaluated six flavonoids compounds and their
antibacterial activity on both E. coli (Gram-negative) and Listeria monocytogenes (Gram-
positive). We observed a correlation between a lower Ea, and a higher antibacterial activity. In
particular, flavonoids with low Es, render prooxidant environments in aqueous solution under
physiological pH, likely due to the rapid degradation, resulting in an unfavorable condition for
bacteria to grow in. Our study is the first, to our best knowledge, to establish a direct correlation
between the redox status and antibacterial activities of flavonoids, while also providing
underlying molecular rationales for such correlations. In addition, our study laid a foundation for

future investigations on predicting antibacterial activity of flavonoids with given structures.
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2.3 Methods and Materials

Bacterial Strains

Frozen stocks of Escherichia coli O157:H7 (ATCC 43895) and Listeria monocytogenes (L.
monocytogenes) Li 20 (ATCC 19111) were stored at —80 °C in Tryptic Soy Broth (TSB) (Sigma-
Aldrich) containing 15% glycerol (v/v). All cultures for use were prepared by transferring a loop
of culture from frozen stock onto Tryptic Soy Agar (TSA) plates (Sigma-Aldrich) for isolation
and incubating at 37°C for 24 h. One single isolated colony was transferred into a 50 mL tube
with sufficient volume of fresh liquid media and incubated at 37 °C with agitation. For all the
MIC assays in the study, overnight culture was diluted 1:10,000 to achieve approximately 10°

colony forming units (CFU)/mL and continually grown at 37 °C.

Minimum Inhibitory Concentration (MIC) Assay

Stock solutions of flavonoids were prepared freshly in DMSO. For MIC determination, 100 pl of
broth containing twice the needed maximum concentration of flavonoids were added to the first
column of a polystyrene non-treated 96-well plate (Falcon), and 1:1 serially diluted with 5%
DMSO. The compound solutions were subsequently inoculated with 100 pl of bacteria cells to
achieve approximately 10° CFU per ml. All wells were mixed by micropipetting and gentle
shaking after the addition of bacterial cells. The plate was then covered with sterile sealing film to
prevent the vaporization of the medium. The plate was inserted into a temperature controlled 96-
well plate reader (Biotek) and incubated at 37 °C for 24 h, while taking continuous measurements
of the turbidity of sample at wavelength 595 nm, with time intervals of 1 hr. ODsgs readings were
recorded and graphed as a function of time. The MIC was defined as the lowest concentration of
compound that inhibits the growth of microorganisms, which is the concentration that showed no
OD increase. The flavonoids chosen for this assay were: galangin, kaempferol, quercetin,

myricetin, taxifolin, and ampelopsin. Ampicillin was selected as control group.



36

Oxygen radical absorbance capacity (ORAC) assay

A 96-well black plate (VWR) was used for this assay. 2,2'-azobis(2-amidino-propane)
dihydrochloride (AAPH) (Sigma-Aldrich) and fluorescein sodium (Sigma-Aldrich) solution were
freshly prepared with 0.1M PBS buffer before use. Each well contained 240 pL reaction mixture
of fluorescein sodium (0.8uM), AAPH (10mM) and flavonoids (1.6uM). The plate reader was set
at 37 °C with an excitation wavelength of 485 nm and an emission wavelength of 528 nm. The

experiment ran for 2.5 h with a time interval of 5 min.

High Performance Liquid Chromatography (HPLC) analyses of flavonoids degradation

All flavonoids were dissolved in 0.1M PBS buffer with 5% DMSO and incubated at 37 °C.
HPLC was conducted on Hewlett-Packard Agilent 1100 series HPLC-MS. Analysis was
performed with a Hypersil ODS C18 column (Thermo Scientific), 5um, 250 x 4.6 mm at ambient
temperature with 1.0 ml/min flow rate. The mobile phases consisted of solvent A (0.1%
phosphoric acid in water (v/v)) and solvent B (acetonitrile). For myricetin and quercetin, the
gradient elution was 10-50% B in 10-15 min, 50% B in 15-20 min and the wavelength was 370
nm. For ampelopsin and taxifolin, the isocratic elution was 25% B in 0-20 min and the

wavelength was 290 nm.

Regression modeling and statistical analysis

Eap value training set was acquired from Firuzi et. al., 2005 [172]. For univariate analysis, one-
way ANOVA/student T-test was used for all 9 dependent variables. For multivariate analysis, a
bi-directional stepwise linear regression was performed from the full model. The best model is

defined as E;p~ R3 + R5 + R4’ + C2=C3 + A_pattern + B_pattern.
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2.4 Results

Quantitative Structure Activity Relationship (QSAR) analysis of the redox status of
flavonoids.

To thoroughly understand the prooxidant and antioxidant activities of various flavonoid
compounds, we sought to explore the correlation between their redox status and chemical
structures. While a previous QSAR analysis has touched briefly upon such correlation and
predictability assessments, the model was trained with a broad spectrum of flavonoid families and
thus lacks the resolution to distinguish among highly similar ones that share the polyphenolic
structure with only a few differentiating functional groups [173]. Therefore, we aim for
establishing a model that better suits quantitative comparisons among most closely related
flavonoids. Specifically, we analyzed 13 flavonoids with distinct functional groups on the A and
B rings in an attempt to build a mathematical model by QSAR analysis. The key features,
including chemical moiety compositions at positions R3, R5, R7, RS, R2’, R3’, R4’, R5’, the
presence of a double bond between C2 and C3, as well as the electroactive group patterns on A
and B rings, were taken into consideration and laid out in detail in Table 2.1. The corresponding
anodic potential (Eap) values of all chosen flavonoids but ampelopsin that directly reflects their

redox activities were extracted from published results [172].
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R3 R5 R7 R8 R2' R3' R4' R5' C2=C3 A" B E," Predict Esy™

myricetin® OH OH OH H H OH OH OH + R G 0.30 0.30
quercetin® OH OHOH H H OH OH H + R C 0.39 0.39
rutin Ogl OHOH H H OH OH H + P C 046 0.46
fisetin OH H OHH H OH OH H + P C 0.39 0.39
kaempfero OH OHOH H H H OH H + R P 045 0.45
taxifolin” OH OHOH H H OH OH H - R C 046 0.46
naringenin H OHOHH H H OH H - R P 0.89 0.89
catechin OH OHOH H H OH OH H - R C 045 0.46
apigenin H OHOHH H OH H H + R P 0.90 0.90
5-OHflavone H OH H H H H H H + P B 120 1.20
galangip¥ = OH OHOH H H H H H + R B 0.59 0.59
3-OH flavone OH H H H H H H H + B B 0.68 0.68
hesperetin H OHOH H H OH Ome H - R P 071 0.71
ampelopsin® OH OHOH H H OH OH OH - R G N/A 0.37

Table 2. 1 Substitution patterns and E,, of the series of flavonoids.

“Electroactive Groups for A ring and B ring: Gallic (G), Catechol (C), Resorcinol (R), Phenol (P),
Benzene (B)

**Reference: Firuzi et. al., 2005

““Predicted in this study.

*Flavonoid compounds whose antibacterial activities were investigated in this study.
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We first performed univariate analysis to assess the impacts from each of the 9 structural features
on the final Eapscore by one-way ANOVA (Figure 2.1). Among the 6 individual structural groups
(R3, R3’, R4’, R5, R5’, R7) under investigation, 3 brought statistically significant impacts on the
Eap values: R3 (P=0.0016), R4’ (P=0.0461) and R7 (P=0.0420). At all 3 positions, having an OH
group instead of H-atom decreased the Eap score of the compound. For non-OH or H groups, Ogl
group on R3 has a similar decreasing effect as OH, whereas the OMe group on R4’ did not show
a deviation from the ones with hydrogen. On a different perspective, having a double bond
between C2 and C3 on the B ring did not significantly alter the flavonoid redox status in the
selected group. Notably, given previous reports that suggested the importance of C2=C3 in
flavonoid functions [174], the discrepancy could be due to the sample size limitation in the
current study and requires more thorough examinations. The overall electroactive groups on A
and B rings were also categorized into Gallic (G), Catechol (C), Resorcinol (R), Phenol (P) and
Benzene (B) and subjected to similar one-way ANOVA analysis. While the different group
patterns on the A ring did not significantly influence the readout, the B ring patterns caused
substantial alterations to the final Ea, scores, ranking in the following order: G < C <P ~ B
(P=0.0495). Altogether, the statistical analysis suggested that the OH groups at some specific
positions more than others, as well as the moiety patterns on the B ring, were strongly responsible

for the Eq, values of flavonoids.
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Figure 2. 1 Variance of E, explained by structural groups of flavonoids.
Eap Were plotted with each structural groups or patterns by positions. P values were indicated in
plots with significant differences, analyzed by one-way ANOVA.
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Next, we sought to build a mathematical model to connect the important key groups with the Eap
values that would enable predictability for other uncharacterized flavonoids in the same
subfamily by multivariate linear regression analysis. The same 13 model flavonoids were used as
the training dataset with up to 12 categorical independent variables and their Eg, values as the
responding variable. We obtained Equation (1) as the best fitting model following various

attempts:

E,p = 1.12 (£0.01225) — 0.54(+0.01414)13,, — 0.375(£0.01323)I5,4 +
0.235(+0.01658)I o — 0.075(+0.01323)1 o — 0.255(+0.01323)] 90 —
0.065(+0.00866)], 3 — 0.09(+0.01414)] 5 — 0.325(+0.02179) ,, — (1)
0.125(+0.01323)1 5, — 0.215(+0.01658)1 5, — 0.065(+0.01658) I

n=13 r?=09993 F=1481

In this equation, all I’s represent indicator variables with the value ascribed as 1 in the presence of
corresponding structural entities, and 1 = 0 where absent. n is of the number compounds, r2
represents the adjusted correlation coefficient and F represents the ratio of explained over
unexplained variances. Our equation is highly reliable in predicting the flavonoid Eap with given
structural features, confirmed when plotting the predicted Ez, vs the experimental value using the
existing dataset (Figure 2.2). Overall, we have established a working mathematical model that
well summarizes the SAR of flavonoids and could potentially be used to infer the redox activities

of an uncharacterized flavonoid compound.
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Six flavonoids with similar structures were evaluated for their antibacterial activities.

To examine whether our QSAR model is physiological relevant, we pursued six flavonoids that
had been reported to exert antibacterial functions, including galangin, kaempferol, quercetin,
myricetin, taxifolin and ampelopsin [82, 162, 175]. Since the E,p of ampelopsin was lacking from
literature, we calculated its theoretical Ea, value as 0.37 based on Equation (1) (Table 2.1). Even
though these six flavonoids contain similar structures, they display a wide spectrum of Egp
ranging from 0.30 — 0.59, allowing us to further dissect the functional groups that may contribute
to the redox status of flavonoids and to infer their impacts on antibacterial activities. Specifically,
all six flavonoids display a common 3-ring structure yet differ in either the B ring side chains, or
the C2-C3 bond on the C ring (Figure 2.3). Profoundly, the numbers of hydroxyl groups on B
ring differ for most of the selected flavonoids. Myricetin and ampelopsin both contain three
hydroxyl groups on position R3’, R4’ and R5’, presenting as a typical pyrogallol group structure.
Quercetin and taxifolin both have two hydroxyl groups, but with R3” and R4’ hydroxyl groups on
quercetin and R4’ and R5’ on taxifolin. In contrast, kaempferol only has one R4’ hydroxyl group,
while galangin has none on its B ring. Another noted difference lies in the nature of the C2-C3
bond in each flavonoid. Taxifolin and ampelopsin have a C2-C3 single bond, while the other four
all have a C2=C3 double bond, rendering conplane B and C rings. Based on our QSAR model,
the E4 values of these six flavonoids are in the following order: myricetin (0.3) < ampelopsin
(0.37) < quercetin (0.39) < kaempferol (0.45) < taxifolin (0.46) < galangin (0.59). We then would
like to examine how the antibacterial activities of these six flavonoids would correlate with the

order of Eap.
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Figure 2. 3 Structures of the six flavonoids selected in the study.
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To study the antibacterial activities of these flavonoids, growth inhibition assay was conducted
with two bacterial strains to monitor their susceptibility to various flavonoids. E. coli O157:H7
and L. monocytogenes Li 20, belonging to Gram-negative and Gram-positive bacterium
respectively, are the two common representative foodborne pathogens. Flavonoids were added to
the growth media at log phase with each to the concentration of 0.5 pumol/ml, the highest
concentration at which the least soluble compound can stay in the aqueous solution with 5%
DMSO vehicle. No bacterial growth was observed in the ampicillin treated group as a positive
antibiotic-treated control. Bacteria can grow in media supplemented with 0.5 pmol/ml flavonoids,
but at a lower rate compared to the compound-free media control, suggesting all flavonoids under
investigation has antibacterial activity against E. coli (Figure 2.4A) and L. monocytogenes (Figure
2.4B) to certain extents. For both E. coli and L. monocytogenes, myricetin has the most potent
antibacterial effect at a similar level as ampicillin, followed by kaempferol. Bacterial cells treated
with galangin, quercetin, taxifolin and ampelopsin have comparable growth rates. To further
probe the maximum growth inhibition capacity of these flavonoids, a higher dose of 2 pmol/ml
flavonoids were supplemented to the media. Unfortunately, galangin and quercetin have very
poor solubility at 2 pmol/ml and thus were dropped from this dataset. At the increased
concentration, ampelopsin abolished the bacterial growth to a comparable extent as myricetin and
ampicillin. Taxifolin also inhibits bacterial growth at 2 pumol/ml yet with less impact (Figure
2.4C-D). To summarize, the antibacterial capacity of these flavonoids can be ordered as:
myricetin > kaempferol > ampelopsin > taxifolin (galangin and quercetin were not eligible for
fair comparison due to their poor solubility in this assay). With the exception of kaempferol,
which likely possesses additional antibacterial mechanisms and will be further discussed later, the
order of antibacterial activities for the other three flavonoids is the in reverse to that of their
predicted Ea, values based on our model. Our next focus is to address the mechanisms of this

negative correlation.
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Figure 2. 4 Selected flavonoids inhibit the growth of both Gram positive and negative bacteria.

E. coli and L. monocytogenes were grown in TSB media for overnight and cells were re-
inoculated into fresh media to a concentration of 10° CFU/ml. Growth curve of E. coli (A, C) and
L. monocytogenes (B, D) under the treatment of different flavonoids at 0.5 umol/ml (A, B) and 2
pumol/ml (C, D) or ampicillin at 100 pg/ml was monitored over the course of 24 hours.
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Flavonoids demonstrate various redox activities when supplemented in bacterial media.

To further explore our observation on the correlation between E,, values of flavonoids and their
capacity of bacterial inhibition, we measured the free radicals scavenging activity of these six
flavonoids using an in vitro biochemical ORAC (Oxygen Radical Absorbance Capacity) assay.
2,2'-azobis (2-amidino-propane) dihydrochloride (AAPH) is known to produce peroxyl radicals
upon thermal upshift, resulting in the decay of fluorescence and serving as an internal control in
this experiment [176]. We supplemented the ORAC reaction with one of the six flavonoids and
measured the fluorescence decay for up to 150 minutes. Myricetin, with the lowest E,, value
among flavonoids tested, caused the most rapid decay of the fluorescence intensity while added to
the reaction, suggesting that it had induced a strong prooxidant environment (Figure 2.5A). This
is followed by ampelopsin with the second lowest Eg,, which similarly induced a prooxidant
outcome. In contrast, kaempferol, taxifolin, quercetin or galangin slowed down the fluorescence
decay, suggesting that these flavonoids display antioxidant properties that protected the
fluorescence from the attack of peroxyl radicals released by AAPH (Figure 2.5A). This
prooxidant properties of myricetin and ampelopsin to a less extent is likely the underlying

mechanism for their bacterial growth inhibition capabilities.

One possible explanation for the induction of prooxidant environments by myricetin and
ampelopsin is their intrinsic instabilities. We found that myricetin underwent rapid degradation
within 4 hours in aqueous solution under physiological pH conditions followed by ampelopsin,
while taxifolin remained mostly stable after 24 hours (Figure 2.5B). This led us to propose a
hypothesis that myricetin and ampelopsin, upon degradation in aqueous solution under
physiological pH, may generate byproducts that in turn induce a prooxidant environment. To
conclusively test this hypothesis, further studies on the degradation profiles of these flavonoids

are required.
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Figure 2. 5 Flavonoids demonstrate various anti- or pro-oxidant activities.

(A) Different flavonoids were incubated with fluorescein sodium and 2,2'-azobis (2-amidino-
propane) dihydrochloride (AAPH) for ORAC assay. AAPH with no flavonoids serves as internal
control. (B) Degradation of indicated flavonoids measured by HPLC (pH = 7.4).
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2.5 Discussions

Flavonoids, as a large group of natural plant metabolites, have been known for their antioxidant
properties. These antioxidant activities are associated with multiple beneficial effects to human,
including anti-inflammation, anti-aging, anti-cancer, anti-cardiovascular disease activities [177-
179]. Some flavonoids also process antibacterial activities, such as galangin, kaempferol,
guercetin, myricetin, taxifolin and ampelopsin, yet it is not known whether or how the redox
activities of the flavonoids contribute to their antibacterial functions. In this study, we developed
a QSAR model for predicting the redox activity based on the chemical structures of the highly
resembling flavonoids. We then examined the antibacterial activities of the six flavonoids
mentioned above on both E. coli and L. monocytogenes and found that the antibacterial capacity
is correlated with the anodic potential (Eap) Of these flavonoids. Further investigation suggests
that myricetin and ampelopsin, with relatively low E,, undergo rapid degradation that leads to a

prooxidant effect, which is likely the mechanism for inhibiting bacterial growth.

The electrochemical profile of flavonoids is dictated by their structures and directly reflects their
redox behavior, which is potentially the foundation of most if not all of their biological functions.
The mechanism of action of flavonoids as antioxidants involves the ability to scavenge radicals
by an H-atom or electron transfer process [180]. Model establishment provides a possibility for
predicting the redox behavior of certain flavonoid with a given structure. We developed a QSAR
model for predicting the Eq, value, as a measurement to evaluate the redox activity of different
flavonoids based on their chemical structures. Our equation successfully and accurately
recapitulates the experimental E,p of the model flavonoids and allows us to calculate an Eg, for
ampelopsin as 0.37. From our modeling results, five variables have been selected and considered
to have significant impact on Eg, value, which are: position 3, 4°, 5, and hydroxyl group pattern
on A and B ring. Normally, a hydroxyl substitution on these positions results in lower Eqp.

Although the training dataset we chose accomplished the job by differentiating the flavonoids in
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the study, more data should be included in the future for prediction of flavonoids with more
complex substitutions, such as methoxylation and glycosylation. Noteworthily, collecting Eap
values from different flavonoids under identical conditions is critical for accurate model training.
It would therefore be ultimately beneficial to establish a universal experimental criterion for Eap
value acquisition, especially when it is not accessible to include a large number of flavonoids in

electroanalytical assays.

Redox environments can be sensed and responded to by bacteria, thus impacting their
physiological features and growth [181]. By measuring the oxidative environment through ORAC,
of six investigated compounds four showed antioxidant activity under the experimental
conditions, whereas the other two (myricetin and ampelopsin) were prooxidants. Bacteria
experience hostile environment when the surrounding oxidative stress is raised by prooxidants.
Our further discovery of a correlation between the flavonoid degradation and prooxidant activity
suggests phenolic autoxidation of myricetin and ampelopsin, the initial step of which generates
semiquinone and superoxide radicals. These radicals can damage major macromolecules (DNA
and proteins) [182] and this could be the main reason why the two compounds showed potent
antibacterial activities. Moreover, it is reasonable to speculate that there is a cutoff Eap value
below which compounds are prone to degradation, inducing prooxidant state in the presence of
oxygen. From our results and prediction values for the investigated compounds, this cutoff value
should be very close to the E4, range of ampelopsin (0.37) and quercetin (0.39). It is worth noting
that E4p is pH dependent and can serve as an indicator for predicting actual redox environments
with various flavonoids. Therefore, flavonoid redox behaviors should always be specifically
evaluated under actual conditions taking consideration of possible switches in relation to the

cutoff E,p value.
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The fact that all flavonoids selected showed certain amount of antibacterial activity in spite of
their different redox states suggests that flavonoids apply their antibacterial activity through a
combined mechanism of action. It has been found that flavonoids can also inhibit the activity of
certain redox active enzymes, such as NADPH oxidase, lipoxygenase and cyclooxygenase [183,
184], which may serve as an alternative mechanism of the antibacterial activity of flavonoids.
Kaempferol, a flavonoid with relatively weak prooxidant property in ORAC assay yet provides a
strong bacterial inhibition outcome, sets an example that the redox behavior of flavonoids may
not be the sole explanation of their antibacterial activities. Some reports mentioned that
kaempferol inhibits sortase A, which plays a key role in the adhesion to and invasion of hosts by
Gram-positive bacteria [185]. Alternatively but not exclusively, kaempferol C3 has been
proposed to intercalate into bacterial cell membrane and such disruption may contribute to its

antibacterial activities [186].

As we examined the antibacterial activities of flavonoids, we found that myricetin demonstrated
the strongest capacity to inhibit bacterial growth, with an MIC of 0.5-2 umol/ml. Compared to
ampelopsin, myricetin has an additional C2=C3 double bond and exhibits low Eg, values as well
as better bacterial inhibitory effects, suggesting that C2=C3 double bond contributes to the
potential autoxidation. Although detailed mechanisms were not clear, a reasonable speculation is
that the semiquinone and superoxide radicals generated upon myricetin degradation are likely the
causes for its antibacterial functions. In addition, myricetin demonstrated similar inhibitory
impacts on both Gram-positive L. monocytogenes and Gram-negative E.coli, making it a good
candidate for broad-spectrum antibiotic use. Further studies may focus on understanding the
cellular mechanisms myricetin utilizes to inhibit bacterial growth as well as to develop
formulation solutions of myricetin to improve its usage as a potential antibiotic or food

preservative.
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Overall, our study described a QSAR model to assess the relationship between the structure and
Eap property of flavonoids. We also evaluated the refined correlation between the E,, value and
the antibacterial activity of flavonoids, opening up the possibility to predict an antibacterial
capacity of a flavonoid with given chemical structure. This analysis also provides insights on
differential functional groups and their contributions to the antibacterial activity, which will aid a
better design on flavonoid derivatives for drug and antibiotic screening. Additionally, we
identified myricetin as a promising candidate as an antibiotic or food preservative. These findings
will boost the understanding of the structure activity relationship of flavonoids and their
antibacterial properties. Nevertheless, further investigations should focus on evaluating and
expanding the universality of the described QSAR model and elucidating the detailed

mechanisms flavonoids apply to inhibit bacterial growth upon autoxidation.
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Chapter 3 Myricetin and ampelopsin inhibit bacterial growth by generating ROS and
regulating gene expression
Liang Wen?, and Qingrong Huang*

1Department of Food Science, Rutgers, the State University of New Jersey, New Brunswick, NJ,
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3.1 Abstract

Foodborne pathogen is one of the causes for food spoilage which happens in raw meat, vegetable,
and dairy products. The emerging antibiotic resistance is bringing urgency for food industry to
explore more options for effective and safe antimicrobial agents. As one of the largest groups of
plant metabolites, flavonoids have been discovered to possess antimicrobial activity but some of
the mechanisms are still unclear. In this study, two representative flavonoids, myricetin and
ampelopsin, were investigated for their bacteria growth inhibition activities. Underlying
antibacterial mechanisms for the more potent one, myricetin, was thoroughly elucidated. This
study has discovered that myricetin undergoes autoxidation to generate reactive oxygen species
(ROS) for bacterial inhibition. As a consequence, membrane integrity of E. coli was found
compromised and cellular components were subject to severe leakage. Moreover, the
transcription of multiple genes associated with oxidative damage prevention were drastically
regulated, suggesting that the compound induces profound physiological alterations to bacterial
cells. Our findings have rationalized potential antibiotic use of myricetin and provided further
possibilities for improvement.

Keywords: Myricetin, Ampelopsin, Reactive oxygen species, Antibacterial activity
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3.2 Introduction

Foodborne pathogens including bacteria, viruses and parasites cause more than 250 mild to severe
diseases, posing serious threats to the public health. Among the commonly recognized pathogens,
bacteria such as Escherichia coli O157:H7 (E. coli), Salmonella species, Listeria monocytogenes
(L. monocytogenes) are major responsible microorganisms for foodborne illnesses that
researchers have identified in the past decades. Humans can be exposed to pathogens through
various sources including direct contact with infected animal/plant products or indirect
consumption of contaminated food [187]. The first characterized antibiotic, penicillin, was first
discovered by Alexander Fleming in 1928 [188]. Since then, more antibiotics have been
discovered and thus revolutionized the treatment of infectious diseases caused by most major
bacterial and fungal pathogens. However, while the pace of new antibiotics discovery started to
slow down in the 1970s, the massive use of antibiotics in medicine, veterinary and agriculture
gave rise to the appearance of antibiotic-resistant bacteria strains [189, 190]. Up to 2020, CDC
estimates that approximately 48 million people suffer from foodborne diseases annually while
new pathogen species are being identified on a regular basis. Therefore, there is an urging need
for more candidates in the drug discovery pipeline with more variations in their classifications,

mechanisms and antimicrobial spectrums to fight foodborne bacterial infections.

Flavonoids are one of the largest groups of metabolite compounds in plants widely found in live
tissues as well as dietary products that originate from plants, such as fruit, vegetables and tea.
Many flavonoids from plant extracts were found to contribute to the defense system against
microbial pathogens. The antibacterial mechanisms of flavonoids could include membrane
disruption [7], biofilm formation [163], DNA synthesis inhibition [164], and cell envelope
synthesis inhibition [165]. In this study, myricetin and ampelopsin are two model flavonoids that
were under investigation on their antibiotic activities. Myricetin and ampelopsin (also named

dihydromyricetin, or DMY) are the two major flavonoids in Ampelopsis grossedentata, a
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flavonoid-rich plant whose extracts have been long and infamously exploited to use in traditional
Chinese herbal medicine to treat pyretic fever or cough [191, 192]. Both flavonoids were reported
to demonstrate either antioxidant or prooxidant activity under different circumstances [193].
Moreover, both compounds have been implicated to exhibit potential antibacterial activities [104,
194]. However, the detailed mechanisms on the cellular level are largely unclear. Therefore, we
aim to evaluate their impacts on foodborne pathogenic bacteria and elucidate the possible
mechanisms to find a better candidate as a food preservative. We showed that the prooxidant
properties of myricetin and ampelopsin are directly associated with their antibacterial activities,
and that the bacteria undergo a series of physiological alterations and transcriptional regulation
upon myricetin treatment. These bacterial stress response activities triggered by the drug expand
the understanding of antibiotic resistance mechanisms and could shed light upon other medicinal
targets for bacterial infections. Moreover, this study has provided substantial evidence that

myricetin and ampelopsin could be utilized as potential antibiotics for effective food preservation.
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3.3 Methods and Materials

Bacterial Strains

Frozen stocks of Escherichia coli O157:H7 (ATCC 43895) and Listeria monocytogenes Li 20
(ATCC 19111) were stored at —80 °C in Tryptic Soy Broth (TSB) (Sigma-Aldrich) containing
15% glycerol (v/v). All cultures for use were prepared by transferring a loop of culture from
frozen stock onto Tryptic Soy Agar (TSA) plates (Sigma-Aldrich) for isolation and incubating at
37°C for 24 h. One single isolated colony was transferred into a 50 ml tube with sufficient volume
of fresh liquid media and incubated at 37°C with agitation. For all the MIC assays in the study,
overnight culture was 1:10000 diluted to achieve approximately 10° colony forming units
(CFU)/mI before use. For the experiments of flow cytometry, RT-qPCR, SDS-PAGE and
glutathione measurement, overnight culture was 1:100 sub-cultured to fresh media and
continually grown at 37°C. Bacteria cells were harvested at 0.4 of ODsgs by centrifuge at 5000 x g

and then resuspended with same volume of PBS buffer for myricetin treatment.

Minimum Inhibitory Concentration (MIC) Assay

Stock solution of myricetin or ampelopsin was prepared freshly in DMSO. For MIC
determination, 100 pl of broth containing twice the needed maximum concentration of flavonoids
were added to the first column of a polystyrene non-treated 96-well plate (Falcon), and 1:1
serially diluted with 5% DMSO. The compound solutions were subsequently inoculated with 100
ul of bacteria cells to achieve approximately 10° CFU per ml. All wells were mixed by
micropipetting and gentle shaking after the addition of bacterial cells. The plate was then covered
with sterile sealing film to prevent the vaporization of medium. The plate was inserted into a
temperature controlled 96-well plate reader (Biotek) and incubated at 37°C for 24 h, while taking
continuous measurements of the turbidity of sample at wavelength 595 nm, with time intervals of

1 hr. ODsgs readings were recorded and graphed as a function of time. The MIC was defined as
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the lowest concentration of compound that inhibits the growth of microorganisms, which is the

concentration that showed no OD increase.

Assay for antibacterial activity of flavonoids under different pH
Following the method described in the MIC assay, TSB medium with two different pH (6.0 and
7.4) was used. The pH of acidic medium was adjusted to 6.0 with 0.1N HCI. The growth curves

were recorded during a total test time of 24h.

Assay for antibacterial activity of flavonoids in the presence/absence of Cu?*

Following the method described in the MIC assay, peptone yeast glucose (PYG) broth (1%
peptone, 0.125% yeast extract and 1% glucose) was used in this assay. The concentration of
CuCl; added was 100 uM. Bacteria growing in the PYG broth without Cu?* was used as control

group. The growth curves were recorded during a total test time of 24h.

Assay for antibacterial activity of flavonoids in the presence/absence of Superoxide
Dismutase (SOD)

The procedure followed the method described in the MIC assay. The final concentration of SOD
(Sigma-Aldrich) was 125 1U/ml. Bacteria grown in TSB broth was used as control group. The

growth curves were recorded during a total test time of 24h.

Assay for antibacterial activity of flavonoids in the presence/absence of catalase
The procedure followed the method described in the MIC assay. The final concentration of
catalase (Sigma-Aldrich) was 100 1U/ml. Bacteria grown in TSB broth was used as control group.

The growth curves were recorded during a total test time of 24h.

Glutathione (GSH) Measurement
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The 5,5’-dithiobis (2-nitrobenzoic acid) (DTNB)-glutathione reductase recycling assay [161, 195]
was used to measure cellular GSH levels. In specific, 25 ml of a grown cell culture was first
pelleted by centrifugation at ODsgs 0.4. The cell pellet was then gently resuspended in 200 pL of
the stock buffer (143 mM sodium phosphate/6.3 mM Na:EDTA, pH 7.4) by micropipetting and
added with 100 pL of 10% 5-sulfosalicylic acid solution (Sigma-Aldrich). Any protein
precipitation was removed by centrifugation at 13,000 x g for 5 minutes. 10 pl of lysed cell

supernatant was used for cellular GSH measurement.

Real-time PCR

Cells were cultured in TSB as described above. Total RNA was extracted using Trizol
(Invitrogen), and was reversely transcribed into cDNA with the High-Capacity cDNA reverse
Transcription Kit (Applied Biosystems), and assayed using SYBR Green PCR Master Mix
(Applied Biosystems) with Mx3000P real-time PCR system (Agilent Biosystems). The primers
(Integrated DNA Technologies) used to analyze expression of 12 genes including a housekeeping

gene gapA were listed in Table 3.1 [196-198]:
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Gene name Primer sequences
ahpC [198] forward, GACCCGTAACTTCGACAACA,;
reverse, ATGCCTTCAGCGGTAACTTC
katG [198] forward, TACTGGGTGCCAACTTCGAT;
reverse, GGTCGCTTTCCACTCGTAAC
yaaA [198] forward, GCTGTTAGACAATTCCCAGCAG;
reverse, AAGCCGGTGTAGACATCACCTT
oxyR [197] forward, CGCGATCAGGCAATGG;
reverse, CAGCGCTGGCAGTAAAGTGAT
dps [197] forward, CAAAACCCCGCTGAAAAGTTAC;
reverse, GATATCTGCGGTGTCGTCATCT
sodA [197] forward, CCGATTATGGGCCTGGAT;
reverse, CAAAACGTGCCGCTGCT
trxA [197] forward, TGCGGTCCGTGCAAAATGAT;
reverse, AGCAGCAGAGTCGGGATACCA
polB [196] forward, GCATTAACGATAGTGCCATTG;
reverse, CCGCAAGGGACAGAAGTCTC
dinB [196] forward, CATTGAACCGTTGTCACTGG;
reverse, GTAATCACAAACTGGCCGTTG
umuD [196] forward, GTGTGGCTTTCCTTCACCG;
reverse, CTTCACTACTGATGGTAATG
recA [196] forward, GCGTCACAGATTTCCAGTGC;
reverse, GGTAAAGGCTCCATCATGC
sbmC [196] forward, GCAAAATCATCACCGACTACAC;
reverse, CGAGATTAAGCAGGAAGAG
gapA [197] forward, GTCGCTGAAGCAACTGGTCT;

reverse, AAGTTAGCGCCTTTAACGAACAT

Table 3. 1 Primers for RT-gPCR.




60

HPLC-MS analysis of flavonoid degradation

Flavonoids were dissolved in 0.1M PBS buffer with 5% DMSO and incubated at 37°C. HPLC-
MS was conducted on Agilent 1100 series LC/MSD instrument (Waldbronn, Germany). The
HPLC-MS interface used an electrospray ionization source (ESI) and the MS featured an ion trap
analyzer. HPLC was performed with a Hypersil ODS C18 column (Thermo Scientific), 5um, 250
x 4.6 mm at ambient temperature with 1.0 ml/min flow rate. The mobile phases were consisted of
solvent A (0.1% phosphoric acid in water (v/v)) and solvent B (acetonitrile). For myricetin, the
gradient elution was 10-50% B in 10-15 min, 50% B in 15-20 min and the wavelength was 370
nm. For ampelopsin, the isocratic elution was 25% B in 0-20 min and the wavelength was 290 nm.
For mass spectrometry analysis, ampelopsin was dissolved in solution for less than 30 minutes

before sample application.

SDS-PAGE

E. coli cells were grown to log phase and harvested at 5000 x g for 5 min at room temperature.
The cells were then washed twice and resuspended in PBS buffer (pH 7.4). Myricetin (1 umol/ml)
and PMSF (1mM) was added to the cell suspensions and the samples were incubated at 37 -C for
2, 4 and 6 hours. The suspension was centrifuged and the supernatant was collected. Proteins in
the supernatant were precipitated by adding Trichloroacetic acid (TCA) (0.28g/ml) and
centrifugation. The precipitate was dissolved with urea solution (6M). 50ul of sample solution
was then mixed with 25ul of sample buffer (1M Tris—=HCI (pH 6.8), 50% glycerol, 10% SDS,
10% beta-mercaptoethanol, 1% Bromophenol blue) and heated at 100-C for 10 min. Proteins
were separated in 10% SDS-PAGE gel, washed with wash buffer (10% acetic acid, 20%
methanol) and stained with Coomassie blue. Control samples were prepared similarly without

myricetin treatment.

Flow cytometry
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E. coli cells were grown to log phase and harvested at 5000 % g for 5 min at room temperature.
The cells were then washed twice and resuspended in PBS buffer (pH 7.4). Myricetin (1umol/ml)
was added to the cell suspensions and the samples were incubated at 37 oC for 2, 4, 6 and 24
hours. The staining process was performed with a LIVE/DEAD BacL.ight Bacterial Viability Kit
(Invitrogen). 2 ml of each E. coli cells sample (1 x 10° bacteria/ml) was stained with 6 ul of
combined reagent (SYTO 9/Propidium iodide = 1:1) and incubated at room temperature in the
dark for 15 minutes before being subjected to a BD LSRFortessa Flow Cytometer and analyzed

using FlowJo 10.6.2 (BD Biosciences) .

3.4 Results

Myricetin and ampelopsin exhibit bacterial growth inhibition.

To study the potential dose dependent antibacterial activities of myricetin and ampelopsin, a
guantitative approach was applied with liquid bacteria cultures to determine their minimum
inhibition concentrations (MIC). Both Gram-negative (E. coli) and Gram-positive (L.
monocytogenes) bacteria were examined to evaluate the functional spectrum of the compounds.
Myricetin or ampelopsin was added to the growth media for both E. coli and L. monocytogenes to
the final concentration 0-2 pumol/ml. Both myricetin and ampelopsin showed decent growth
inhibition on both bacterial cultures. Specifically, myricetin delayed bacterial growth at the
concentration of 0.5 umol/ml and fully abolished the growth at 1 pumol/ml. Thus, the MIC of
myricetin is 1 pmol/ml for both E. coli (Figure 3.1A) and L. monocytogenes (Figure 3.1B). We
also looked at the efficacy of ampelopsin against E. coli and L. monocytogenes, which had shown
reduced antibacterial activity than myricetin across the dilution series of the compounds. We
report a 2 pmol/ml MIC of ampelopsin on both E. coli and L. monocytogenes, which is 2-fold
higher than myricetin (Figure 3.1C-D). Therefore, both flavonoid compounds efficiently blocked

bacterial growth in log phase liquid cultures, with myricetin exhibiting a slightly better potency.
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Figure 3. 1 Myricetin and ampelopsin inhibits E. coli and L. monocytogenes at an MIC of 1
pmol/ml.

E. coli and L. monocytogenes were grown in TSB media for overnight and cells were re-
inoculated into fresh media to a concentration of 10° CFU/ml. Growth curves of E. coli (A) and L.
monocytogenes (B) under the treatment of myricetin at various concentrations was monitored
over the course of 24 hours by ODsgs. Similar graphs of E. coli (C) and L. monocytogenes (D)
growth in response to ampelopsin were also plotted.
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The antibacterial activity of myricetin is associated with its degradation under alkaline
condition.

At physiological pH 7.4, myricetin went through rapid degradation in aqueous phase, which gave
the solution a dark brown color within 30 minutes (Figure 3.2A left). This led us to hypothesize
that myricetin is oxidized to the quinone form, the polymerization of which causes browning
effects [199]. Similar phenomenon happened to ampelopsin at a slower rate with semiquinone
and quinone formation confirmed by LC-MS analysis (Figure 3.3), but not observed with
guercetin and taxifolin (data not shown). Next, HPLC was utilized to study the rate of
degradation of myricetin in aqueous solution. At pH 7.4, ~50% of myricetin was degraded after
50 min, and only 20% remained after 4 hours (Figure 3.2B). Almost complete degradation was
observed by 24 hours (Figure 3.2C). In contrast, myricetin degradation rate was largely reduced
at pH 6, with 80% still remaining by 4 hours and 20% remaining by 24 hours (Figure 3.2C). To
study whether the antibacterial activity of myricetin is consequential to its pH-dependent
degradation, the inhibition of bacterial growth of myricetin was directly compared in media at pH
6 or pH 7.4. Consistent with previous observations, for both E. coli and L. monocytogenes,
myricetin has a MIC of 1 pmol/ml at pH 7.4 (Figure 3.2D-E). In dramatic contrast, bacteria
growth was largely rescued in media with up to 2 umol/ml of myricetin at pH 6, suggesting that
the weak alkaline condition is needed for myricetin antibacterial activity (Figure 3.2D-E). We did
not test beyond 2 pmol/ml myricetin to examine its MIC at the low pH due to solubility
limitations. Altogether, our data demonstrated that myricetin undergoes rapid degradation at a
weak alkaline condition, which is closely associated with its potency in antibacterial activities.
Likewise, ampelopsin degrades rapidly at pH 7.4 (Figure 3.4), at which condition it confers better
antibacterial activities (Figure 3.5). Our results suggested that the pH sensitivities of both

myricetin and ampelopsin in their degradation have drastic impacts on bacterial growth.
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Figure 3. 2 Myricetin inhibition of bacterial growth is pH dependent.

(A) Myricetin (1 pumol/ml) in TSB media for 30 min (left) and less than 1 min (right). HPLC
measurement of myricetin degradation in aqueous solution (pH adjusted by HCI-NaOH) at pH 7.4
for 5h (B), pH 7.4 and pH 6 for 24 hours (C). % Remaining myricetin was normalized to its
starting concentration (1 pmol/ml). E. coli and L. monocytogenes were grown in TSB media for
overnight and cells were re-inoculated into fresh media with pH 6 or pH 7.4 to a concentration of
10° CFU/ml. Relative growth of E. coli (D) and L. monocytogenes (E) in media supplemented
with different concentrations of myricetin was normalized to the growth of bacteria at control
media at 24 h (indicated in the inner figures). Growth were measured by ODsgs at 24 h.
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Figure 3. 3 Ampelopsin degradation produces quinone.

LC/MS analysis of ampelopsin (1 umol/ml) degradation in aqueous solution at pH 7.4. LC and
MS spectra of (iso)ampelopsin (M.W. 320) and ampelopsin quinone (M.W. 318).
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Figure 3. 4 Ampelopsin degrades at weak alkaline condition.

HPLC measurement of ampelopsin degradation in aqueous solution at pH 7.4 and pH 6 for 24
hours (pH adjusted by HCI-NaOH). % Remaining ampelopsin was normalized to starting
concentration (1 pmol/ml).
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Figure 3. 5 Ampelopsin inhibition of bacterial growth is pH dependent.

E. coli and L. monocytogenes were grown in TSB media for overnight and cells were re-
inoculated into fresh media with pH 6 or pH 7.4 to a concentration of 10° CFU/ml. Relative
growth of E. coli (A) and L. monocytogenes (B) in media supplemented with different
concentrations of ampelopsin was normalized to the growth of bacteria at control media at 24 h
(indicated in the inner figures). Growth were measured by ODsgs at 24 h.
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Myricetin induces oxidative stress within bacterial cells by generating ROS.

The potential quinone formation upon myricetin degradation could generate reactive oxygen
species (ROS) [200]. To study whether myricetin induces oxidative stress to exposed bacteria, E.
coli cells were incubated with various concentrations of myricetin and levels of intracellular
glutathione (GSH) were measured. In normal bacterial cells, GSH is present mainly in its reduced
form but will be converted to the oxidized form (GSSG) if oxidative stress is introduced. Thus,
cellular GSH level can be used as a redox environment indicator. We observed a dose dependent
loss of GSH in concurrence of an increased concentration of myricetin (Figure 3.6A), suggesting

that GSH are oxidized by ROS associated with increased level of myricetin.

To further test if myricetin inhibits bacterial growth via generating ROS, we examined the add-on
effects of transition metal ions, considering its ability to catalyze the oxidation process of
myricetin. We hypothesize that if ROS plays an active role in the antibacterial properties of
myricetin, this growth inhibition would be correlated with the level of metal ions in the medium.
Peptone Yeast Extract Glucose broth (PYG) was used in this assay for its low cation basal level.
E. coli and L. monocytogenes were grown in PYG media with or without copper ions. Higher
MIC of myricetin was observed for both E. coli and L. monocytogenes in PYG media compared
to TSB, which is correlated with the lower level of cation (Figure 3.6B-C). In contrast, when
supplemented with copper, myricetin in PYG displayed a more robust antibacterial activity, with
an MIC of 2 umol/ml for E. coli (Figure 3.6B) and 1 pumol/ml for L. monocytogenes (Figure
3.6C). Similar observations were obtained when using ampelopsin (Figure 3.7A-B). Our data
support the hypothesis that with the assistance of metal ions, myricetin and ampelopsin go

through a faster oxidation process to realize the antibacterial functions.

We then sought to further dissect the oxidation pathway undertaken by myricetin to inhibit

bacteria growth. Superoxide dismutase (SOD), a common antioxidant defense mechanism in
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living cells, is known to catalyze the dismutation of the superoxide radical (O>) into hydrogen
peroxide:

0; +-0; 25 H,0, 4+ 0,
- SOD

Flavonoid oxidation generates superoxide radicals which are considered the source of the
antibacterial activity of many flavonoids [201]. To investigate if myricetin degradation generates
superoxide radicals and if so, whether such superoxide radicals are required for its antibacterial
activity, E. coli and L. monocytogenes were grown in media with or without SOD
supplementation. The antibacterial activity of myricetin demonstrated major reduction when SOD
was added (Figure 3.6D-E), which had a MIC at 1 umol/ml in control media compared to 2
pmol/ml in SOD supplemented media. Similar observations were made with ampelopsin (Figure
3.7C-D). These results indicate that the formation of superoxide radicals contributes to the

antibacterial process.

Another common ROS defensive enzyme found in living organisms, catalase, is known to
specifically utilize hydrogen peroxide as the substrate to generate water and oxygen:

2 H,0, — 2 H,0 + O2.

Similar to SOD, catalase plays a critical role in protecting cells from oxidative damage and it is
one of the enzymes with the highest turnover rates, implicating superior potential for its oxidative
damage protection effects [202]. To assess if catalase protects bacteria from myricetin toxicity
through ROS, E. coli and L. monocytogenes were grown in media with or without catalase
supplement. Indeed, the addition of catalase significantly impaired the antibacterial activity of
myricetin (Figure 3.6F-G). Similar observations were also obtained when using ampelopsin
(Figure 3.7E-F), suggesting that hydrogen peroxide is a major influencer for inhibiting bacterial
growth by myricetin and ampelopsin. Overall, our data supports a mechanism of antibacterial

activity for myricetin and ampelopsin: these flavonoids rapidly degrade in aqueous solution and
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generates ROS in the process, including superoxide radicals and hydrogen peroxide, which

induces oxidative stress to exposed bacteria, leading to their demise.
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Figure 3. 6 Myricetin inhibits bacterial growth by inducing oxidative stress.

(A) E. coli cells were grown overnight in TSB and cells were re-inoculated (v/v 1:100) into fresh
media to ODsgs 0.4. Cells were then treated with various concentrations of myricetin in PBS for
24 hours. Lysed cellular glutathione levels were measured. E. coli and L. monocytogenes were
grown in TSB media for overnight and cells were re-inoculated into indicated fresh media to a
concentration of 10° CFU/mI. Relative growth of E. coli (B, D, F) and L. monocytogenes (C, E, G)

was normalized to the growth of bacteria at control media at 24 h (indicated in the inner figures).
Growth were measured by ODsgs at 24 h.



E. coli
120 o
—=— Cu2+ 100uM
—=PYG

100 o
g

< god
=
s

O 604
[
2

B 40
[}
o

20 4

04

T T T T T
0.0 0.5 1.0 15 2.0
Ampelopsin(umol/mL)

i —=—SOD 125 IU/mL
1
—e— Control

Relative Growth (%)

T T T T
0.0 05 1.0 15 20

Ampelopsin(umol/mL)

—=8— CAT 1001U/mL
—e— Control

Relative Growth (%)

T
0.0 05 1.0 15 2.0
Ampelopsin(umol/mL)

Relative Growth (%) Relative Growth (%)

Relative Growth (%)

72

L. monocytogenes

120 |
—=— Cu2+ 100pM
100 ——PYG
80 4
60 4
40+
20
04
T T T T T
0.0 0.5 1.0 15 2.0
Ampelopsin(umol/mL)
120
—=—SOD 125 IU/mL
—e— Control
100
80
60
40
20
0+ It
T T T T T
0.0 05 1.0 15 2.0
Ampelopsin(umol/mL)
120 4
100 4 i
80 4 —=— CAT 100I1U/mL
\ —e— Control
\
\
60 4 \
1
40 4 08
06
04
204 02 S~
] T~
& T
04 oF e
T T T T T
0.0 05 1.0 15 2.0
Ampelopsin(umol/mL)

Figure 3. 7 Ampelopsin inhibits bacterial growth by inducing oxidative stress.

E. coli and L. monocytogenes were grown in TSB media for overnight and cells were re-
inoculated into indicated fresh media with various ampelopsin doses to a concentration of 10°
CFU/ml. Relative growth of E. coli (A, C, E) and L. monocytogenes (B, D, F) was normalized to
the growth of bacteria at control media at 24 h (indicated in the inner figures). Growth were

measured by ODsgs at 24 h.



73

Myricetin compromises cell membrane integrity and causes cell leakage.

To study the potential damage on bacteria caused by myricetin, we examined the bacterial cell
membrane integrity as this is one of the most common mechanisms by which flavonoids could
impair bacteria growth. E. coli cells were treated with 1 pmol/ml myricetin for 2, 4 or 6 hours
before being pelleted by centrifugation. The supernatant was harvested and subjected to SDS-
PAGE analysis. Increased protein abundance was observed in the media supernatant from the
samples treated with myricetin for 4 and 6 hours compared to the control groups (Figure 3.8),
despite a slower growth rate of E. coli in the presence of myricetin (data not shown). In addition,
we applied flow cytometry analysis to assess bacterial cell membrane permeability upon
myricetin treatment. E. coli cells were treated with 1 pmol/ml myricetin for a time course up to
24 hours. E. coli cells harvested at 2, 4, 6 and 24 hours of myricetin treatment were stained with
propidium iodide (PI) and SYTO 9. Pl binds to DNA after travelling across damaged cell
membrane while SYTO 9 has a higher affinity to live cells (Figure 3.9A). The cell population
which emits strong fluorescence for both Pl and SYTO 9 are the live ones with compromised
membrane integrity. While the live cell (SYTO 9-positive) numbers were on the same level with
or without myricetin treatment, more E. coli cells became permeable to Pl after treatment with
myricetin (Figure 3.9B-C). This suggests that myricetin permeabilizes the cell membrane even
though sparing the viability of these bacterial cells at 1x MIC. Together with the observation of
more protein being released to the extracellular environment, we propose that one of the
antibacterial approaches of myricetin is by compromising normal cell membrane function. The
membrane disruption grants cellular proteins free diffusion out of the cells, which inhibits
bacterial growth and may kill bacterial cells especially when some of the proteins are responsible

for critical metabolic functions.
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Figure 3. 8 Myricetin induces bacterial cellular leakage.

E. coli cells were grown overnight in TSB and cells were re-inoculated (v/v 1:100) into fresh
media to ODsgs 0.4. Equivalent numbers of cells were treated with 1 pumol/ml myricetin in PBS
for the indicated hours. An equal volume of supernatant was subjected to SDS-PAGE and stained

with Coomassie Blue.
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Figure 3. 9 Myricetin induces bacterial membrane leakage.
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E. coli cells were grown overnight in TSB and cells were re-inoculated (v/v 1:100) into fresh
media to ODsgs 0.4. Cells were treated with 1 pumol/ml myricetin in PBS for the indicated hours.
Cells were then stained with SYTO 9 and PI for viability and membrane permeability
respectively (A). Percentage of cells with compromised membrane (B, SYTO 9" PI') and total

live cells (C, SYTO 9*) were quantitated.
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The change of cellular redox environment alters gene transcription profiles.

The transcription of twelve genes related to the responses of E. coli to oxidative stress was
examined by RT-gPCR (Figure 3.10). Detailed gene functions are listed in the table (Table 3.2)
and gapA gene, which codes for GAPDH, was used as reference. Targeted genes were chosen
based on their functions associated with ROS degradation, DNA repair or free-iron control. The
expression level of multiple genes involved in ROS regulation was largely upregulated compared
with GAPDH control upon myricetin treatment. They include coding genes of some enzymes
essential to ROS degradation, such as katG (~5-fold induction, encodes a catalase-peroxidase),
sodA (~5-fold induction, encodes superoxide dismutase) and ahpC (~3-fold induction, encodes
alkyl hydroperoxide reductase). Genes involves in the responses to ROS, including oxyR and
yaaA are also upregulated 11-fold and 4-fold, respectively. In addition, genes encoding DNA
repair proteins including polB, dinB and recA, are induced from 1 to 10-fold upon myricetin
exposure. Interestingly, dps gene encoding the DNA protection during starvation protein, which
was demonstrated to protect DNA from oxidative damage by sequestering intracellular Fe*, was
downregulated upon myricetin treatment. Additional experiments examining the intracellular
ferrous/ferric levels are needed to further interpret this observation. Overall in agreement with our
other findings, the transcription profile analysis suggests that myricetin creates an oxidative

stressful environment for bacteria, triggering its physiological responses on the transcription level.
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Figure 3. 10 Myricetin alters gene transcriptional profile of exposed bacteria.

E. coli cells were grown overnight in TSB and cells were re-inoculated (v/v 1:100) into fresh
media to ODsgs 0.4. Cells were treated with 1 umol/ml myricetin in PBS for 24 hours. RT-gPCR
was conducted for targeted genes. Fold changes were calculated by AACt to gapA in control
samples.



Gene | Protein Function
oxyR Hydrogen peroxide sensor activa_tes t_he ex.pression of a regulon of hydrogen
peroxide-inducible genes
polB DNA polymerase 1l DNA repair and mutagenesis
dinB DNA polymerase IV DNA trans_lesion repair and untargeted
mutagenesis
katG Catalase-peroxidase catalase and peroxidase
sodA Superoxide dismutase superoxide anion radicals degradation
trxA Thioredoxin 1 catalyzes dithiol-disulfide exchange reactions
2aA Peroxide stress resistance cellular response to hydrogen peroxide stress by
y protein diminishing unincorporated iron
ahpC Alkyl hydroperoxide catalyzes the reduction of hydrogen peroxide to
reductase C water and alcohols
. homologous recombination and the bypass of
recA Protein RecA mutager?ic DNA lesions by SOS respgrqse.
umuD | DNA polymerase translesion repair and UV protection.
sbmC | DNA gyrase inhibitor inhibits the supercoiling activity of DNA gyrase.
dps DNA protection during protects DNA from oxidative damage by

starvation protein

sequestering intracellular Fe?*

Table 3. 2 Functions of selected genes responsive to myricetin.

78



79

3.5 Discussion

Microbial hazard in food has been threating the public health and life quality. Better strategies to
prevent bacterial contamination in food products as well as to preserve food quality are needed
due to frequently emerging foodborne pathogen outbreaks and other food-related illnesses. Our
study focused on the antibacterial activities of two model flavonoids, myricetin and ampelopsin,
on E. coli and L. monocytogenes, representing Gram-negative and Gram-positive bacteria,
respectively. We found that myricetin has the more potent antibacterial efficacy against these two
common foodborne pathogens, with an MIC of 1 umol/ml for both, while ampelopsin also has the
capability to inhibit both bacteria with a slightly lower sensitivity. Additionally, rapid degradation
of myricetin was observed in aqueous solutions, a phenomenon closely associated with the
production of reactive oxygen species (ROS), including superoxide radicals as well as hydrogen
peroxide. Upon supplementing the enzymes for catalyzing these ROS reactions, the antibacterial
activity of myricetin was impaired, suggesting that the ROS released by myricetin degradation is
critical for inhibiting bacterial growth. In addition, alterations of intracellular redox environment,
including a reduced level of GSH and upregulation of ROS-responsive genes and DNA repair
genes, were demonstrated with E. coli under myricetin treatment. Most of the representative
phenotypes were also observed for ampelopsin. The collective data suggest that upon sensing the
environmental oxidative stress, a series of defense mechanisms are triggered in the bacteria to
maintain the cellular redox balance. Furthermore, we also found that myricetin causes membrane
disruption of E. coli cells and cellular content leakage. To summarize, our study characterized the
antibacterial activity of myricetin from multiple fronts, and elucidated a multi-functional
antibacterial mechanism by myricetin: it compromises the bacterial cell membrane causing
cellular leakage, and alters the cellular redox environment, the latter likely mediated by ROS
production. Given that ampelopsin phenocopies many characteristic impacts as myricetin on the
cells, it is highly possible that these two compounds exert similar ROS mediated antibacterial

mechanisms.
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Generation of superoxide and hydrogen peroxide during myricetin and ampelopsin autoxidation
has been specifically indicated in this study. Flavonoid autoxidation is a complex non-enzymatic
process which plays a role in defending exogenous microorganisms [203]. Catechins containing
pyrogallol groups autoxidize with an initial step of generation of semiquinone and superoxide.
O in turn oxidizes reduced catechin to form H,O, [204]. Semiquinone serves as a better electron
donor to O, than its reduced form [205] and is converted to quinone [206]. Quinones are powerful
antibiotics which alkylate proteins [207] and undergo browning process to form quinone
polymers [206]. Based on our data, we propose that myricetin goes through the similar
autoxidation pathway in the weak alkaline physiological condition (Figure 3.11). Although direct
interruption to normal cellular metabolic activities was also observed, superoxide and hydrogen
peroxide exert their major toxic effects through elevating cellular hydroxyl radical level. H.O,
easily transforms into HO- by reacting with the cellular pool of unincorporated iron while Oy
induces the synthesis of iron importers resulting in intensification of Fenton reaction [208]. As
the most potent one out of these three ROS, hydroxyl radical can damage DNA and other cell
components directly, including lipids, Cys/Met residues, mononuclear iron enzymes, etc [209].
We believe the presence of myricetin greatly changes the redox environment in the prooxidant
direction with the observation that cellular glutathione (GSH) levels are reduced. GSH is an
antioxidant which is widely distributed in living cells. GSH is present mainly in its reduced form
and will be converted into the oxidized form GSSG when oxidative stress is introduced [161]. It
plays a key role by in this process, thus preventing cellular components from ROS damage.
Therefore, cellular GSH level is typically used as a redox environment indicator. The decrease of
GSH level we observed supports the hypothesis that the cells encounter a more prooxidant

environment upon exposure to myricetin.
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Figure 3. 11 Proposed mechanisms for myricetin autoxidation at physiological conditions.

Adopted from Mochizuki, M. et al. 2002 [204].
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Further supporting the hypothesis that myricetin triggered ROS generation thereby disrupting the
bacteria cellular function, we observed transcriptional upregulation of a group of ROS-responsive
genes upon myricetin exposure. E. coli possesses two major regulatory systems in response to
oxidative stress, OxyR and SoxRS, which are triggered by peroxides and superoxide/nitric oxides,
respectively [208]. Together with SOS response, these three systems directly contribute to the
survival of E. coli against exogenous ROS attack [208]. All the genes selected in this study are
categorized as following: OxyR (oxyR, katG, ahpC, dps, yaaA), SoxRS (sodA), SOS response
(recA, polB, dinB, umuD), and trxA & sbmC (not related to the three systems). SodA, which is the
gene encoding Mn-SOD, was upregulated, and is associated with the generation pathway of
superoxide. In the SOS response gene cluster, the activation of recA leads to a drastic
transcription upregulation of polB (pol I1) and dinB (pol 1V), but not much for umuD (pol V).
This is likely because pol Il and pol IV are both involved in the early stage of DNA repair during
replication, while pol V only comes later for translesion synthesis when template is not accessible.
Two individual genes, trxA (redox reactions catalyzation) and sbomC (DNA gyrase inhibition), are
not regulated by those three systems yet theoretically could be indirectly involved in oxidation
stress response [196, 197]. The thioredoxin protein encoded by trxA likely facilitates the
reduction of other proteins under oxidative stress. A slight decrease of sbmC transcription
suggests that it was not used as the DNA damage defense approach in this scenario. The most
interesting finding comes from OxyR regulon, which upon drug treatment is oxidized by H,0-
and induces the upregulation of katG (hydroperoxidase 1), ahpC (alkyl hydroperoxide reductase),
yaaA (peroxide stress resistance protein), yet reduces the transcription of dps. Dps, an iron-
storage protein, uses H,O; as electron acceptor for free iron scavenging [210]. The transcription
decease may be due to the exhaustion of unincorporated iron in the wake of H,O, consumption
through Fenton reaction. Finally, we observed a permeabilized cell membrane and leakage of
cellular components into the media upon myricetin treatment. Cell membrane comprises of lipid

and proteins that are likely the targets of ROS. Previous study demonstrated an alternative
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mechanism that certain flavonoids may intercalate into membrane by their hydrophobic groups
[186]. However, this observation came from a liposomal model but not on live cell membranes.
Future experiments are needed to examine direct intercalation of flavonoids with bacterial cell
membrane. Besides the previous proposals, our data provide an alternative explanation for the

membrane compromise that may be induced by ROS damage.

E. coli O157:H7 and L. monocytogenes Li 20 are two strains selected in this study as respective
representatives of Gram-negative and Gram-positive bacteria. Both myricetin and ampelopsin
apply a very similar inhibition effect on these two strains. This result can be well explained by the
broad-spectrum toxic effect of ROS on cells from different organisms. However, considering
some bacteria strains may respond differently even to the same external stimuli, it is worth
examining the responses from more additional bacteria strains, including both Gram-negative and
Gram-positive, as well as pathogenic and probiotic ones to gain a thorough knowledge. To better
characterize and evaluate the potential applications of myricetin as food supplements, additional
studies are needed to evaluate any potential impacts or toxicity on mammalian cells and plant
cells. Moreover, with in vivo animal models, how myricetin metabolizes in the circulation system
and a full evaluation of its dosage safety will be highly valuable. Taking into consideration of the
emerging importance of microbiota diversity in healthy individuals, it is also critical to explore
the change myricetin may bring to the microbiota profile from the more complicated redox

environment under anaerobic conditions.

In summary, we have examined the antibacterial activities and further characterized the potential
mode of actions of two flavonoids in detail, myricetin and ampelopsin. We discovered that
myricetin and ampelopsin undergo rapid oxidation in aqueous solutions and release multiple
types of ROS as well as quinones that possibly inhibit the optimal growth of bacterial cells in the

environment (Figure 3.11). We then showed these ROS reduce bacteria fitness likely by altering
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the bacterial redox balance and impairing the cell membrane integrity. More evidence was also
provided regarding how myricetin alters the E. coli transcriptional profiles of key ROS
responding genes. Detailed key molecular rationales of how they impede bacterial growth and
metabolism were also investigated. The ROS response mediated actions strongly indicate that
they attack the pathogens via multiple biological pathways simultaneously, a feature further
supported by their almost unbiased effect on different bacteria subtypes. This broad-spectrum of
antimicrobial capability makes myricetin a superior candidate antibiotic, as it is less likely to be
impacted by common mechanisms by which bacteria gains antibiotic resistance (i.e. gain-of-
function or loss-of-function genetic mutations). This study altogether highlighted the potential use
of myricetin as a novel antibiotic against bacterial pathogens in food products. Moreover, the
flavonoids themselves are generally considered to carry minimal toxicity towards higher
organisms as they are one of the most common natural extracts from live plants. Nevertheless,
future research should focus on examining the use of myricetin on expanded target bacteria

repertoire and evaluating the efficacy and safety in usage as a food preservative.

Competing Interests
The Authors declare that do not have competing interests.



85

Chapter 4 Discussions

Microbial hazard in food has been threating the human health and their life quality. Better
strategies to prevent bacterial contamination in food as well as to preserve food quality are
urgently needed. In the current study, the antibacterial activity of several flavonoids with
common backbone structures were examined on E. coliand L. monocytogenes. A highly
predicative mathematical QSAR model was established by linear regression analyses that
connects flavonoid chemical structural features with their redox behaviors. We then discovered
that the most theoretically antioxidant flavonoids may exhibit prooxidant properties in weak
alkaline environments through degradation, a mechanism that could eventually accounts for their
strong antibacterial capabilities. In a focused study, we found that myricetin has the most potent
antibacterial efficacy against these two common foodborne pathogens, with an MIC of 1 umol/ml
for both. Additionally, rapid degradation of myricetin in solution is associated with the
production of reactive oxygen species (ROS), including superoxide radicals as well as hydrogen
peroxide. We have demonstrated that upon myricetin treatment, the intracellular GSH level of E.
coli has reduced, with transcriptional upregulation of ROS-responsive genes and DNA repair
genes. In addition, myricetin also causes membrane leakage of E. coli cells. Here, we described a
potential mode of action, where the emerging ROS due to myricetin oxidation inhibits bacterial
growth via altering bacterial cell redox balance and membrane integrity. Our study contributes to
the better understanding of flavonoids antimicrobial mechanisms, laying the foundations for
application development of flavonoids as promising food preservatives. The antimicrobial
features and application of flavonoids including myricetin is an exciting field, yet it is still
underdeveloped field and there are numerous additional questions and concerns that need further
investigations. Some aspects of these will be covered in this chapter and immediate future

directions will also be discussed.
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4.1 Flavonoids, including myricetin, harbor antibacterial capabilities via a wide variety of
molecular mechanisms.

Plant extracts have been used as a practical antimicrobial solution in early medicine long before
the discovery of penicillin, the first fully characterized antibiotic in 1928 [54]. Modern
pharmacological research has identified flavonoids as one of the most abundant and effective
species of small molecules in plants. Previous studies have highlighted multiple molecular
mechanisms for how flavonoids induce toxicity against bacteria, most of which are closely related
to the functional structural groups on the B and C rings of flavonoids [162, 183, 211, 212]. The
most common approach of these is through compromising the integrity of bacteria cell membrane.
A previous fluorescent polarization assay has examined 11 flavonoid, polymethoxyflavone or
isoflavonoid compounds, and revealed a strong positive correlation between the flavonoid anti-
E.coli activities and the reduction of model double lipid layer membrane fluidity [213]. A similar
yet more physiological cell membrane depolarization effect was also seen with 3 different
flavonone and chalcone molecules on the methicillin-resistant Staphylococcus aureus (MRSA)
strain [214]. An earlier study also focused on S. aureus using galangin, which belongs to the
flavone family. The authors observed cell membrane damage mediated potassium loss into the
medium, possibly as a downstream effector of bacteria cell metabolism blockage [215]. Recently,
3 flavonols (quercetin, rutin and tiliroside) were shown to reduce the thickness of the membrane
bilayer in a reconstituted model system [166]. Myricetin itself has also been found to perturb
bilayers leading to thermal property alterations, interpreted from NMR analyses. However, this
model had required supporting evidence from physiological data, as it was using an artificial
DPPC membrane [167]. In this study, myricetin induced membrane disruption and cellular
content leakage have been observed in live E.coli cells, confirming the critical role of this
mechanism in vivo. Notably, the membrane bilayer damage in bacteria, caused by a subgroup
named catechins, were shown to be a direct consequence of an oxidative burst by ROS [216].

Considering the strong alterations also observed in this study, it is reasonable to hypothesize that
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myricetin targets membranes via a similar mechanism. Interestingly, this phenotype could also be
independent on ROS generation given that myricetin was also demonstrated to act against the
anaerobic oral pathogens in periodontal region where ROS is not effectively generated?'’). Thus,

myricetin might be able to kill bacterium via ROS independent mechanism as well.

Associated with the membrane perturbation function of flavonoids is inhibition of biofilm
formation, either through induction of bacteria aggregation, blockage of cell envelope synthesis
or direct targeting of biofilm signaling pathways. This has been shown in multiple bacteria strains
including several flavones on E.coli [218], several flavonols on S. aureus [219], as well as a
flavanone on E. faecalis, S. aureus, E. coli and P. aeruginosa, etc [220]. Flavonoids are also
reported to block DNA replication pathways either by direct intercalation into dsDNA, shown in
P. vulgaris and S. aureus [221], or interacting with essential enzymes such as DNA gyrase or
replicative helicases in E. coli [169]. This mechanism is also echoed by results from this study
that showed a significant transcriptional upregulation of DNA polymerases induced by myricetin.
Other discoveries have also suggested that different subsets of flavonoids could inhibit ATP
synthases and reduce the bioavailability in E. coli and S. aureus [170, 171]. It is also believed that
flavonoids could interact with metal ion pools in the cells and manifest its activities [222], which
is also confirmed in this study by the alteration of transcription profiles of metal scavenging
genes upon myricetin treatment. Notably, all the aforementioned mechanisms are not independent
of one another, but rather are deeply interconnected. For example, the ATPase inhibition could
contribute to the biofilm formation pathway blockage or cause an inability to maintain the
membrane potential. This further showcased the potential of myricetin to serve as a complex

antibiotic that attacks the bacteria on multiple perspectives.
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4.2 Myricetin can be either an antioxidant or a prooxidant

Myricetin plays dual roles as both an antioxidant and a prooxidant. Like many other flavonols
family members (Quercetin, Kaempferol, Isorhamnetin, etc.), myricetin shows strong scavenging
activity for free radicals and ions. Using high pressure liquid chromatography coupled with an
electrochemical detector, S. Rafat Husain et al. found myricetin showed high activity to remove
free hydroxyl radicals derived through UV photolysis of H,O, and the scavenging activity is
associated with the hydroxyl groups substituted in the aromatic B-ring [223]. Accordingly,
myricetin was shown to alleviate H,O; induced cell death through inhibition of ROS generation
and activation of antioxidant enzymes [224]. In addition, myricetin was able to prevent lipid
peroxidation, which leads to the use of myricetin as a food preservative to extend the shelf life of
fats and oil containing products [225]. In contrast to its protective role of ROS production,
myricetin was also proved capable of generating ROS. In the presence of Cu(ll), myricetin
generated active oxygen species which caused DNA strand scission in vitro [226]. Additionally,
auto-oxidation of myricetin was reported to inhibit mitochondrial succinoxidase and generate Oy
and H,O;, resulting in mitochondrial respiratory bursts [227]. In line with this, here we showed

that myricetin displayed antimicrobial activity via autoxidation to generate ROS.

How myricetin switches between these two opposite functions remained enigmatic. Several
studies tried to reveal some of the control factors. Miranda J. Laughton et al. showed
concentration is a key to determine the function of myricetin. At low concentrations (IC50<1.5
uM), myricetin exhibited antioxidant effects, inhibiting lipid peroxidation. Interestingly, at a
higher concentration (100 uM), it enhanced hydroxyl radical generation by up to eight-fold. Thus,
they concluded myricetin acted as an anti-oxidant at low concentration and as a prooxidant at
high concentration [228]. However, in our study, we found that even at low concentrations (0.25
uM and 0.5 uM), myricetin still showed antimicrobial activity and decent ROS generation. This

suggests that absolute concentration is not the only factor to control the effects of myricetin,
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although it may affect functions of myricetin in specific contexts. Another study has explored the
contribution of reducing agent (ascorbic acid) and Fe ion to the effects of myricetin. They found
that myricetin showed antioxidant effects in the presence of ascorbic acid, while pro-oxidative
effects prevailed in ascorbic acid free systems [229]. This indicates different food may need
“customized” preservatives, for example, Vitamin C/E-rich foods are likely to compromise the

antibacterial effects of myricetin and call for other candidates.

The transition metals are essential for the antibacterial effects of myricetin, which mediate the
transfer of electrons during ROS generation. In our results, copper deficient medium remarkedly
mitigated bacteria inhibition effects. In the presence of oxygen and transition metals, myricetin
undergoes auto-oxidation and produces a semiquinone-type radical at certain pH conditions. The
semiquinone-type myricetin then transfers electrons to transition metals and turns into quinone-
type myricetin. This is followed by the transfer of electrons from the reduced metals to molecular
oxygen, leading to the generation of superoxide anion radicals and other ROS [229, 230]. The
degradation and auto-oxidation of myricetin invokes the pro-oxidant reaction chain, thereby
generating ROS and exhibiting antibacterial effects. It has been reported that the degradation of
myricetin is tightly control by pH. Stephen J. Franklin etc. found the most stable condition for
myricetin was pH 3 buffer (T50=1155h) while the least stable was pH 8 buffer (T50=0.1h) [231].
Agreeing with this finding, our data showed that myricetin underwent rapid degradation and

displayed more efficient antibacterial effects at pH7.4 compared to other pH conditions.

4.3 Myricetin-derived ROS may interrupt bacterial electron respiratory chain.
In this study, myricetin demonstrated prooxidant property rather than antioxidant activity. One of
the most important avenues for the ROS induced anti-bacteria effect is through the disruption of

the electron transport chain (ETC) [232]. As the main powerhouse of the organism, ETC provides
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energy by pumping protons across the membrane, establishing a proton motive force to allow the
synthesis of ATP [233]. In bacteria, there are redundant electron transport systems (ETS) so that
the bacteria can adapt to different conditions. For example, E. coli can synthesize both a higher-
redox-potential respiratory quinone, ubiquinone (UQ), and a more ancient respiratory quinone,
naphthoquinone (NQ) as electron carriers [232]. It has been shown that UQ and NQ are
respectively associated with aerobic and anaerobic conditions [232]. One hypothesis implicated
that when switching gears under oxidative stress, the resource allocated to ROS defense system
may prevent the bacteria from growing [232]. Interestingly, since semiquinone and quinones are
also generated upon myricetin oxidation, it is highly possible that myricetin can also disrupt ETC

via imbalanced quinone production.

Throughout evolution, variants of some respiratory components emerged while some of the core
components in ETC remain conserved from bacteria to mammals. The major eukaryotic energy
production machinery, mitochondria, synthesizes the energy unit ATP during oxidative
phosphorylation. By coupling pyruvate and fatty acid oxidation with ETC, they give out massive
amounts of ROS and regulate cellular redox reactions, highly resembling bacteria actions [234].
Notably, while bacterial cell walls mainly contain the unique structures of rigid peptidoglycan
layers, it was also reported that the membranes could form microdomains consisting of lipid
species, namely “lipid ordering” [235]. The strikingly similar lipid raft structures are present in
eukaryotic mitochondria membranes that compartmentalize the cytoplasm. Related studies have
demonstrated that accumulation of ROS such as H.0. could destabilize mitochondria membrane
that in turn trigger DNA damage responses and/or reduces mitochondria ETC protein functions
[236, 237]. Major enzyme components that impact such ROS signaling pathways in human
mitochondria include superoxide dismutase (SOD1 or SOD?2), catalase and glutathione
peroxidase, all of which have functionally conserved counterparts in the prokaryotic organisms

[238, 239].
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Altogether, these reports tightly connected bacteria ETC and mammalian mitochondria

respiratory pathways, providing substantial support to a well perceived theory that mitochondria

is transformed from bacteria endosymbiosis in eukaryotes through ~1.5 billion years of evolution
[240]. This proposal also flags the possibility that the antibacterial flavonoids under investigation
in this study may possess similar targeting capabilities towards mitochondria through conserved
mechanisms. In fact, some human mitochondrial diseases exhibit antibiotic sensitivity and
believed to be correlated with its bacterial origin [241]. On this note, it is of particular
significance to understand the impacts of flavonoids on mitochondrial functions for safety

measurements as food additives.

4.4 Flavonoids induce apoptosis through mitochondrial pathway in mammalian cells.

There are two major apoptotic pathways in mammalian cells, intrinsic mitochondrial pathway and
extrinsic death receptor pathway. Tea catechins have been studied for their anti-carcinogenic and
anti-tumor effects in both in vitro cell culture and in vivo animal cancer models [242]. Among all
the polyphenols in green tea, EGCG is the most effective in inducing selective cytotoxicity to
cancerous cells through the two pathways. EGCG triggers intrinsic apoptotic signaling via
activation of Caspase-9 in PC3 prostate cancer and MCF-7 breast cancer cells [243, 244]. Similar
findings were confirmed by the induction of Cytochrome C, Caspase-3, and Caspase-9 [245]. The
mitochondrial pathway can be induced by oxidative stress [246]. It has been reported that EGCG
induces human mesothelioma cell death by inducing reactive oxygen species [247]. Given the
similar pyrogallol group structure in myricetin and EGCG, the mechanism behind myricetin
induced bacteria killing and EGCG induced apoptosis may be very similar. Therefore, the
metabolism of bacteria cells may be interrupted both via extracellular ROS membrane attack and

electron respiratory chain disturbing through a combined mechanism by myricetin.
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4.5 Bacteriostatic vs bactericidal potentials of myricetin

The wide variety of antimicrobial compounds from plant extracts possess either bacteriostatic vs
bactericidal activity, depending on their structure and the bacteria strain they encounter [222,
248]. The typical assay that researchers conduct to distinguish the two models is called the time-
kill kinetic assay [249]. In short, the bacteria in study would be inoculated to early log phase,
supplemented with the antibiotic to a final concentration of 4x MIC, then plated at different time
points after drug treatment. The number of CFU per mL would be recorded as a readout for the
cell viability as a drug response. Several studies using this approach have suggested that
flavonoids across multiple sub-families exhibit bactericidal activities, although questions have
been raised arguing that an effect of cell aggregation may also reduce the number of CFU and be
mis-interpreted as bactericidal [27, 162, 212, 214]. While there is a lack of ideal methods to
directly address the aggregation effect in time-kill assays, the question of whether flavonoids kill
bacteria cells may be tackled from another angel, through common mechanisms of bacteria cell
deaths. Bacteriostatic drugs typically pause the protein synthesis pathways, and perhaps more
importantly here, do not generate hydroxyl radicals [27, 28]. Meanwhile, the majority of
bactericidal drugs target key players in DNA replication, DNA damage response, cell wall
integrity, and work on both Gram-positive and Gram-negative cells [29], although not all
bactericidal antibiotics necessarily trigger ROS responses [198]. These collective findings were
made based on multiple primary types of antibiotics, beyond those that induce bacteria

aggregation, and therefore are highly likely to be applied more universally including in flavonoids.

The results from this study with myricetin highly match the features of bactericidal antibiotic
activities (ROS response, DNA replication alterations, membrane permeabilization, broad
spectrum bacteria targeting, etc.) The bactericidal effect is most likely coming from hydroxyl

radicals generated from Fenton reaction, as superoxide and hydrogen peroxide have been
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recognized as bacteriostatic agents [250]. The.only exception observed was that the flow
cytometry data showed the presence of live cells with compromised membrane. This may be
explained by the definition of bactericidal agents. Typically, the determination if an antibacterial
agent is bactericidal is based on MBC/MIC value (<4 for bactericidal agents) [26]. However,
myricetin was only applied at a mild final concentration of 1x MIC in the flow cytometry
experiment, an effort to observe intermediate cellular properties of the bacteria, and it is highly
likely that the drug concentration is not high enough to evaluate its full killing capability.
Altogether, our data strongly suggest that myricetin possesses bactericidal properties as a potent
candidate antibiotic. While direct evidence would ideally be needed to make a final conclusion
either by flow cytometry or microscopy at a higher myricetin concentration, this is unfortunately
not feasible by our current formulation method due to myricetin solubility limitations. On another
note, while most antibiotics tend to target cellular pathways that massively consumes energy,
bacteriostatic and bactericidal antibiotics could interfere with the respiration pathways in bacteria
via distinct mechanisms. A recent report suggested that bacteriostatic antibiotics reduce cellular
respiration, but bactericidal antibiotics instead accelerate respiration, supported by their
noticeable activity reductions resulted from attenuating respiration [251]. To further understand
the mechanism of how myricetin inhibit bacteria growth and conclude its role as either
bacteriostatic or bactericidal reagent, it will be intriguing to explore the respiration rate upon

myricetin treatment.

4.6 Pyrogallol group-containing compounds and their antimicrobial activities.

Our data demonstrated that myricetin and ampelopsin exhibited effective antibacterial activities.
Both compounds contain a pyrogallol group in ring B. It has been reported that the pyrogallol
group is used to generate superoxide anions during stable free radical formation [252]. Therefore,
compounds with pyrogallol group are prone to be pro-oxidant and have high antibacterial

activities. Among the flavonoids, tannins are popularly used polyphenols in a wide range of
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products, such as green tea, red wine, beer and fruits. Many tannins including myricetin, gallic
acid, baicalein, tannic acid, gallagic acid, epigallocatechin gallate (EGCG) and Theaflavin-3-
gallate [253] contain pyrogallol group. Similar to myricetin, the other compounds also displayed
decent antibacterial activities. Gallagic acid was able to inhibit both Gram-negative and Gram-
positive bacteria [254]. Baicalein was considered as a potential antibacterial agent for foodborne
pathogen Shiga toxin-producing enterohaemorrhagic E. coli as it inhibited both Shiga toxins 1
and 2 [255]. Tannic acid was widely used as antiviral and antibacterial agent, as it has been
showed to antagonize viral pathogens such as Influeneza A virus, Papilloma viruses, noroviruses,
Herpes simplex virus type 1 and 2, and human immunodeficiency virus (HIV). It also has decent
inhibitory effects on both Gram-positive and Gram-negative bacteria strains as Staphylococcus
aureus, Escherichia  coli, Streptococcus  pyogenes, Enterococcus  faecalis, Pseudomonas
aeruginosa, Yersinia enterocolitica, and Listeria innocua [256]. Although there is no direct
evidence on whether gallagic acid has antibacterial or antiviral activity, gallagic acid containing
Caribbean did show anti-Helicobacter pylori and antiulcer action in rodent models [257]. Recent
studies found that EGCG served as a natural antibacterial agent to regulate the growth and toxin
production of Staphylococcus aureus, and aztreonam-EGCG combination inhibited multidrug-
resistant Pseudomonas aeruginosa [258, 259]. Theaflavin-3-gallate from black tea displayed
antimicrobial activities at nanomolar levels against Bacillus cereus [260]. Taken together, our
work and all these findings suggest pyrogallol group within flavonoid compounds is a key

function unit associated with antibacterial activities.

4.7 Structural stability analysis of myricetin.

Antioxidant/radical scavenging activity has been claimed to be one of the most relevant chemical
properties of flavonoids. It has been proposed that there are three structural features majorly
contributing to this property [127]:

1. 3°, 4’-hydroxyl groups on the B ring
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2. 2, 3-double bond in conjugation with 4-keto group

3. 3-hydroxyl groups on the C ring

The result from our ORAC assay suggested high radical scavenging capacity of quercetin, which
satisfies all the requirements above. It has also been widely reported that hydroxy substitutions in
the B ring exert great impact on the electron donor properties of flavonoids [261, 262]. The
antioxidant activity can be categorized in their redox behavior, which is characterized by anodic
peak potential (Eap): the lower the potential, the more antioxidant flavonoid is. Some of the
flavonoids selected in our study were included in a previous review and sorted by anodic peak

potential in an order of: myricetin < quercetin < taxifolin < kaempferol [180].

Phenol structure is often oxidized by losing one electron and one proton to the
thermodynamically unstable phenoxy radical, which exists in three isomeric forms. The following
hydrolysis results in ortho- and para-positions, while the meta-position is not favored [263, 264].
These positions lead to the irreversible oxidation of mono-phenol structure, which explains the
relatively high Es; of kaempferol. These actions above may provide an explanation how
kaempferol demonstrates antibacterial activity in spite of its prooxidant activity. More evidence

of such can be found in the lipid peroxidation pathway by monohydroxybenzoic acids [182].

The presence of C2=C3 double bond in quercetin stabilizes the generated phenoxyl radical by
enhancing the electron delocalization, resulting in lower E,, than taxifolin [182, 262, 265].
Therefore, it is reasonable to presume that the E,, of ampelopsin is higher than myricetin. The
additional hydroxyl group on the B ring of myricetin and ampelopsin even increases the electron
donor ability on top of catechol, resulting in superior antioxidant activity for autoxidation taking
place. The initial step of autoxidation generates semiquinone and superoxide radical, which

accelerate autoxidation and lead to H,O, formation [204, 266]. The presence of transition metals
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enhances the prooxidant activities of myricetin and ampelopsin and produces hydroxyl radicals
through Fenton reaction. Therefore, the overall redox behavior of flavonoid should be considered

in the context of concentration, pH and the presence of transition metal ions [267, 268].

4.8 Myricetin, ROS and mammalian cells.

ROS commonly include superoxide (O2-), hydrogen peroxide (H202), and hydroxyl radical
(OH-), which are by-products of aerobic metabolism [269]. Cellular ROS concentration can be
presented at either physiological or pathological levels. The physiological level of ROS is
maintained low for normal cellular functions. At a pathological level on the other hand, the
drastically elevated ROS will trigger oxidative stress response that may be eventually detrimental
to the cells [269]. Under physiological conditions, low levels of ROS can activate signaling
pathways so that the organisms can adapt to it. For example, SOD1 and SOD2, namely
superoxide dismutases 1 and 2, located in the cytosol/mitochondrial intermembrane space and
mitochondrial matrix respectively, are responsible for preventing superoxide accumulation by
converting them into H202 [269]. In contrast, oxidative stress induced by high levels of ROS
would cause damage to DNA, protein or lipids [269]. ROS aggregation in liver could lead to
severe hepatic injury through lipid per-oxidation and pro-inflammatory cytokine induction [270].
More importantly, abnormal ROS accumulation would make the cells become tumorigenic by

promoting proliferation, growth and survival signaling pathways [269].

Myricetin as a plant-derived flavonoid widely used in in various foods and beverages, has been
reported to show both anti- and pro-oxidant effects [82, 271]. Depending on various conditions,
myricetin may either produce ROS or prevent ROS generation, and both ways could be beneficial
to the vertebrate hosts. On one hand, consistent with our findings that myricetin can inhibit

bacteria by generating ROS, in vertebrate system, ROS can also kill pathogens by causing direct
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oxidative damage to DNA, protein or lipids of the pathogens [272]. Moreover, in vivo ROS are
capable to eliminate the pathogens by activating immune response, such as pattern recognition
receptors signaling and T cell activation [272]. On the other hand, the antioxidant activity
provided by myricetin can also be beneficial to the vertebrates. Previous study demonstrated that
ROS can be inhibited by myricetin by up to 34.5% based on the fatty liver cell model using
HepG2 [270]. To note, the intracellular ROS decreased with myricetin in a dose-dependent
manner in mammalian cells, suggesting their antioxidant capacity in inhibiting oleic acid-induced
triglyceride over-accumulation and steatosis [270]. The cytotoxicity of myricetin with ROS
production on mammalian cells and in animal models are still not clear. Further investigations are

thereby needed on this matter considering the deleterious outcome potentially induced by ROS.

4.9 Broad spectrum antimicrobial activities potentiate myricetin as a promising food
preservative.

Bacteria antibiotic resistance strains are threatening current food preservations. Some well-known
strains such as asmethicillin-resistant Staphylococcus aureus and antibiotic-resistant
Campylobacter spp. have been reported as sources of food contamination [273, 274]. Since these
strains showed resistance to most common antibiotics while some effective antibiotics carry
cytotoxicity, seeking new non-toxic antibiotics is an urgent mission in food industry.

In this study, we found myricetin had antibacterial effects on both Gram-positive and Gram-
negative bacterium at aerobic condition mainly through ROS generation. Myricetin also displays
antimicrobial effects against several other organisms. In combination with ampicillin/sulbactam,
amoxicillin/clavulanate and cefoxitin, myricetin showed a strong activity against Klebsiella
pneumonia [275]. Myricetin was bactericidal to B. cepacian. through protein synthesis inhibition
[276]. It also inhibited the growth of M. lysodiecticus, B. subtilis, K. pneumonia, C. diphtheria, C.

diphtheriticum, P. aeruginosa, S. aureus, S. sonneie, S. epidermidis, S. saprophyticus, E. faecalis,
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S. pneumonia, S. pyogenes, E. coli, E. faecium, P. mirabilis, S. typhi, S. paratyphi, S. dysenteriae
and S. flexneriae [277]. In addition, myricetin showed activity against Mycobacterium

tuberculosis [278].

Myricetin was able to inhibit the activities of Rauscher murine leukemia virus (RLV) and human
immunodeficiency virus (HIV) reverse transcriptase and thus could act as a strong antagonist of
RLV and HIV [279]. A drug screen assay for Ebola virus inhibitor identified Limonium
morisianum as the most potent inhibitor extract with myricetin as the main component.
Mechanism-wise, myricetin could inhibit the interaction between VP35 with the viral dsSRNA
[280]. For the Severe Acute Respiratory Syndrome (SARS) coronavirus, myricetin inhibited the
coronavirus helicase protein through affecting the ATPase activity thus inhibiting the SARS-

coronavirus [281, 282].

The broad-spectrum antimicrobial activities of myricetin make it a strong candidate as a food
preservative against bacteria, fungi and viruses. It was reported that daily consumption of
myricetin in traditional Greek diet is 0.9 to 1.9 mg along with various other flavonoids [283],
indicating that oral myricetin intake may not have severe negative effects on human health and
can be use as food additives. However, systematic future research should be done to examine the

safety level of myricetin as a food additive.
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Chapter 5 Future Directions

5.1 Investigation of the role of ROS generation in bacteria physiological alterations.

Several immediate experiments could be pursued to strengthen and expand the current study.
Firstly, we have shown that the ROS generation upon myricetin oxidation is associated with
altered GSH level in the cells. More direct evidence could be established by measuring the
intracellular level of GSH upon myricetin treatment in the presence of SOD and/or catalase. The
reversion of GSH level upon adding in SOD and/or catalase would indicate that the impact on
GSH is mediated by ROS released by myricetin oxidation. More approaches could be applied to
measure the protein release in the SDS-PAGE experiments and Pl staining in the flow cytometry
experiment, with/without SOD and catalase. If showed similar results, these data will strongly
support our hypothesis that ROS is responsible for mediating the damages. On the contrary, it is
also possible that the additional SOD and catalase, which reduces the antibacterial activity of
myricetin shown in the growth assay, may not affect the physiological alterations of the bacterial
cells. This possibility, though in contrast to what we proposed, should lead to two alternative
hypotheses: First, the myricetin itself may interact with cell components. Kaempferol C3 has
been proposed to intercalate into bacterial cell membrane and such disruption may explain its
antibacterial activities [186]. Myricetin has a same C3 conformation and can potentially function
in the same way. Second, though the complete oxidation product profile is yet to be determined,
semiquinones and quinones are known to be generated [193]. Quinones have been studied for
years and are well-known for their bactericidal effects through targeting protein synthesis or
interruption of cell wall proteins. One way or another, this collective approach would directly

establish the relationships between ROS generation and bacterial growth response.
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5.2 Assessment of myricetin as a potential broad-spectrum antifungal antibiotic.

As invasive fungal infections are bringing more and more nonnegligible problems in the food
industry, the need for novel and various types of antifungal drugs has been raised. Flavonoids has
been shown in the new century to exhibit great potentials to target and inhibit fungal growth [183].
However, the details for their mode of actions within fungal cells are largely missing, hindering
their potentials to be widely used as antifungal drugs. More importantly, among all the studies
that associated flavonoids with fungus killing potentials, far from enough were focused on
foodborne fungal pathogens. A few recent publications have highlighted the use of particular
nanoparticles with antimicrobial properties that could target foodborne fungi pathogens with
more mechanistic details [284, 285]. Interestingly, some of these proposed modes of actions for
fungi Kkilling include the use of metal ions to inhibit fungal biofilm formation, cell toxicity from
ROS generations and disruption of cell membranes. Studies with PMF (polymethoxylated
flavones) have also shown that they inhibit the growth of a foodborne fungal pathogen
Aspergillus niger by triggering Na* and K* leakage and altering the chitin contents in the plasma
membrane [286, 287]. These MOAs highly resemble the ones flavonoids, especially myricetin,
undertake to target other pathogens. Therefore, it is worth exploring if and how myricetin may

contribute as a fungal antibiotic.

Myricetin has been implied in the growth inhibition of C. glabrata at an MIC of 3.9 - 64 g/ml,
and was speculated to act through targeting DNA synthesis [288, 289]. On top of this, it would
be of great significance to assess the spectrum of fungal pathogens that are responsive to
myricetin treatment, especially the foodborne ones that pose urgent threats to food safety. MIC
determination assays can be applied to model foodborne pathogenic fungal strains including

Alternaria, Aspergillus, Fusarium, mucormycetes, circinelloides, and especially the antibiotic
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resistant strain of C.albicans to test the effect of myricetin. Other flavonoids that were used in this
study can also be used to compare and pinpoint the structural components that may contribute to

any antifungal activities.

Another important direction would be to further elucidate the cellular mechanisms of how
myricetin may act in fungal cells. In particular, ROS generation in fungus is mediated by NADPH
oxidases and its onset has been implied in the plants defense mechanism [290]. It would therefore
be interesting to test if this holds true for potential myricetin induced fungal inhibition. To
achieve this, cytosolic NADPH level measurements can be performed via an enzymatic reporter
assay first described in S.cerevisiae [291]. Furthermore, given the advantage of fungus cells to be
genomic engineered, non-lethal deletion or point mutants of the NADPH oxidase coding genes
may be introduced in the pathogenic strains to monitor its response to myricetin. A loss of drug
sensitivity in the mutant strains would indicate that the MOA of myricetin is directly through
NADPH mediated ROS generation. On the contrary, if the cells remain equally responsive to the
compound, it would argue that myricetin acts through another metabolic pathway independent of
NADHP regulation in fungus. Overall, these directions would address the question of whether

myricetin would be a promising candidate in fighting broad fungal pathogens in the food industry.

5.3 E.coli transcriptome analysis upon myricetin treatment.

Our qRT-PCR results revealed that multiple E.coli genes were subject to drastic transcriptional
alteration. These genes are clustered within the OxyR regulon, DNA damage repair or iron
scavenging pathways that are all known directly involved in the oxidative stress response by the
cells. OxyR protein is a transcription factor in the LysR family, and is responsible for the
transcription of at least 20 regulon members [292]. It is highly possible that it would also impact
even more downstream gene transcriptions indirectly through its target genes. However, it is

unclear how many other genes are subject to myricetin mediated transcriptional regulation, and
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how they may contribute to the bacteria growth inhibition. Therefore, in order to thoroughly
understand how myricetin interferes with the bacterial metabolism, unbiased investigations of the
transcriptome profile on the genome-scale would be profoundly helpful. Two types of studies can
be of particular interest for the E.coli functional genomic analysis: (A) RNA sequencing and (B)

mutant library screening.

For (A) RNA sequencing, published protocols that allowed directional transcript identification
that was based upon an earlier DNA microarray transcription profiling approach can be applied
[292, 293]. In the initial data analysis, top 1% hits among the 6,000 total annotated genes that
underwent up- or down- regulation with myricetin can be selected for cluster analysis to

understand their collective roles.

For (B) library based screening, a model E.coli K-12 strain library with single non-essential gene
knockout collections (Horizon Discover, catalog OEC4988) [294, 295] can be directly exposed to
myricetin at a mildly toxic concentration and colonized on plates. For genes directly involved in
myricetin resistance mechanisms, the colonies with corresponding deletions are be expected to
exhibit more severe growth inhibition compared to the wildtype strain. On the contrary, for genes
involved in the myricetin mediated anti-bacterial pathway, their deletions are likely to reverse the
growth inhibition effect and exhibit larger colonies on plates. Genes that are irrelevant to the
myricetin actions in E.coli cells are expected to show no difference of colony size than the
wildtype strain. Notably, E.coli O157:H7 strain may exhibit slightly biological differences the K-
12 strain. To assess how well the data translates to the pathogenic strain, a similar O157:H7 strain
deletion library can be analyzed for comparison. This collection is built based on the transposon-
directed insertion sequencing technique and is not yet commercially available [296, 297]. Thus, it
may be considered to be utilized only as a backup in the initial round of screening, and further

exploited to be built for verification purposes and subsequent studies.
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In both experiments, examples of some candidate genes may be worth close attention, among
others: the coding genes of Glutathione reductase for disulfide reduction, MntH and Fur for iron
import control and Ferrochetalase for heme synthesis. Following the high-throughput
sequencing/screening, gRT-PCR analyses of selected interesting gene hits would also be helpful
for wverification [208]. Altogether, such genomic analyses would massively broaden our
knowledge on the cellular behaviors of myricetin in E.coli, and may even reveal novel
mechanisms of actions that were previously neglected. A fully educated understanding of these
will be utterly beneficial to pave the way for myricetin to be eventually applied as an antibiotic

food preservative candidate.

5.4 Evaluation of myricetin impact on gut microbiome.

The gut microbiome consists of a group of commensal bacteria residing in the gastrointestinal
track of an individual. It functions to metabolize fibers and other nutrients that cannot be
processed by the host. Emerging evidence shows that a healthy gut microbiome is essential and
that disruption of a normal gut flora is associated with a variety of diseases, including nutrition-
related chronic diseases (such as obesity and diabetes), and systemic malfunctions of immunity
and brain [298]. More recently, emerging new evidence also supports that the gut microbiome is a
determinant factor affecting drug efficacy as well as anticancer therapeutic outcomes for patients
[299]. The composition of the gut microbiome is dynamic and highly responsive to dietary. To
note, certain species in the gut are known able to metabolize myricetin into 3,4,5-

trihydroxyphenylacetic acid [300].

Multiple benefits of myricetin have been described for its promising therapeutic use, including
the anticarcinogenic, antithrombotic, and antidiabetic effects. Myricetin was also used for the

treatment of goat diarrhea [301]. Apart from our study showing that the prooxidant character of
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myricetin possesses an antibacterial activity on E.coli and L. monocytogenes, myricetin could also
antagonize against a wide range of other bacteria, fungus and viruses. Intriguingly, myricetin
could display most antimicrobial activities under both aerobic and anaerobic conditions, raising
its potential to have a great impact on the dynamic of the gut microbiome. However, despite that
myricetin has been discovered since a long time back, not many studies have looked at its
potential impacts on gut microbiome. In addition, considering that myricetin is highly prevalent
in daily consumable food as well as its promising usage as food preservative and in therapeutics,
it would be particularly informative to examine how myricetin would alter the gut microbiome.
To achieve this goal, a classic simplified human source bacteria mix with 7 defined species
(SIHUMI) will be grown in their specific media [302], pre-mixed at equal density, and incubated
with myricetin for 48 hours in PBS under anaerobic conditions. The pre-mix population incubated
with or without myricetin will be subjected to specific 16S gPCR to measure the taxonomy
alteration. Additionally, the myricetin treated population will be re-inoculate into brain-heart
infusion rich media to monitor the recovery of each strain (by 16S gPCR on each specific strain).
If myricetin displayed impacts on composition of the simplified bacteria mix, a more
physiological relevant approach could be exerted by enriching gut microbiome from human fecal
samples in lab and reproducing the myricetin treatment. In this case, 16S sequencing will be used
instead of gPCR to monitor the much more complex taxonomy change upon myricetin exposure.
These experiments to understand the potential impacts of myricetin on mixture of bacteria will
help us design better usage of myricetin, in regards to both the dosage and period of the treatment,
that can provide optimal functions while controlling to the minimal disruptions on a very

important composition of our healthy lives — the gut microbiome.

5.5 Formulation of myricetin for bioavailability enhancement
Flavonoids have been long characterized as compounds with low solubility and bioavailability.

Although myricetin is highly soluble in organic solvents and weakly acidic (pKa of 6.63), it is a
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practical challenge to increase its bioavailability due to the low aqueous solubility (16.60 pg/ml)
as well. The poor aqueous solubility of myricetin restricts its potential applications in food,
pharmaceutical and cosmetic industry. New encapsulation and formulation methods are being
developed to solve this problem. One potential solution is complexation with cyclodextrins. By
developing a complex of myricetin/hydroxypropyl-p-cyclodextrin, the oral relative bioavailability
of the myricetin/HP-B-CD inclusion complex in rats is 940% over free myricetin [303]. Another
study confirmed that solid dispersions of myricetin enhanced agueous solubility by 47-fold

comparing with non-treated myricetin [304].

Moreover, flavonoids in nanocarriers are also promoted in bioavailability. Encapsulation method
like nanoparticles can significantly increase compound surface area, which results in higher
saturation solubility and dissolution velocity [305]. Nanoparticles are defined as particles with a
size less than 1000 nm[306]. A variety of materials can be used to prepare nanoparticles including
polysaccharides, proteins, and synthetic polymers. Bulk materials may exhibit new physical,
chemical, and biological features after greatly decreasing the particle size. Nanoparticles are
designed and prepared to achieve certain functions by controlling the size, surface property, and
release profile. Drugs and bioactive substances encapsulated with nanoparticles have been
increase their dispersibility and bioavailability [307]. Recent researches indicated that polymer-
based nanocarriers, lipid-based nanocarriers, polymeric nanoparticles, polymeric micelles all
contribute to flavonoids delivery in food processing and pharmaceutical applications [308]. These
approaches of increased aqueous solubility of myricetin potentially broaden its application in

food science and drug discovery.

One of the most studied plant proteins, zein is produced in large quantities as a co-product of corn
wet milling. Zein is a combination of at least four proteins: a-, b-, g-, and d-zein, which differ

from one another in molecular weight, solubility, and amino acid sequence[309, 310]. The water-
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insoluble but alcohol-soluble characteristic of zein makes it suitable for the development of
nanoparticles[311, 312]. Zein is classified as GRAS (Generally Recognized As Safe) by the

USDA, which suggests its potential in the application of developing food-grade carrier system.

In our preliminary data for future experiments, zein was tested for its potential in improving the
solubility of myricetin. Nanoparticles were prepared by encapsulating myricetin with zein using
established procedures [313] with modifications and to be characterized in terms of particle size,
zeta-potential, and morphology. We successfully prepared myricetin/zein particles and compared
the particle sizes of different myricetin/zein ratio (Figure 4.1). Bacteria growth inhibition test will
be performed next to evaluate the influence of zein nanoparticles on the antibacterial activity of
myricetin. Altogether, this work provides new possibility for future improvement on myricetin

delivery.
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Figure 5. 1 Particle size distribution of myricetin-zein nanoparticles at various molecular ratios.

Myricetin and zein (10 mg) were dissolved in 10 mL 70% (v/v) ethanol solution at different mass
ratios (1:8, 1:4, 1:2, 1:1 w/w). No myricetin was added for blank zein nanoparticles. Stock
solutions were then sheared into 30 mL water under vigorous stirring. Powdered-form
nanoparticles were prepared by freeze-drying the dispersions and analyzed by particle size
analyzer.
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Appendix A. Probiotic encapsulation with gel system

Probiotics are generally considered as the beneficiary group of bacteria within human bodies.
Studies have shown that the variety of probiotics may boost the host immune system, improve
lactose intolerance and even serve as potential therapeutic solutions for anxiety and depression
[314]. Research focuses on the exploitation of probiotics include strain selection, pathogenicity
evaluation and development of probiotic delivery approaches. Specifically, the efficiencies and
safety of probiotics will directly dictate the selection spectrum and utilization efficiency of such
beneficiary strains once in the host gut microbiome. Therefore, the search for a tolerant delivery
system for probiotics is of utmost interest in the field of food science. In this section, two
established drug delivery systems, konjac glucomannan (KGM)-Gelatin and KGM-Xanthan
systems, were built to examine their function on maintaining probiotic viability and potentials to

be utilized as designated probiotics packaging systems.

To prepare probiotic cells for proper microencapsulation, the well characterized strain L.
ramnosus GG was used. Specifically, L. ramnosus GG was grown for 24h at 37 °C in MRS broth
and harvested at a density of 10° cfu/mL by centrifugation at 5000g for 5min at room temperature.
The cell were then washed in 1x PBS before centrifugation again at 5000rpm for 5min at room
temperature. The washed cells were re-suspended in a total of 10 ml PBS and stored at 4 °C until

usage. Cells were enumerated by plating on MRS agar and incubated at 37C for 24-48h.

Next, the prepared cells were subjected to encapsulation by either KGM-Gelatin or KGM-
Xanthan system. For KGM-Gelatin preparation, gelatin solution (2% w/v) and KGM solution
(1% wiv) were prepared and autoclaved. 0.5mL of genipin solution (100mg/mL) was added to the
mixed KGM-Gelatin solution as a gelation agent. The gelation reaction was let proceed under 37
°C. The bacterial cell pellet was added to the finalized solution and re-suspended in 2 hours

before it turned into gel. The blue gel was cooled down and stored under 4 °C for further use. For
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KGM-Xanthan system, KGM and Xanthan gum powder were mixed at a ratio of 3:7 to achieve
the maximum gel strength. A solution of 1% total polysaccharide was obtained by dissolving the
powder mixture in the DI water. The bacterial cell pellet was added to the KGM-Xanthan solution
at 45 °C before the solution turned into gel. The gel was cooled immediately and stored under 4

°C for further use.

The viability of encapsulated bacteria was then tested for both of the two encapsulation systems
at day 1, 7 and 14. We observed that for the KGM-Gelatin system, no colony was formed on
MRS agar even on day 1 test (data not shown). This result indicated that genipin may make an
adverse environment for cell growth, possibly through interacting with the protein on the cell
membrane. Thus, the application of KGM-Gelatin system in preserving and delivering probiotics

were undermined under the investigated condition.

On the other hand, the KGM-Xanthan system has shown remarkable potentials for LGG
packaging and delivery. Bacterial enumeration results demonstrated that the LGG cells were able
to maintain viability for at least two weeks after encapsulation (Figure A.1A). Microscopic
examinations also confirmed a physiological morphology of LGG cells at 14 days post
encapsulation (Figure A.1B). Altogether, our results disproved the KGM-Gelatin as a viable LGG
delivery system but instead highlighted the potentials of the KGM-Xanthan system. For future
studies, it is strongly recommended the physical and chemical properties of the probiotic
encapsulating gel matrix be thoroughly examined. Applying the studies to other probiotic
bacterial strains will expand our knowledge of the universality of this system. Moreover, it would
be ultimately valuable to investigate the viability and biological activities of such encapsulated
probiotics in conditions mimicking the gastrointestinal environment, before expanding to animal

studies.
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Figure A. 1 Viability of probiotic bacteria L. ramnosus GG encapsulated with KGM-Xanthan gel.

(A) Encapsulated bacteria were released in saline solution (0.9%) by vortexing. The samples then
were diluted to appropriate concentrations and pour plated in MRS agar. The plates were
incubated for 24-48 hours at 37 °C and the encapsulated bacteria enumerated as cfu ml* and
plotted as a function of time. (B) LGG cells were observed directly under the microscope at day
14 post encapsulation for morphology examinations.
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Appendix B. Antibacterial activities of essential oils

Essential oils are hydrophobic liquid extracted from aromatic herbs and spices, containing various
volatile chemical compounds. Since these aromatic plants have been used as food preservatives
and herbal medicine, essential oils are getting attention for their potential application in shelf-life
extension and anti-infective medication. In this study, we tested the antibacterial activities of
rosemary essential oil (REO) and cinnamon essential oil (CEO) against several common

foodborne pathogens and probiotics.

We first tested the antibacterial activity of CEO on six bacteria strains, including Staphylococcus
aureus (S. aureus), Salmonella typhimurium (S. typhimurium), Listeria monocytogenes (L.
monocytogenes), Escherichia coli (E. coli) as the most common foodborne pathogens as well as
two Lactobacillus probiotics: Lactobacillus rhamnosus (L. rhamnosus) and Lactobacillus casei (L.
casei). Six bacteria strains were grown to log phase and incubated with different concentrations
of CEO, and growth was measured by ODsgs through a time course of 24 hours. Media with no
CEO added serves as control, in which condition all six bacteria were able to grow (Figure B.1).
Significant growth inhibition was observed for all bacteria upon treatment with CEO at 0.313
mg/ml, while visible growth was completely blocked for S. aureus, S. typhimurium, L.
monocytogenes, E. coli and L. casei when CEO concentration reaches 0.625 mg/ml. L. rhamnosus
demonstrates slightly higher resistance to CEO, wherein its minimum inhibition concentration is

at 1.25 mg/ml (Figure B.1).
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Figure B. 1 Antibacterial activity of cinnamon essential oil.
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Staphylococcus aureus, Salmonella typhimurium, Listeria monocytogenes, and Escherichia coli
were grown in TSB media, while Lactobacillus casei and Lactobacillus rhamnosus were grown
in MRS media for overnight and cells were re-inoculated into fresh media to a concentration of
10° CFU/mI. Growth curves of each bacteria under the treatment of cinnamon essential oil at
various concentrations were monitored over the course of 24 hours by ODsgs.



113

We went onto examine the antibacterial activity of REO on E. coli, L. rhamnosus and L. casei.
For two Lactobacillus, we observed a dose dependent inhibition of bacterial growth
supplemented with REO starting from 0.313 mg/ml for L. casei and 0.625 mg/ml for L.
rhamnosus. Interestingly, REO is not effective while inhibiting the growth of E. coli (Figure B.2).
In addition, the highest concentration of REO tested here (2.5 mg/ml) did not completely block
the growth of any of the three bacteria, demonstrating a weaker antibacterial function compared

to CEO.
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Figure B. 2 Antibacterial activity of rosemary essential oil.

Escherichia coli was grown in TSB media, while Lactobacillus casei and Lactobacillus
rhamnosus were grown in MRS media for overnight and cells were re-inoculated into fresh media
to a concentration of 10° CFU/ml. Growth curves of each bacteria under the treatment of
rosemary essential oil at various concentrations was monitored over the course of 24 hours by
ODsgs.
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Overall, we observed an effective antibacterial activity of CEO, which inhibits a wide spectrum
of bacteria including both Gram-positive (S. aureus, L. monocytogenes, L. rhamnosus and L.
casei) and Gram-negative (S. typhimurium and E. coli) bacteria. REO has less efficient
antibacterial functions but provides dose dependent inhibition on L. rhamnosus and L. casei.
Interestingly, REO does not inhibit E. coli at the tested concentrations. One explanation could be
that the existence of outer membrane in Gram-negative bacteria provides extra protection, thus
rendering the bacteria less susceptible. This is in agreement with the discovery that essential oil
targets the cytoplasmic membrane for disruption as its mode of action [315]. Examinations on
additional Gram-negative bacteria strains could provide more insights on this possible hypothesis.
In summary, we evaluated two essential oils, CEO and REO, for their antibacterial activities. We
found that CEO is more effective than REO on all bacterial strains tested, spanning both Gram-
positive and Gram-negative bacteria. However, both essential oils inhibit two Lactobacillus
probiotics as effectively as they inhibit foodborne pathogens, indicating that such broad-spectrum
antibacterial reagents should be used depending on occasions and with caution. Additional
investigation should focus on effective constituents of the antibacterial essential oils and their

detailed mode of actions.
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