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Abstract: Tea is the second most commonly consumed beverage worldwide. Along with its aromatic
and delicate flavors that make it an enjoyable beverage, studies report numerous health advantages
in tea consumption, including applications in antimicrobial therapy. The antimicrobial properties
of tea are related to catechin and its derivatives, which are natural flavonoids that are abundant in
tea. Increasing evidence from in vitro studies demonstrated antimicrobial effects of catechins on both
gram-positive and gram-negative bacteria, and proposed direct and indirect therapeutic mechanisms.
Additionally, catechins were reported to be effective anti-virulence agents. Furthermore, a number
of studies presented evidence that catechins display synergistic effects with certain antibiotics,
thus potentiating the activity of antibiotics in resistant bacteria. Despite their numerous beneficial
properties, catechins face many challenges in their development as therapeutic agents, including
poor absorption, low bioavailability, and rapid degradation. The introduction of nanobiotechnology
provides target-based and stable delivery, which enhances catechin bioavailability and optimizes
drug efficacy. As further research continues to focus on overcoming the unresolved challenges,
catechins are likely to see additional promising applications in our continual fight against bacterial
infections.
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1. Introduction

Antibiotic-resistant bacterial infections are one of the most significant global threats to
public health. In a 2019 report released by the United States Centers for Disease Control
and Prevention, at least 2.8 million people per year acquire an antibiotic-resistant infection,
resulting in more than 36,000 deaths in the United States [1]. New antibiotics and alternative
therapeutic strategies to treat the increasing numbers of these infections are urgently
needed.

One natural compound that has emerged as a potent substitute in treating antibiotic-
resistant strains of bacteria is catechin [2]. Catechin is a natural tea polyphenol (TPP)
abundant in green tea, accounting for 30–42% of the solid dry weight of brewed tea.
Catechins are comprised of two benzene rings (A- and B-rings), linked by a dihydropyran
heterocycle (C-ring), which contains a hydroxyl moiety on carbon 3 [3,4]. The catechins
are often classified into nongalloylated and galloylated groups, based on the absence or
presence of a gallate moiety (Figure 1) [3,4].

Catechins are demonstrated to possess a number of promising bactericidal effects on
both gram-positive and gram-negative bacteria, including multidrug-resistant strains. Ad-
ditionally, these molecules are shown to inhibit virulence factor activity, particularly toxins,
thus reducing the pathogenicity of certain bacteria. Importantly, certain catechins were
observed to synergize the activity of traditional antibiotics. Unfortunately, the therapeutic
use of catechins has been limited by several issues, including a short shelf-life, limited
bioavailability, and low stability. However, the use of novel nanocarriers has helped to over-
come these limitations, providing renewed promise of the therapeutic potential of catechins
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in the fight against antibiotic-resistant bacterial infections. In this review, we highlight the
many reported uses of catechins to treat bacterial infections and describe biotechnological
approaches to overcome the limitations of the molecules. We highlighted those papers
most relevant to the topic to provide an overview of the therapeutic possibilities of these
molecules.
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2. Antibacterial Properties of Catechins

The antimicrobial potential of tea is a point of interest for repurposing natural com-
pounds in biochemistry. Experiments conducted to investigate the antibacterial property
of tea go back more than one hundred years, when J. G. McNaught observed that Bacillus
typhosus diminished greatly in number when immersed in cold tea [5]. Since then, the an-
tibacterial activity of catechins was observed in many different species, both gram-negative
and gram-positive (Table 1). In recent years, interest in these antibacterial properties has
increased as resistance to traditional antibiotics continues to expand.

Table 1. Antibacterial Properties of Catechins.

Bacterial Strains Catechins Concentration Effects Ref.

P. aeruginosa
10 clinical isolates

ATCC 27853

EGCg
GTE

≥0.4 mg/mL
8-fold dilution

Growth of all P. aeruginosa
strains was inhibited. [6]

E. coli
10 clinical isolates

ATCC 25922
EGCg, GTE ≥0.4 mg/mL

4-fold dilution
Growth of all E. coli

strains was inhibited. [6]

S. mutans EGCg ≥0.125 mg/mL
Inhibition of bacterial
growth and biofilm

formation.
[7]

Jeon et al. used epigallocatechin gallate (EGCg) and green tea extracts (GTE) to inhibit
the growth of two gram-negative species, Pseudomonas aeruginosa and Escherichia coli. In this
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study, a total of 22 strains were isolated from skin wounds, and two reference strains were
used as controls. Five of the collected P. aeruginosa strains showed multidrug resistance, and
nine E. coli strains showed resistance to at least one antibiotic, demonstrating the urgency
for alternative bactericidal strategies to overcome resistance to current antibiotics. In this set
of experiments, EGCg, at concentrations greater than 0.4 mg/mL, was found to inhibit the
growth of all strains of E. coli, and an even lower concentration range (0.2–0.4 mg/mL) was
found to inhibit the growth of all strains of P. aeruginosa. The level of EGCg effectiveness
in these strains differed from the pattern of antibiotic resistance, suggesting that EGCg
could be used as an alternative strategy to kill bacteria that are resistant to one or more
antibiotics [6].

The effects of catechins including EGCg on gram-positive bacteria were reported to be
even stronger. Bai et al. explored the inhibitory effects of several catechins on Streptococcus
mutans, a biofilm-forming, gram-positive bacterium commonly found in oral cavities. Each
of the tested molecules, with the exception of catechin (C), had some inhibitory activity
against the bacteria. EGCg demonstrated the strongest activity, with a minimum inhibitory
concentration (MIC) of 0.125 mg/mL. At a slightly higher concentration (0.2 mg/mL),
EGCg was able to prevent biofilm formation efficiently. Field emission-scanning electron
microscopy (FE-SEM) was used to study the morphology of S. mutans cells in both plank-
tonic and biofilm forms, and images revealed that EGCg treatment caused irreversible
damage to the cytoplasmic membrane of the S. mutans cells [7].

Such evidence of membrane damage led to one of two leading hypotheses to de-
scribe the antibacterial mechanism of catechins. In the membrane-disruption hypothesis,
catechins intercalate into the lipid bilayer, leading to lateral expansion and membrane dis-
ruption. An alternative hypothesis posits that catechins oxidize in the cell culture medium,
generating hydrogen peroxide, which leads to damage in DNA and protein oxidation.
Evidence supporting each of these hypotheses is described below.

2.1. Lateral Expansion/Membrane Disruption

Catechins have long been known to have a strong ability to partition into lipid bilayers
of various compositions [8–10]. Because of this behavior, it has been hypothesized that the
partitioning of catechins within the membrane of bacterial cells decreases lipid packing
and increases lateral expansion of the membrane, resulting in a decreased barrier activity
of the membrane (Figure 2A). To explore the bactericidal mechanism of catechins and their
impacts on the bacterial cell membrane, several computational and experimental methods
were developed to study the specific interactions between catechins and the lipid bilayer.

Sirk et al. used molecular dynamics simulations to study the interactions between several
catechins and a mixed bilayer composed of 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC) and palmitoyl-2-oleoyl-glycero-3-phosphatidylethanolamine (POPE). The simula-
tions showed that binding to the lipid headgroups near the bilayer surface (adsorption) was
the initiating step, and some of the molecules, including C, epicatechin (EC), and EGCg,
penetrated deeper into the bilayer interface (absorption) [11]. In general, molecules without
the gallate group (C and EC) were able to penetrate better into the lipid bilayer, which
suggests that the catechin chemistry regulates their membrane partitioning. The authors
then looked at hydrogen bonding between the catechins and membrane lipids, specifically
between the hydroxyl groups of the catechin and the oxygen atom of the lipids, or between
the oxygen atom of the catechins and the ethanolamine groups of POPE. The simulation
demonstrated that the surface binding of the catechins was determined by the ability of
each molecule to form hydrogen bonds with the lipids [11]. EGCg can form five hydrogen
bonds, more than the other catechins [11], providing a possible explanation for previous
observations that EGCg is the most biologically active catechin [12]. The incorporation of
the catechins led to an expansion and increase in the lateral area of the membrane. Each
EGCg molecule occupied an average area of 1.80 nm2, approximately three times the area
occupied by a lipid in the absence of EGCg [13].
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Figure 2. Antibacterial Mechanisms of Catechins. (A) In the lateral expansion/membrane disruption
hypothesis, catechins (pink hexagons) intercalate into the lipid bilayer, increasing the spacing between
lipids and the resulting membrane permeability. (B) In the hydrogen peroxide generation mechanism,
catechins (pink hexagon) react with dissolved oxygen to produce hydrogen peroxide and hydroxyl
radicals. These radicals cause lipid oxidation and DNA/protein damage inside the cell.

Experimental studies into the mechanisms of EGCg-mediated membrane disruption
used model membrane systems to probe these interactions more closely. Using giant unil-
amellar vesicles (GUVs), Tamba et al. employed phase-contrast fluorescence microscopy
to study how EGCg influences membrane integrity. Calcein-encapsulated GUVs were
prepared using egg phosphatidylcholine (PC). At a low concentration of EGCg (≥30 µM),
calcein leakage was observed, with all of the intraliposomal calcein being released within
6 s; complete, irreversible disruption of the GUVs was observed within 5 min. At lower
concentrations of EGCg, the authors observed reversible shape changes, indicating an
increase in the lateral area of the membrane. They hypothesized that with increasing
concentrations, EGCg partitioning into the membrane continues to expand the lateral area,
thus continually decreasing the activation energy for the irreversible membrane disruption
process [9].

To investigate the disparity between the effectiveness of catechins in treating gram-
positive and gram-negative bacteria, Kajiya et al. manipulated the charge of the model
membrane by incorporating 10% phosphatidylserine (PS, negatively charged), dicetyl
phosphate (DCP, negatively charged), or stearylamine (SA, positively charged) to egg PC
liposomes. The authors found that the amount of epicatechin gallate (ECg) and EGCg
incorporated into the negatively charged liposomes (containing either PS or DCP) was
significantly reduced relative to that incorporated into neutrally charged (PC) or positively
charged (containing SA) membranes [14]. This finding is consistent with another report
that negatively charged lipids, including PS and DCP, inhibited EGCg-mediated membrane
disruption [15]. The authors suggested that the low permeability of catechins in negatively
charged membranes might explain the relative resistance of gram-negative bacteria to the
effects of catechins [14,15].

Together, these structure-function studies demonstrated that the affinity and partition-
ing behaviors of catechins depend on (1) the structural and stereochemical attributes of the
catechins and (2) the physical properties of the membrane, particularly the charge. While
some trends were observed, several exceptions exist, suggesting that these properties may
not fully regulate the antibacterial activity of the catechins. Importantly, in all of the experi-
ments and simulations conducted to date, non-bacterial lipids, including PC and PS, were
used, making it difficult to translate findings to living bacterial cells, which are composed
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primarily of other lipids, such as phosphatidylethanolamine (PE), phosphatidylglycerol
(PG), and lipopolysaccharide (LPS). In addition, the effects on catechin-mediated mem-
brane disruption of the physical state of the studied membranes and the environmental
conditions are not well studied. Future work to focus on the specific interactions between
catechins and more relevant bacterial membranes could alleviate these problems.

2.2. Hydrogen Peroxide Generation

An alternative explanation, related to the oxidation of catechins, was proposed to
explain the observed antibacterial effects (Figure 2B). Arakawa et al. first demonstrated
that, by using peroxalate chemiluminescence and electron spin resonance, the reaction
between catechins and dissolved oxygen in the culture led to the generation of reactive
oxygen in the form of hydrogen peroxide [16]. They then showed the relationship between
the generated hydrogen peroxide concentration and bacterial viability by adding catalase
to the culture to facilitate the decomposition of hydrogen peroxide. The authors observed
that as the concentration of catalase introduced into the culture medium was increased,
the bactericidal action of the catechins decreased, thus supporting the hypothesis that
hydrogen peroxide contributes to the antibacterial mechanism of catechins [16].

The corrosive feature of hydrogen peroxide is the result of the Haber-Weiss reaction,
in which superoxide radicals lead to the production of short-lived, yet highly reactive,
free hydroxyl radicals [17]. The resulting oxidation of amino acid residues can modify
protein backbones and alter the side-chain structure, causing DNA damage and oxidation
of essential cellular components such as the cell membrane and organelles [17]. Imlay
and Linn discussed two modes by which hydrogen peroxide may kill E. coli K12 cells.
At concentrations below 3 mM, DNA damage occurs in cells with active metabolism. At
higher concentrations, a non-specific, dose- and time-dependent effect is observed, which
does not require that cells be metabolically active [18].

This pro-oxidative activity of catechins was utilized by Shishido et al. to develop a
photoirradiative system to kill bacterial cells. The authors hypothesized that photoirradiat-
ing (+)-catechin, which has minimal bactericidal activity alone, with blue light (400 nm)
would result in the formation of hydrogen peroxide and the generation of hydroxyl radicals
that lead to bacterial cell death. The authors observed that photoirradiation of the cate-
chin resulted in a reduction of Staphylococcus aureus viability in a time-dependent manner.
Within 20 min, a more than five-log reduction in viability was observed [19].

3. Anti-Virulence Properties of Catechins

Pathogenic bacteria often express a number of so-called virulence factors, which
somehow damage or otherwise affect the host to enhance the virulence of the organism [20,21].
Inhibition of the activity of these virulence factors, an “anti-virulence approach” has gained
interest in recent years as an alternative to traditional antibiotics [22–24]. In addition
to their antibacterial properties, catechins have been reported to exhibit a number of
anti-virulence activities, particularly inhibition of toxin activity (Figure 3). Often, these anti-
virulence activities are observed at lower concentrations than their antibacterial activities
(Table 2). It was proposed that because anti-virulence approaches do not exhibit the same
selective pressure as antibacterial approaches, resistance to the drug may develop more
slowly [25,26]. Therefore, the identification of these anti-virulence properties of catechins
has received much attention.
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Table 2. Anti-Virulence Properties of Catechins.

Virulence Factor Catechins Conc. Effects Ref.

S. aureus α-toxin TPP Inhibition of 82% of hemolytic activity. [27]
V. parahaemolyticus
thermostable direct

hemolysin
TPP Inhibition of 100% of hemolytic

activity. [27]

V. cholerae cholera toxin EGCg ≥22 µM
≥22 µM

Host cell binding decreased by 60%.
Activity of A subunit reduced by 70%. [28]

P. aeruginosa exotoxin A EGCg
ECg

≥22 µM
≥23 µM

80% inhibition of cytotoxicity.
65% inhibition of cytotoxicity. [28]

Ricinus communis ricin EGCg ≥22 µM 44% inhibition of cytotoxicity. [28]
C. diphtheriae diptheria

toxin EGCg ≥22 µM 50% inhibition of cytotoxicity. [28]

E. coli Shiga-like toxins 1
and 2 EGCg, GCg 0.05 mg/mL Inhibition of release of toxin [29]

E. coli Shiga-like toxin 1 EGCg, GCg 15 mg/mL Inhibition of cytotoxicity. [30]

B. anthracis anthrax toxin EGCg 97 nM 50% inhibition of metalloproteolytic
activity. [31]

S. pneumoniae pneumolysin EGCg ≥1.09 µM Inhibition of hemolytic activity [2]
L. monocytogenes
listeriolysin O EGCg ≥10 nM Inhibition of hemolytic activity and

cholesterol binding. [32]

A. actinomycetemcomitans
leukotoxin Cg, EGCg, GCg, ECg ≥1 mg/mL Inhibition of cytotoxicity.

Alterations in secondary structure. [33,34]

A. actinomycetemcomitans
outer membrane vesicles EGCg ≥1 mg/mL Inhibition of vesicle binding to host

cells [35]Pathogens 2021, 10, x FOR PEER REVIEW 7 of 18 
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inhibit bacterial toxin (red circle) secretion or alter toxin conformation, thereby inhibiting activity.

In one of the first reports of the anti-toxin activity of tea, Okubo et al. observed that
tea inhibited the hemolytic activity of the S. aureus α-toxin and the Vibrio parahaemolyticus
thermostable direct hemolysin; coffee had very little inhibitory effect [27]. Subsequent
work by this group demonstrated that it was the presence of specific catechins, in particular
ECg and EGCg, that endowed this anti-toxin activity to the tea [36,37].

Cherubin et al. evaluated the effectiveness of polyphenolic compounds from grape
extract, including catechins, as an inhibitor for cholera toxin (CT). CT is an AB5 toxin,
where the A subunit (CTA) is the active, catalytic component, and the B subunit (CTB)
regulates binding to the host cell. Of the 20 isolated polyphenolic compounds, EGCg was
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determined to be the most effective compound in inhibiting CT activity and was selected
for further analysis. EGCg reduced the binding of CTB to host cells by approximately 60%.
In combination with procyanidin B2 (PB2), binding of CTB to host cells was reduced by
70% [28]. The authors thus concluded that these two compounds were likely responsible
for the grape extract-mediated inhibition of CT binding [38]. The authors demonstrated
that EGCg interacts directly with CTB, rather than with the cell surface, changing the
conformation of the subunit and thus inhibiting cell binding. The authors also found that
EGCg inhibits the activity of the CTA subunit, reducing the cyclic adenosine monophos-
phate (cAMP) response of the host cells to less than 30% of the control response. EGCg
was further found to inhibit the activity of several other AB5 toxins, including ricin, P.
aeruginosa exotoxin A (ETA), and diphtheria toxin (DT).

Sugita-Konishi et al. explored the ability of six different catechins to inhibit the
production and extracellular release of the AB5 toxins, Stx1 and Stx2 (also called Vero toxin
1 and 2 (VT1, VT2)), by the enterohemorrhagic E. coli (EHEC) O157:H7 strain. The authors
observed that EGCg and gallocatechin gallate (GCg), but none of the other tested catechins,
decreased the amount of Stx1 and 2 released into the supernatant. Additionally, both EGCg
and GCg increased the amount of Stx1 located on the surface of the EHEC cells but had
no effect on the amount of cell-surface associated Stx2. The release of Stx1 and 2 into the
culture supernatant was completely inhibited by EGCg at concentrations of 250 µg/mL
and 500 µg/mL, respectively [29]. As AB5 proteins, the Stx toxins are synthesized in the
cytoplasm and assembled in the periplasm before release [39]. The authors observed that
EGCg and GCg also inhibit the release of another periplasmic protein, maltose binding
protein (MBP), and thus hypothesized that the catechins act on the secretion machinery
rather than on the toxins themselves [29]. A subsequent study demonstrated that GCg and
EGCg have additional inhibitory effects on Stx1 after release, preventing its cytotoxicity
against Vero cells [30].

Bacillus anthracis secretes a toxin, anthrax toxin (AT), which consists of a lethal factor
(LF), a protective antigen (PA), and an edema factor (EF) [40]. After PA binding to the
host cell surface, it becomes capable of binding either LF or EF. The LF-PA complex is
endocytosed, and in the late endosomal compartment, LF displays proteolytic activity
against the mitogen-activated protein kinase kinase (MAPKK) family of proteins [40].
Dell’Aica et al. found that EGCg inhibits this proteolytic activity of LF and, as a result,
protects macrophages from AT-mediated cell death. Pretreatment with EGCg similarly
protected Fischer 344 rats from AT-mediated death [31].

As part of its virulence arsenal, Streptococcus pneumoniae produces pneumolysin (PLY),
a thiol-activated, pore-forming cholesterol-dependent cytolysin (CDC) that disrupts host
cell function [41]. Song et al. applied in vitro and in vivo experiments along with com-
putational modeling to determine that EGCg inhibited both the hemolytic and cytolytic
effects of PLY in a concentration-dependent manner by preventing oligomerization of PLY
monomers to form a pre-pore complex. The authors also demonstrated that EGCg inhibits
the activity of sortase A (SrtA), a transpeptidase that mediates the covalent attachment of
specific proteins to the bacterial cell wall [42]. Finally, the authors demonstrated that with
this dual mode of action, EGCg was able to prevent S. pneumoniae colonization in a mouse
model [2].

EGCg was also reported to inhibit the activity of another CDC, listeriolysin O (LLO),
produced by the gram-positive, intracellular bacterium, Listeria monocytogenes. After the
bacterium is phagocytosed, LLO disrupts the phagosomal membrane, enabling bacterial
escape to the cytosol [43]. Kohda et al. demonstrated that EGCg bound to the cholesterol-
binding site of LLO, thus inhibiting the ability of LLO to disrupt the phagosomal membrane.
As a result, the bacteria were unable to escape the phagosome, and intracellular growth
was inhibited [32].

We and others observed strong anti-toxin activity by the galloylated catechins against
the leukotoxin (LtxA) produced by Aggregatibacter actinomycetemcomitans. LtxA is a member
of the repeats-in-toxin (RTX) family of toxins, and specifically kills human immune cells,
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thus limiting the host immune response to infection. Kawashima observed that galloylated
catechins (catechin gallate (Cg), GCg, ECg, and EGCg) inhibited LtxA toxicity against HL60
cells, a myeloblast cell line [34]. We studied the mechanism of this activity and found that
galloylated catechins significantly change the toxin’s secondary structure. With this altered
structure, LtxA was unable to recognize and bind cholesterol on the host cell membrane,
an essential component of the toxin’s mechanism [33]. We also observed that EGCg has
large effects on LtxA release. When A. actinomycetemcomitans was treated with EGCg at a
sub-inhibitory concentration (5 µg/mL), more LtxA was produced; however, most of the
toxin remained in association with the bacterial cell surface rather than being secreted into
the supernatant [44,45].

Like many bacterial toxins, LtxA is released in both a “free” form (as a single protein,
released into the extracellular environment) [46], as well as in association with outer
membrane vesicles (OMVs) [47,48]. OMVs are spherical lipid entities, commonly released
by gram-negative bacteria derived from the bacterial outer membrane consisting of an outer
layer of LPS [49]. OMVs were recognized to play a crucial role in mediating pathogen-host
interactions, aiding bacteria in adapting to hostile environments, and modulating the host
cell immune response, among other functions [49–51]. We and others demonstrated that
secreted LtxA resides on the surface of A. actinomycetemcomitans OMVs and is delivered
to host cells in an active form [47,48,52]. Saito et al. demonstrated that catechins inhibit
the cytotoxicity of A. actinomycetemcomitans OMV-associated LtxA [35]. However, we
recently discovered that EGCg-treated A. actinomycetemcomitans produces OMVs containing
approximately six-fold more LtxA than does untreated A. actinomycetemcomitans, a finding
that may be due the increased association of LtxA with the bacterial cell surface in the
presence of EGCg [45].

4. Potentiation of Antibiotics

In addition to their promising use as antibiotics or anti-virulence molecules, catechins
were proposed as potentiating factors to improve antibiotic effectiveness. Catechins, as a
single compound or cocktail, were reported to increase bacterial susceptibility to β-lactam
and other broad-spectrum antibiotics by a number of mechanisms, including altering cell
membrane permeability to increase the uptake of antibiotics and/or by inhibiting the
function of multidrug efflux pumps to limit export of the drugs.

The ability of catechins to exert synergy with penicillins in methicillin-resistant Staphy-
lococcus aureus (MRSA) was demonstrated by several groups. The β-lactam antibiotics
act by binding to a family of proteins called penicillin binding proteins (PBPs), which are
responsible for polymerization and cross-linking of peptidoglycan [53]. When the peni-
cillin is bound to the PBP, the ability of the enzyme to catalyze these reactions is inhibited,
resulting in peptidoglycan defects [53]. MRSA encodes an alternate PBP (PBP2’), for which
penicillins have a reduced affinity; as a result, MRSA is able to continue to synthesize
peptidoglycan [54].

In one of the first reports on the beneficial properties of catechins against MRSA,
Yam et al. demonstrated that a crude tea extract displayed synergy with methicillin
against MRSA. The authors attributed this effect to the extract-mediated inhibition of PBP2’
production by the cells [55]. Subsequent work identified ECg as the compound responsible
for this activity [56].

An alternative mechanism to explain this synergistic behavior was proposed by Zhao
et al., in which EGCg promotes the activity of the penicillins by acting either directly or
indirectly on the peptidoglycan of the cell wall. The authors found that EGCg enhanced
the effects of all tested penicillins against MRSA but not against E. coli or any other gram-
negative bacteria. In addition, they observed only additive effects between EGCg and
non-penicillin antibiotics. Peptidoglycan blocked the synergistic and antibacterial effects of
EGCg. As a result, the authors concluded that EGCg targets the cell wall, increasing the
effectiveness of cell-wall targeting antibiotics [57].
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In subsequent work, Stapleton et al. demonstrated that the gallate moiety is essential
for the synergistic activity of catechins and penicillins, including flucloxacillin, imipenem,
and meropenem against MRSA [58]. This group later observed that catechins with a gallate
moiety (ECg and EGCg) increased the sensitivity of S. aureus to oxacillin, as well. Nongal-
loylated catechins did not have a similar effect; however, the nongalloylated catechins (EC
and EGC) increased the ability of ECg and EGCg to decrease the MIC of oxacillin against
MRSA [59]. The authors later discovered that ECg reduces binding of penicillin to PBPs
and the resulting degree of peptidoglycan cross-linking; they also observed the release of
lipoteichoic acid from the cell membrane [60]. Thus, the authors proposed that ECg reduced
β-lactam resistance in MRSA, either by binding to PBPs in a noncompetitive mechanism,
or by intercalating into the cytoplasmic membrane and promoting the displacement of
lipoteichoic acid from the membrane [60] (Figure 4A).
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Synergistic effects of catechins with certain antibiotics were also reported in several
gram-negative bacteria (Figure 4B).

Porphyromonas gingivalis is a gram-negative bacterium recognized as a “keystone
pathogen” in chronic periodontitis [61]. Fournier-Larente et al. examined the ability of
green tea extract and EGCg to potentiate the antimicrobial effect of metronidazole and
tetracycline, the two antibiotics most commonly used for periodontal therapy. Both GTE
and EGCg exerted synergistic effects on metronidazole for the treatment of P. gingivalis
but exhibited only additive effects on tetracycline [62]. Although the authors did not
specifically investigate the mechanism of potentiation, they hypothesized that direct effects
of EGCg on the bacterial cell wall might be responsible for the observed behavior [62].

P. aeruginosa is an intrinsically multidrug resistant (MDR) organism responsible for
many types of nosocomial infections [63]. EGCg was observed to display synergy with the
monobactam, aztreonam, in clinical MDR strains of P. aeruginosa. Accumulation assays
were used to show that EGCg-treated cells took up more ethidium bromide than non-
treated cells due to increased permeability, decreased efflux, or both. The authors therefore
hypothesized that the mechanism of the synergistic effect was an EGCg-mediated increase
in the uptake and/or decrease in the efflux of aztreonam by P. aeruginosa [64].
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Additional evidence was uncovered to indicate that EGCg inhibits bacterial efflux of
antibiotics in both gram-positive and gram-negative bacteria. Roccaro et al. reported that
EGCg could enhance the activity of tetracycline in resistant Staphylococcus epidermidis and
S. aureus isolates expressing the tetracycline efflux pump, Tet(K). Several studies reported
that efflux pumps are one of the key mechanisms responsible for antibiotic resistance [65].
Treatment with EGCg reduced the rate of tetracycline efflux by both isolates. Similar results
were obtained using protoplasts, in which the cell wall had been removed, demonstrating
that interactions of EGCg with the cell wall were not responsible for the synergistic effects.
The authors thus concluded that synergistic effects of EGCg arise from its inhibition of
Tet(K) [65].

The association of EGCg with bacterial efflux pumps was also demonstrated in an
analysis of EGCg synergism with antibiotics against carbapenem-associated multidrug
resistant Acinetobacter baumannii. Seventy clinical isolates of A. baumannii were collected,
and the EGCg-treated MIC and minimum bactericidal concentration (MBC) were analyzed
in the presence and absence of selected antibiotics. Results from the checkerboard assay
and time-kill assay demonstrated synergism of EGCg with meropenem and carbenicillin,
both of which are β-lactam antibiotics. The authors observed that EGCg had little effect
on β-lactamase production; however, EGCg enhanced the effect of the efflux pump in-
hibitor, 1-(1-napthylmethyl) piperazine (NMP). The authors therefore concluded that EGCg
might improve susceptibility to β-lactam antibiotics through the inhibition of efflux pump
function [66].

While the specific mechanisms by which catechins, such as EGCg, exert synergy with
antibiotics is not yet fully established, it is clear that the combination of catechins and
antibiotics provides a promising approach to improve treatment of antibiotic-resistant
strains of bacteria.

5. Strategies to Improve the Therapeutic Potential of Catechins
5.1. Limitations of Catechins

Although catechins display significant antimicrobial potential and extensive physio-
logical benefits, as described above, some disadvantages and adverse effects have limited
their therapeutic use.

5.1.1. Stability

Low stability is the primary cause for inconsistencies between laboratory experiments,
whether the studies are in vitro or in vivo. Catechins undergo epimerization at various
temperatures and pH conditions, resulting in the formation of polyphenolic epimers,
which may have different functions than the original compound. This epimerization is
accompanied by a color change from transparent to visible brown [67–69]. Although
catechin is a known antioxidant, additional antioxidation compounds are required to
maintain the transparent color of catechin solutions. The instability of catechins has placed
restrictions on the bioavailability and laboratory applications of these molecules.

TPP mixtures are more stable than pure catechin compounds due to the presence of
other antioxidizing agents in the mixture. Because of its highly advertised antioxidant and
antimicrobial effects, TPP is one of the most widely consumed natural compounds [70].
TPP is often provided in the form of an oral capsule, typically made with vegetable cellulose
or gelatin. TPP stored in gelatin capsules has a shelf life of about two to three years at room
temperature. This increased stability is due to the gelatin, which integrates with catechin
to act as an effective inhibitor of epimerization or potentially to improve the therapeutic
effect [71,72]. Chen et al. combined catechin and gelatin to create self-assembled nanopar-
ticles. The authors observed that the catechins inhibited trypsin-mediated digestion of
the gelatin, and the gelatin preserved the antioxidant activity of the catechins for more
than three weeks of storage at room temperature [71]. Although TPP mixtures increased
stability relative to pure catechins, the phenolic content of these mixtures can vary greatly,
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depending on the species, light exposure, growing location and altitude, season, and clonal
variation [73].

5.1.2. Specificity

EGCg is considered one of the natural pan-assay interference compounds (PAINS),
due to its catechol motif. PAINS can interfere with numerous bioassays via different
mechanisms, rather than the specified target [74]. EGCg has shown promiscuous behaviors
in broad bioassays, leading to extensive scientific and medical applications being granted to
EGCg along with confusing and conflicting experimental results [74]. While the reactivity
of EGCg may generate a protective barrier by readily attacking harmful bacteria and
their virulence factors, the pro-oxidant effect of high doses can cause collapse in the
mitochondrial membrane potential. Mitochondrial membrane potential is essential for
energy storage during oxidative phosphorylation [75].

High doses of EGCg can therefore act as a mitochondrial toxin and lead to severe
liver injury [76]. Popularly advertised as dietary supplement, there are increasing numbers
of reported adverse events involving the intake of EGCg and concentrated GTE, which
contribute to the growing concern of dietary safety and advocacy for FDA regulation.
Lambert et al. reported on the dose-dependent hepatotoxic effect of EGCg in mice [77]. A
high daily dose of EGCg, administered orally, resulted in cumulative liver damage [76,77].
Acute and chronic hepatitis over time can lead to fulminant liver failure, which ultimately
increases mortality [78].

5.1.3. Bioavailability

The potential therapeutic use of catechins is also limited by the poor reported bioavail-
ability of these molecules. In humans, the maximum catechin concentrations in plasma
were measured to range from 1 to 2 µmol/L several hours after consumption; this concen-
tration rapidly decreases to baseline levels within 24 hr [79–81]. This low bioavailability
was proposed to arise from several factors, including low stability of the catechins within
the intestines [82–84], limited transport of catechins across the intestine wall [85,86], and
rapid metabolism and clearance [79].

5.2. Catechin Delivery Strategies

Multiple strategies, including nanotechnology, were proposed and tested to deter-
mine the most appropriate method to address these limitations and maintain optimal
performance of the delivered catechins [87–89]. The extremely small size of nanoparticles
allows them to possess unique physical properties, such as a tunable material geometry,
large surface area to volume, and modifiable chemical composition [90,91]. Thus, these
nanocarriers are designed precisely to deliver the encapsulated drug to targeted regions
in the body [91,92]. We anticipate, with increased demonstration of the ability of these
nanocarriers to overcome the known limitations of catechins, that the field will see renewed
interest in the therapeutic possibilities of catechins.

5.2.1. Liposomes

Utilizing liposomes and other lipid-based particles to encapsulate and deliver drug
particles is a well-developed and widely supported method in the field of drug delivery.
Liposomes are highly compatible with most therapeutic particles, possess high biocompat-
ibility, and are readily tunable, all of which grant advantages to liposomes as a catechin
delivery vehicle for the treatment of infectious disease [93–95]. A number of researchers
demonstrated that incorporation of catechins within liposomes of various compositions in-
creases the molecules’ stability in buffer and simulated gastric and intestinal fluids [96–98].
Additionally, incorporation into liposomes results in a sustained release profile [97,98],
including an enhancement in concentration in the blood in a rat model [98].

Liposome-encapsulated EGCg was found to maintain its antibiotic activity against
several bacterial species at a lower efficacy. This finding could be due to the slower



Pathogens 2021, 10, 546 12 of 17

release profile of EGCg when encapsulated within the liposomes [99]. Additionally, the
surface charge of the liposomes was demonstrated to play an important role in the activity
against MRSA of liposome-encapsulated EGCg [100]. The efficacy of EGCg against MRSA
was found to be higher when the molecule was encapsulated in cationic liposomes than
when it was delivered in a free form, or encapsulated in anionic or neutrally charged
liposomes. In vitro results showed that the MICs against MRSA of EGCg as a free drug,
or encapsulated in cationic, neutrally charged, and anionic liposomes, were 128, 16, 32,
and 256 mg/L, respectively [100]. Subsequent in vivo tests confirmed these results, with
survival rates for treatment with cationic, neutral, and anionic EGCg-loaded liposomes of
100%, 70%, and 30%, respectively [100,101].

5.2.2. Niosomes

Niosomes are a vesicular delivery system, composed of nonionic surfactants with
molecules such as cholesterol to create non-toxic, inexpensive, stable vesicles with sustained
release [87,102]. As with liposomes, the incorporation of catechins within niosomes was
demonstrated to enhance the stability of the molecules [103]. In addition, this encapsulation
increased catechin uptake by Caco-2 cells, a human epithelial cell line used to model
intestinal uptake. The authors of this study concluded that encapsulation of catechins
within niosomes is a promising approach to improve bioavailability by increasing stability
and intestinal absorption [103].

5.2.3. Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLNs) are particles composed of a solid lipid core, and
were proposed to overcome certain limitations of liposomes and other nanoparticles [104].
Ramesh and Mandal constructed spherical SLNs as an EGCg carrier. The drug encapsula-
tion efficiency was determined to be 81± 1.4%, and a sustained release of the encapsulated
drug was noted. Unlike free EGCg, there was no sign of acute or sub-chronic toxicity from
EGCg-loaded SLNs in a rat model. The pharmacokinetic and toxicokinetic data suggested
that SLNs as an oral delivery system can enhance the stability and delivery of EGCg [105].
To improve the encapsulation efficiency of the lipid nanoparticles, Frias et al. designed
nanostructured lipid carriers (NLCs) and compared their efficiency of encapsulating EGCg
with that of SLNs. SLNs consist of only solid-phase lipids, while NLCs contain both solid-
and liquid-phase lipids, resulting in a decreased crystallinity and therefore improved drug
loading compared to SLNs [106]. As expected, the authors observed improved EGCg en-
capsulation in the NLCs (90%) compared to the SLNs (80%). Both formulations enabled the
slow release of EGCg in simulated gastric and intestinal conditions and were demonstrated
to be biocompatible [92]. Another study demonstrated that encapsulation within NLCs
increased the stability of EGCg in both buffer and cell culture medium. A chitosan coating
further improved this protective effect [107].

5.2.4. Carbohydrate-Based Carriers

To overcome degradation of the catechins as they travel through the gastrointesti-
nal tract, Chung et al. coated catechins with hydroxypropyl methyl cellulose phthalate
(HPMCP) coatings. The authors observed that the digestive stability, intestinal transport,
and overall bioavailability were increased relative to noncoated catechins [108]. Simi-
larly, encapsulation within γ-cyclodextrin increased the stability of the various catechin
molecules in an in vitro digestion model and increased transport across a monolayer of
Caco-2 cells, as a model of intestinal transport [109].

Xue et al. created EGCg nanocomplexes with glycosylated casein to enhance sta-
bility and bioavailability of EGCg. EGCg-glycosylated casein remained transparent and
colloidally stable after 15 days of storage at 4 ◦C. The nanocomplex displayed a more
controlled and sustained release of drug content than free EGCg when incubated in intesti-
nal fluid because glycosylated casein was less susceptible to gastric enzyme degradation,
providing exceptional stability to EGCg throughout the digestive system [89].
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Dube et al. evaluated oral absorption effectiveness of EGCg encapsulated in chitosan-
tripolyphosphate nanoparticles (CS NPs) [110]. CS NPs represent a highly stable, biodegrad-
able, and biocompatible polymeric network appropriate for drug delivery and dietary
use [90]. CS-encapsulation protected both C and EGCg from degradation in a slightly
alkaline buffer [110]. CS NPs provided increased and sustained concentrations of EGCg in
the gastrointestinal tract. Both in vitro and in vivo data showed that CS NPs enhanced the
stability of EGCg through the gastrointestinal tract and allowed the complete release of
EGCg in the jejunum [110]. EGCg-loaded CS NPs enhanced the plasma exposure of EGCg
significantly in comparison to EGCg solution, suggesting that CS NPs provide a promising
platform for the therapeutic application of EGCg and other polyphenolic compounds [110].

6. Conclusions

Catechins, both galloylated and nongalloylated, display a number of interesting
properties, suggesting promising use in our treatment of bacterial infections. Whether as
individual components or as a mixture with multiple components, catechins have demon-
strated great therapeutic potential with promising experimental outcomes. Although
catechins suffer from low bioavailability, recent research demonstrated that controlled
delivery strategies have the potential to improve the in vivo effectiveness of this class of
molecule.
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