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Nature has been a source of inspiration for the development of new pharmaceutically active agents. Polyphenols,
including gallotannins, are widely studied as they protect cells against oxidative damage and pathogen attack. A series of
new unnatural gallotannins (GTs), derived from D-lyxose, D-ribose, D-rhamnose, D-mannose, and D-fructose have been
designed and synthesized i order to study the protective and antimicrobial effects of synthetic polyphenols that are
structurally related to plant-derived products. Apart from spectral analysis, their antioxidant activity was evaluated.
Structurally different GTs were screened in vitro for their antimicrobial properties against a spectrum of staphylococci,
enterococci, and mycobacteria. Furthermore, the antibiofilm activity of GTs against S. aureus, and their ability to inhibit
sortase A were inspected. Experimental data suggest that synthetic GTs could be considered as promising candidates for
pharmacological, biomedical, and food industry applications.

Keywords: unnatural gallotannins ; antioxidant potential ; S. aureus ; antibiofilm activity ; antimicrobial effect

| 1. Introduction

Tannins are a large sub-class of polyphenolic compounds ubiquitously present in plants. They are found in a variety of
species, playing roles in the plant's natural defence system against environmental stressors and microbial infections L2
(8. Natural tannins are widely studied for their prophylactic and therapeutic potential & Gallotannins (GTs) from various
species have been extensively studied as they exhibit multiple biological activities ranging from antioxidant, radical
scavenging, antimicrobial, anti-inflammatory, and immune-modulatory to anticancer effects BIEIZIEIS]  Moreover,
numerous plant polyphenols have exhibited strong antibacterial and antibiofilm activity against staphylococci UL,
Among the staphylococci, Staphylococcus aureus is of most clinical concern. Undesirable bacterial S. aureus biofilm
layers are formed on indwelling medical devices or food processing contact-surfaces, resulting in microbial communities
more resistant to the traditional disinfectants [L2I13114]

The molecular structure of GTs is generally composed of a central carbohydrate core esterified with gallic acid (GA).
Structurally related polyphenolic compounds, e.g., 1,2,3,6-tetra-O-galloyl-D-galactose 13, 1-O-galloyl-L-rhamnose 28, 7-
O-galloyl-D-sedoheptulose 4, 1,2 3 4,6-penta-O-galloyl-D-glucose [AR8ILE 2 3.di-O-galloyl-D-glucitol, or 2,3,6-tri-O-
galloyl-D-glucitol 2%, exert interesting biological activities. Among the vast number of bioactive polyphenols, 1,2,3,4,6-
penta-O-galloyl-D-glucose (PGG), has been the most widely studied. A number of in vitro and in vivo studies have shown
that PGG exhibits diverse pharmacological effects L2 |nteresting anti-staphylococcal activity was observed for PGG
isolated from the Thai mango (Mangifera indica L.). The antibacterial investigation of a crude GT extract on S.
aureus revealed that PGG was the most effective component 22, The effect of the extract was also synergistic with
penicillin G. Damaging effects on the cell membrane, leading to an alteration in cell morphology and interference with
bacterial division, were suggested as a possible inhibitory mechanism. Moreover, the PGG exhibited a remarkable anti-
biofilm activity. It was observed that PGG noticeably inhibited the initial phase of biofilm formation of S. aureus 231, Natural
PGG, isolated from Paeonia suffruticosa, was evaluated for its antifungal activity in vitro, against Candida glabrata.
According to the MIC values, PGG was 10-fold more effective than the standard antifungal drug fluconazole. It was
demonstrated that the antifungal activity of PGG is mediated by local ruptures in the cell wall, but that these did not affect
plasmatic membrane, nucleus or mitochondria (4],

Galloylated branched-chain sugars, are a rare class of naturally occurring GTs. A typical example is 2',5-di-O-galloyl-2-C-
(hydroxymethyl)-D-ribose (hamamelitannin) which is an active component of various plant extracts 23261271 The
antioxidant and radical scavenging effect of hamamelitannin have been studied, and the respective molecular
mechanisms were described in detail 282939 Natyral hamamelitannin has also been reported as efficient antiviral,
antibacterial, antibiofilm, anti-inflammatory, and anticancer agent BH32133][34]

The biological effects of galloylated branched-chain sugars have not been investigated in detail due to the difficulties with
isolation of the pure compounds from plants. Solution toward this end is the synthesis of naturally identical compounds or



their analogues. As a part of ongoing studies on biologically important sugars as potential drug candidates, new galloyl-
derivatives of 2-C-hydroxymethyl-branched sugars derived from D-lyxose, D-ribose, D-mannose, L-rhamnose, D-fructose
were synthesized and compared their biological activities with the unnatural GTs (methyl tetra-O-galloyl-a-D-glucoside,
methyl tetra-O-galloyl-a-D-mannoside, methyl tri-O-galloyl-a-L-rhamnoside [35]), penta-O-galloyl-D-glucose, and gallic
acid. The effects of GTs on environmental and human pathogens were examined in various experimental systems.
Structurally different GTs were screened in vitro for their antimicrobial properties against a spectrum of staphylococci,
enterococci, and mycobacteria. Their ability to eradicate pre-formed bacterial biofilms of S. aureus, and quorum sensing
(QS) inhibition in Chromobacterium violaceum was also examined.

| 2. Results and Discussion on New Unnatural Gallotannins
2.1. Chemistry

The presence of multiple galloyl units in the GT molecules make them powerful antioxidants as well as effective
antimicrobial agents. The strong contribution of the galloyl groups to these properties has been demonstrated several
times, but it has also been observed that the carbohydrate moiety also plays an important role as well B3, Carbohydrates
are characterized by structural diversity and a multiplicity of nearly equivalent hydroxyl groups. As the 2-C-
(hydroxymethyl)-branched-chain aldoses have several different hydroxyl groups, it was important to choose a suitable
approach for the synthesis of their galloyl-esters. For that reason, 2,3-O-isopropylidene derivatives of the 2-C-
(hydroxymethyl)-branched aldoses were chosen as suitable compounds. During the synthesis, all phenolic hydroxyl
groups of GA were protected by benzylation to avoid intra- and inter-molecular stacking interactions between galloyl units.
Hence, the appropriately protected 2-C-(hydroxymethyl)-branched aldose was esterified with benzylated GA (2) in the
presence of DMAP as a catalyst and DCC as a coupling reagent, in order to obtain 2,3,4-tri-O-benzyl-galloylated 2-C-
(hydroxymethyl)-branched aldoses (derived from D-Lyx, D-Rib, L-Rham, D-Man 3-6) and the 2,3,4-tri-O-benzyl-galloyl
derivative of D-fructose (7) in very good yields. Subsequent debenzylation of compounds 3-7 led to the expected
galloylated branched-chain aldoses (derived from D-Lyx, D-Rib, L-Rham, D-Man 8-11) and galloylated D-fructose (12) in
excellent vyields. A representative procedure for the synthesis of the 2',5-di-O-galloyl-2-C-(hydroxymethyl)-2,3-O-
isopropylidene-D-lyxofuranose (8, G,Lyx) is depicted in Scheme 1. The structures of the new derivatives were determined
on the basis of NMR spectroscopy and other analytical methods.
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Scheme 1. Synthesis of 2',5-di-O-galloyl-2-C-(hydroxymethyl)-2,3-O-isopropylidene-D-lyxofuranose (8).
2.2. Antioxidant Activity

The antioxidant activity of compounds is related to their redox properties, which allow them to scavenge free radicals by
acting as hydrogen donors or reducing agents. A series of structurally different GTs (Figure 1), were screened for their
free-radical-scavenging effect and reducing ability using the DPPH and FRAP assays. It is known that GA is a strong
antioxidant due to the presence of three hydroxyl groups on the aromatic ring 8. Thus, the high antioxidant efficiency of
these compounds could be attributed to the presence of multiple galloyl groups in their structures. The experimental
results indicated that the studied GTs exhibited notably different and concentration-dependent DPPH radical-scavenging
effects (Table 1). Compounds PGG, Gs;Man, GsRham, and G4Glc exhibited the highest radical-scavenging activity (94—
98%), whereas the di-galloylated 2-C-(hydroxymethyl)-branched aldoses (G,Rib, G,Lyx, and G,Rham) manifested a
slightly lower effect (85—-88%). Moreover, as expected, mono-galloylated derivatives (GMan and GFru) displayed only
moderate DPPH radical-scavenging activity (71-73%). Almost equal antioxidant activity was observed for PGG (98%) and
G4Glc (96%), where the latter differs from the former by one less galloyl group. Moreover, comparable radical-scavenging



activity was also observed for the compounds G4Man (95%), GsRham (94%) and G4Glc (96%), which have very similar
molecular structures.
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Figure 1. Studied compounds: 2',5-di-O-galloyl-2-C-(hydroxymethyl)-2,3-O-isopropylidene-D-lyxose (G,Lyx); 2',5-di-O-
(G2oRib); 2',4-di-O-galloyl-2-C-(hydroxymethyl)-2,3-O-
isopropylidene-L-rhamnose (G,Rham); 2'-O-galloyl-2-C-(hydroxymethyl)-2,3:5,6-di-O-isopropylidene-D-mannose (GMan);
3-0O-galloyl-1,2:4,5-di-O-isopropylidene-D-fructose (GFru); methyl 2,3,4,6-tetra-O-galloyl-a-D-glucoside (G4Glc); methyl
2,3,4,6-tetra-O-galloyl-a-D-mannoside (G4Man); methyl 2,3,4-tri-O-galloyl-a-L-rhamnoside (GsRham); 1,2,3,4,6-penta-O-
galloyl-D-glucose (PGG).

galloyl-2-C-(hydroxymethyl)-2,3-O-isopropylidene-D-ribose

Table 1. Antioxidant activity. DPPH radical-scavenging assay and reducing power of 2'5-di-O-galloyl-2-C-
(hydroxymethyl)-2,3-O-isopropylidene-D-lyxose (G,Lyx); 2',5-di-O-galloyl-2-C-(hydroxymethyl)-2,3-O-isopropylidene-D-
ribose (GoRib); 2',4-di-O-galloyl-2-C-(hydroxymethyl)-2,3-O-isopropylidene-L-rhamnose (G,Rham); 2'-O-galloyl-2-C-
(GMan);  3-O-galloyl-1,2:4,5-di-O-isopropylidene-D-fructose
(GFru); methyl 2,3,4,6-tetra-O-galloyl-a-D-glucoside (G4Glc); methyl 2,3,4,6-tetra-O-galloyl-a-D-mannoside (G4Man);
methyl 2,3,4-tri-O-galloyl-a-L-rhamnoside (GsRham); 1,2,3,4,6-penta-O-galloyl-D-glucose (PGG).

(hydroxymethyl)-2,3:5,6-di-O-isopropylidene-D-mannose

Concentration
Comp. (mM)

0.1

0.25
G,Lyx
0.5

0.1

0.25
G,Rib
0.5

DPPH Scavenging Activity (%)

49.97 £1.14
63.98 £ 1.05
75.35+£1.61
87.36 £1.35
52.67 £1.27 *
67.55+1.08 *
78.39+1.11

87.95+1.39

Reducing Power
(Absorbance)

0.675 £ 0.041
0.886 £ 0.015
1.263 £ 0.053
1.699 + 0.082
0.698 + 0.028
0.979 + 0.015
1.185+0.031

1.761 + 0.102



Concentration Reducing Power

i Vi 0,
Comp. (mM) DPPH Scavenging Activity (%) (Absorbance)
0.1 49.68 +2.13 0.622 *+ 0.036
0.25 67.04 £1.72 0.904 * 0.045
G2Rham
0.5 79.63+1.21 1.325 £ 0.018
1 85.18 +1.03 1.711 + 0.072
0.1 33.57 £1.66 *** 0.534 £ 0.081 *
0.25 48.19 +2.09 ** 0.871 £ 0.016 *
GMan
0.5 68.42 £1.74* 1.054 £ 0.037 *
1 71.28 £1.16 ** 1.128 + 0.057 **
0.1 27.67% 1,25 *** 0.485 £ 0.044 *
0.25 39.29 £ 1.08 *** 0.621 £ 0.073 **
GFru
0.5 62.18 +1.13 *** 0.823 % 0.051 **
1 73.36% 2,19 *** 1.105 + 0.069 **
0.1 69.72 + 1.59 *** 0.826 + 0.017 *
0.25 75.35 + 1.98 ** 1.297 + 0.044 **
G4G|C
0.5 84.49 £ 2.27 * 1.999 + 0.081 **
1 95.96 * 1.77 ** 2.267 £ 0.086 **
0.1 68.19 * 1.54 *** 0.779 = 0.051
0.25 77.02 £2.11* 1.307 £ 0.079 ***
GgMan
0.5 83.76 £1.99 * 1.878 + 0.068 **
1 95.01 + 1.63 ** 2.238 + 0.039 **
0.1 71.38 £ 1.74 *+* 0.801 + 0.073 *
0.25 78.14 £1.49 * 1.464 + 0.057 **
GzRham
0.5 86.63 £ 2.08 * 1.935 + 0.108 ***
1 94.13 + 1.27 ** 2.197 £ 0.096 **
0.1 75.32 £ 2.01 *** 0.918 * 0.025 *
0.25 80.27 +1.14 *** 1.506 + 0.037 **
PGG
0.5 92.35 £ 1.58 ** 2.104 £ 0.093 ***
1 97.88 £1.22 ** 2.307 £ 0.034 **
0.1 47.56 £1.45 0.688 + 0.015
0.25 63.03 £ 2.06 1.002 £ 0.071
GA
0.5 76.89 £1.73 1.289 + 0.059
1 88.14 £ 1.16 1.736 £ 0.084

Gallic acid (GA) was used as positive control. Data represent the mean values + SD of three independent experiments; *
p <0.05, * p <0.01, ** p <0.001 indicate significant differences in comparison with positive control.

The variation in the radical-scavenging effect amongst the tested GTs was probably due to the different stability of the
resulting oxygen-centred radical formed in these compounds. The studied GTs exhibited varying ability to reduce
Fe3*/ferricyanide complex to Fe?*/ferrocyanide, as seen in Table 1. Increases of the reducing power were correlated with
the concentration of the tested compound, as well as with the number and substitution pattern of the galloyl groups



attached to the carbohydrate core. The compounds PGG and unnatural GTs (G4Glc, G4Man, and GzRham) exhibited
remarkable potency for donating electrons to reactive free radicals, transforming them into more stable species. However,
the presence of isopropylidene groups in galloylated 2-C-(hydroxymethyl)-branched aldoses (G,Rib, G,Lyx, and G,Rham)
resulted in a noticeable decrease of their reducing power.

The experimental data thus revealed that the majority of the studied compounds exhibit an excellent radical-scavenging
and reducing activity. The results (Table 1) demonstrated that outcomes from the FRAP assay are in good agreement with
those of the DPPH assay, and that the overall antioxidant activity of each tested GT can be regarded as the sum of
contributions of all the structural features in the molecule, depending on the number of galloyl groups and type of
carbohydrate core, and the individual galloyl groups’ contributions varying with their position and spatial arrangement.
These findings are consistent with other reports on antioxidant potential of phenolic acids B71.

2.3. Antibacterial and Antimycobacterial Activity

The antibacterial activity of the unnatural GTs was tested against S. aureus ATCC 29213, three MRSA isolates, E.
faecalis ATCC 29212, and three VRE isolates. For screening of antimycobacterial effects a virulent isolate of M.
tuberculosis and two non-tuberculous mycobacteria were used. The summary of results from experiments is presented
in Table 2.

Table 2. Antimicrobial activities of investigated compounds against Gram-positive bacteria and mycobacteria expressed
as a minimum inhibitory concentration (MIC [ug/mL}/[mM]) compared to gallic acid (GA), ampicillin (AMP) and isoniazid
(INH).

MIC ([pg/mL]/[mM])

Comp.
SA MRSA-1 MRSA-2 MRSA-3 EF VRE-1 VRE-2 VRE-3 MT MK MS
G.Glc 256/ 256/ 64/ 64/ 32/ 64/ 256/ 256/ >128/ 256 256/
4 318 318 79.7 79.7 39.8 79.7 318 318 >159 318 318
G.Man 64/ 256/ 64/ 64/ 16/ 32/ 256/ 256/ >128/ 128/ 256/
4 79.7 318 79.7 79.7 19.9 39.8 318 318 >159 159 318
G.Rham 128/ 256/ 128/ 128/ 32/ 128/ 256/ 256/ >128/ 128/ 256/
3 201 403 201 201 50.4 201 403 403 >201 201 403
G.Lvx >256/ >256/ >256/ >256/ >256/ >256/ >256/ >256/ >128/ >256/ >256/
2Ly >504 >504 >504 >504 >504 >504 >504 >504 >252 504 504
G.Rham 256/ 256/ 256/ 256/ >256/ >256/ >256/ >256/ >256/ >256/ >256/
2 456 456 456 456 >456 >456 >456 >456 >456 >456 >456
G.Rib 128/ 256/ 256/ 128/ >256/ >256/ >256/ >256/ >128/ >256/ >256/
2 244 488.2 488 244 >488 >488 >488 >488 >244 >488 >488
GMan 128/ 256/ 256/ 128/ >256/ >256/ >256/ >256/ >128/ >256/ >256/
289 578 578 289 >578 >578 >578 >578 >289 >578 >578
GFru 128/ 128/ 256/ 128/ >256/ >256/ >256/ >256/ >128/ >256/ >256/
310 310 620 310 >620 >620 >620 >620 >310 >620 >620
PGG 32/ 128/ 32/ 16/ 16/ 64/ 128/ 256/ >128/ 256/ >256/
34.0 136 34.0 17.0 17.0 68.0 136 272 >136 272 >272
GA 256/ 64/ 64/ 32/ >256/ >256/ >256/ >256/ >128/ 256/ >256/
1487 371 371 185 >1487 >1487 >1487 >1487 >743 1487 >1487
AMP 2/ 16/ >16/ >16/ 1/ 4] 4] 4] _ _ B
5.72 45.8 >45.8 >45.8 2.86 11.5 11.5 11.5
8 4 16
INH - - - - - - - - 58.0 29.1 117

Staphylococcus aureus ATCC 29213 (SA); MRSA1-3 (clinical isolates of methicillin-resistant S. aureus 63718, SA 630,
and SA 3202; Enterococcus faecalis ATCC 29213 (EF), and vancomycin-resistant enterococci VRE 1-3 (VRE 342B, VRE
368, VRE 725B); Mycobacterium tuberculosis Hz7Ra/ATCC 25177 (MT); Mycobacterium kansasii DSM 44162
(MK); Mycobacterium smegmatis ATCC 700084 (MS). Compounds: methyl 2,3,4,6-tetra-O-galloyl-a-D-glucoside (G4Glc);
methyl 2,3,4,6-tetra-O-galloyl-a-D-mannoside (GzMan); methyl 2,3,4-tri-O-galloyl-a-L-rhamnoside (GzRham); 2',5-di-O-



galloyl-2-C-(hydroxymethyl)-2,3-O-isopropylidene-D-lyxose (GoLyx); 2' 4-di-O-galloyl-2-C-(hydroxymethyl)-2,3-O-
isopropylidene-L-rhamnose (G,Rham); 2',5-di-O-galloyl-2-C-(hydroxymethyl)-2,3-O-isopropylidene-D-ribose (G,Rib); 2'-O-
galloyl-2-C-(hydroxymethyl)-2,3:5,6-di-O-isopropylidene-D-mannose (GMan); 3-O-galloyl-1,2:4,5-di-O-isopropylidene-D-
fructose (GFru); 1,2,3,4,6-penta-O-galloyl-D-glucose (PGG).

It can be concluded that most of the tested compounds were ineffective against both staphylococci and enterococci (> 128
pg/mL). PGG and unnatural epimeric GTs (GzsMan and G,4GlIc) showed the highest potency (in the range of 16—64 pg/mL)
within the tested series of compounds. In addition, the activity of these derivatives against enterococci is insignificant.
Thus, the activity was not significantly affected by the presence of the mecA gene (in MRSA clinical isolates) or vanA
(VRE clinical isolates). It can be summarized that unnatural GzRham, galloylated 2-C-(hydroxymethyl)-branched aldoses
(GoRib, GyLyx, GoRham, and GMan), and mono-galloyl fructose (GFru) with isopropylidene groups in their structures
were less active than PGG, G4Glc, and G4Man (Table 2). The antimycobacterial activity of the tested GTs was also
insignificant. The compounds PGG, G4Glc, and G4sMan showed only moderate antimycobacterial effect against M.
tuberculosis (MIC = 128 pg/mL). The galloylated 2-C-(hydroxymethyl)-branched aldoses (G,Rib, GoLyx, GoRham, and
GMan), bearing isopropylidene groups did not show any antimycobacterial activity.

Several studies with similar natural compounds can be found in the literature. The antistaphylococcal activity of Thai
mango (M. indica) kernel extract, containing more than 60% PGG and less than 1% gallic acid and methyl gallate, was
studied in detail. The antibacterial effect was caused by PGG (MIC = 160 pg/mL) and was comparable with our results 221,
The group of Chan et al. investigated the antistaphylococcal activity of galloyl-substituted flavonol-rhamnosides extracted
from Calliandra tergemina leaves. Three compounds, kaempferol-3-O-(2,3,4-tri-O-galloyl)-a-L-rhamnopyranoside,
guercetin-3-0-(3,4-di-O-galloyl)-a-L-rhamnopyranoside and quercetin-3-0O-(2,3,4-tri-O-galloyl)-a-L-rhamnopyranoside,
showed only insignificant activity against three MRSA isolates (MIC 256 pg/mL). Compounds bearing only one galloyl
group showed no anti-MRSA activity. However, multiple esterification of L-rhamnose molecule increased the antibacterial
effect. Scanning electron microscopy (SEM) studies revealed that these compounds interact with the bacterial membrane
(381 Derivatives of gallic acid are able to interact with different bacterial cell structures. As mentioned above, one of the
mechanisms of action is the interaction with the plasma membrane. This interaction leads to leakage of cell proteins,
nucleic acids, or inorganic compounds. Disruption of the cell membrane subsequently causes cell shrinkage and cell lysis,
resulting in cell death [28l, In addition, GTs are also able to chelate metal ions, such as copper and iron, and make them
inaccessible to microorganisms. For example, Terminalia chebula extract, containing significant amount of 1,2,6-tri-O-
galloyl-D-glucose, demonstrated antibacterial activity against multidrug-resistant uropathogens, which might be due to
iron-complexing properties 8. PGG itself is able to interact directly with the bacterial cell wall. Zhao et al. studied PGG
activity against Candida glabrata. The compounds were 10 times more active than fluconazole. The antifungal effect was
due to the direct interaction of PGG with the fungal cell wall, without any interaction with glucan synthase [24],

2.4. Antibiofilm Activity

Bacterial biofilms protect the microbial community from external damage and increase the persistence of chronic
infections. Selected compounds were examined as inhibitors and disruptors of S. aureus ATCC 29213 biofilms. The
results indicate that both groups, PGG analogues (Figure 2A) and galloylated 2-C-(hydroxymethyl)-branched aldoses
(Figure 2B), efficiently inhibited S. aureus biofilm formation at concentrations lower than MIC values. For example, the
minimum biofilm inhibition concentration (MBIC) of compound G4Glc was 64 times lower than its MIC value, MBIC for
G4Man was 32 times lower, and MBIC for GgRham was 256 times lower than its MIC value. These results identify
GzRham as the most potent inhibitory compound from this series.
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Figure 2. Inhibitory activities of compounds against S. aureus ATCC 29213 biofilm formation. Compounds: (A) methyl
2,3,4,6-tetra-O-galloyl-a-D-glucoside (G4Glc); methyl 2,3,4,6-tetra-O-galloyl-a-D-mannoside (G4Man); methyl 2,3,4-tri-O-
galloyl-a-L-rhamnoside (GzRham). (B) 3-O-galloyl-1,2:4,5-di-O-isopropylidene-D-fructose (GFru); 2'-O-galloyl-2-C-
(hydroxymethyl)-2,3:5,6-di-O-isopropylidene-D-mannose (GMan); 2' 5-di-O-galloyl-2-C-(hydroxymethyl)-2,3-O-
isopropylidene-D-lyxose (G,Lyx); 2',4-di-O-galloyl-2-C-(hydroxymethyl)-2,3-O-isopropylidene-L-rhamnose (G,Rham); 2',5-
di-O-galloyl-2-C-(hydroxymethyl)-2,3-O-isopropylidene-D-ribose (G,Rib).

New anti-biofilm compounds that can effectively eradicate bacterial biofilms are desirable to prevent various infections.
Eradication activity was tested for PGG and its analogues G,Glc, GsMan and GzRham. All tested compounds eliminated
80% of the matured biofilm of S. aureus at concentrations lower than the MIC value against planktonic cells. In this case,
as well, GgRham was the most active compound. GzRham eradicated biofiims of S. aureus at a concentration 16 times
lower than its MIC value (Figure 3). The interesting biofilm inhibitory and eradication activity against S. aureus make
unnatural GTs excellent biofilm-controlling agents for healthcare and food processing facilities.
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Figure 3. Eradication activities of compounds against S. aureus ATCC 29213 biofilm formation. Compounds: methyl
2,3,4,6-tetra-O-galloyl-a-D-glucoside (G4Glc); methyl 2,3,4,6-tetra-O-galloyl-a-D-mannoside (G4Man); methyl 2,3,4-tri-O-
galloyl-a-L-rhamnoside (GzRham) and 1,2,3,4,6-penta-O-galloyl-D-glucose (PGG).

A number of structurally similar natural GTs with remarkable antimicrobial and antibiofilm properties have been studied. It
was reported that extracts of Cytinus possess interesting antimicrobial activity against Gram-positive bacteria (S.
aureus, Staphylococcus epidermidis and Enterococcus faecium). Characterization of the tannin profile of Cytinus
hypocistis and Cytinus ruber revealed a significant number of GTs, in particular 1-O-galloyl-B-D-glucose and PGG. Three
pathogenic species were sensitive to Cytinus extracts, and a significant inhibition of S. epidermidis biofilm formation was
also observed 2%, The antimicrobial activity of GT, 1,2,6-tri-O-galloyl-B-D-glucopyranose, isolated from T. chebula, against



multidrug-resistant E. coli was investigated. This tri-O-galloyl derivative of D-glucose, was effective against multidrug-
resistant uropathogens, and acted synergistically in combination with gentamicin and trimethoprim and additively in
combination with amoxicillin, ciprofloxacin and ceftazidine. This substance was able to eradicate the preformed E.
coli biofilms and at the same time act with synergistic antibiofilm activity in combination with gentamicin and trimethoprim
(41, This compound differs from the test compound G,Glc only by the number and position of the gallic acid residues in
the molecule. It was shown that natural hamamelitannin (which is structurally very similar with test compound G,Rib)
interfaces with QS in S. aureus, and thereby increases the susceptibility of S. aureus biofilms to various antibiotics 24!,
Overall, the results demonstrate that unnatural GTs have sufficient inhibitory effect against S. aureus ATCC 29213 biofilm
formation.

2.5. Quorum Sensing Inhibition

Quorum sensing is a communication mechanism that regulates bacterial virulence in pathogens. A number of plant
phenolics have been identified as important microbial growth and QS inhibitors 42, It was expected that the compounds
could work as inhibitors of the QS system, as they interacted with S. aureus biofilms at concentrations lower than MIC
values. This activity was tested on the opportunistic bacterium C. violaceum. One particular characteristic of this genus is
the synthesis of the purple pigment, violacein, which is regulated by QS. Inhibition of this system blocks violacein
production and leads to the growth of white or colourless colonies of C. violaceum. Interestingly, all tested compounds,
except for GoRham, inhibited violacein production (Table 3). However, it was not possible to determine whether the
observed effect was related to the sugar moiety or to the number of galloyl groups due to the slightly different activities of
GTs. Nevertheless, it is important to be aware of the fact that QS active compounds have non-linear effects 431,

Table 3. Inhibitory activity of compounds to QS system of C. violaceum.

Comp. Diameter of Inhibition Zone on Agar
(conc. 10 mg/mL) [mm]
G4Glc 5.00 £ 0.01
GsMan 8.50 £2.90
GzRham 7.00 +£1.40
G2Rham -
G2Rib 8.30 £ 0.62
GoLyx 5.00 £1.01
GMan 3.00 £ 0.02
GFru 6.50 +1.31
PGG 6.00 £ 0.01

Compounds: methyl 2,3,4,6-tetra-O-galloyl-a-D-glucoside (G4Glc); methyl 2,3,4,6-tetra-O-galloyl-a-D-mannoside
(G4Man); methyl 2,3,4-tri-O-galloyl-a-L-rhamnoside (GsRham); 2',4-di-O-galloyl-2-C-(hydroxymethyl)-2,3-O-
isopropylidene-L-rhamnose (G,Rham); 2',5-di-O-galloyl-2-C-(hydroxymethyl)-2,3-O-isopropylidene-D-ribose (GoRib); 2',5-
di-O-galloyl-2-C-(hydroxymethyl)-2,3-O-isopropylidene-D-lyxose (G,Lyx); 2'-O-galloyl-2-C-(hydroxymethyl)-2,3:5,6-di-O-
isopropylidene-D-mannose (GMan); 3-O-galloyl-1,2:4,5-di-O-isopropylidene-D-fructose (GFru) and 1,2,3,4,6-penta-O-
galloyl-D-glucose (PGG).

2.6. Inhibition of Sortase A

Since SrtA, which anchors surface proteins to the cell wall, plays a critical role in Gram-positive bacterial pathogenesis, it
should be possible to target bacterial virulence and treat infections by inhibiting the activity of SrtA. The structurally
different compounds PGG, G4Glc and GizRham were investigated as potential inhibitors of SrtA. The experiments
indicated that these compounds are able to block the pathogenic action of SrtA, and the degree of enzyme inhibition is
plotted against time in Figure 4. PGG (bearing five galloyl units in its structure) exhibited the most potent inhibitory effect
against SrtA among all tested compounds. It inhibited SrtA by 65.5 + 7.9% after 70 min. The tetra- and tri-O-galloylated
compounds G4Glc and GzRham had approximately half (44.8 + 9.5%) and quarter inhibitory activity (29.6 + 0.8%),
respectively. These findings indicate that the ability to inhibit SrtA increases with the degree of galloylation. Thus, the
number of galloyl groups attached to the carbohydrate core seems to be a critical factor.
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Figure 4. Inhibitory activity of compounds against SrtA. Compounds: 1,2,3,4,6-penta-O-galloyl-D-glucose (PGG); methyl
2,3,4-tri-O-galloyl-a-L-rhamnoside  (GsRham) and methyl 2,3,4,6-tetra-O-galloyl-a-D-glucoside  (G4Glc);  4-
(hydroxymercuri)benzoic acid (4HMBA).

The ability of PGG derivatives to inhibit SrtA has not been described in the literature yet. However, there are many studies
examining the effect of other polyphenolic compounds, mainly flavonoids, on bacterial sortases. It was observed that the
flavonoid baicalin binds to sortase B in S. aureus and reduces its virulence 4. Other flavonoids, especially kurarinol,
isolated from the root of Sophora flavescens, acted as inhibitors of SrtA as well 48], Other sortase inhibitors, which are
potentially useful in the treatment of bacterial infections, include isovitexin 8, astilbin 4, and rutin 8],

The findings described above suggest that PGG and its structural analogues G4Glc and GsRham are able to inhibit the
catalytic activity of SrtA in vitro, but have little effect on bacterial growth. The compounds interfered with the adhesion of S.
aureus biofilm, and thus hold promise for the development of anti-virulence agents against medical device infections
caused by S. aureus. It seems that unnatural GTs may be an important new direction in the field of research into SrtA
inhibitors.

| 3. Future directions

In summary, evaluation of antioxidant, antimicrobial, and antibiofilm activity showed the differences among synthetic GTs,
PGG and gallic acid. Unnatural GTs exhibited strong antioxidant and radical-scavenging activity. The compounds inhibited
StrA, and it can be stated that the inhibitory effect increased with the increasing number of galloyl groups. On the other
hand, the inhibitory effect was also dependent on the type of sugar. It can be hypothesized that the observed antibacterial
activity is related to the inhibition of SrtA, although, there are other mechanisms which are also likely to be involved. All
investigated unnatural GTs proved to be potent inhibitors and disruptors of S. aureus biofilms that makes these GTs
valuable alternatives to currently used antibiofilm agents suitable for application in the biomedical, pharmaceutical,
cosmetics, consumer products, and food industries.

[aRuHB|[ARE AR IHEHHIEIO|[THI2)(16][14][13][18][14][18][16][20][2&][24][26][24][22][28][24][28][26][20][2&][22][38][34][33][38][34][38][3€][80](8&][82][48][44][42][48]

References

1. Khanbabaee, K.; van Ree, T. Tannins: classification and definition. Nat. Prod. Rep. 2001, 18, 641-649.

2. Quideau, S.; Deffieux, D.; Douat-Casassus, C.; Pouysegu L. Plant Polyphenols: Chemical Properties, Biological
Activities, and Synthesis. Angew. Chem. Int. Ed. 2011, 50, 586 — 621.

3. Barbehenn, R.V.; Constabel, C.P. Tannins in plant—herbivore interactions. Phytochemistry. 2011, 72, 1551-1565.

4. Chung, K.T.; Wong, T.Y.; Wei, C.I.; Huang, Y.W.; Lin, Y. Tannins and Human Health: A Review.Critical Reviews in Food
Science and Nutrition1998, 38, 421-464.

5. Kiss, A.K.; Piwowarski, J.P. Ellagitannins, gallotannins and their metabolites - The contribution to the Anti-Inflammatory
effect of food products and medicinal plants.Curr. Med. Chem. 2018, 25, 4946—-4967.

6. Lee, S.J.; Lee, H.K.; Jung, M.K.; Mar, W. In vitro antiviral activity of 1,2,3,4,6-Penta-O-galloyl-b-D-glucose against
hepatitis B virus. Biol. Pharm. Bull. 2006, 29, 2131-2134.

7. Zhang, J.; Li, L.; Kim, S.H.; Hagerman, A.E.; L0, J. Anti-Cancer, Anti-Diabetic and Other Pharmacologic and Biological
Activities of Penta Galloyl-Glucose. Pharmaceut. Res. 2009, 26, 2066—2080.



10.

11.

12.
13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

.Yin, S.; Dong, Y.; Li, J.; L{, J.; Hu, H. Penta-1,2,3,4,6-O-galloyl-B-D-glucose induces senescence-like terminal S-phase

arrest in Human hepatoma and breast cancer cells. Mol. Carcinog. 2011, 50, 592-600.

. Jourdes, M.; Pouysegu, L.; Deffieux, D.; Teissedre, P.-L.; Quideau, S. Hydrolyzable tannins: gallotannins and

ellagitannins. In: Ramawat K.G., Merillon J.M. (Eds.) Natural products: phytochemistry, botany and metabolism of
alkaloids, phenolics and terpenes. Springer, Berlin, 2013, 1975-2010.

Wu, Y.P,; Liu, X.Y.; Bai, J.R.; Xie, H.C.; Ye, S.L.; Zhong, K.; Huang, Y.N.; Gao, H. Inhibitory effect of a natural phenolic
compound, 3-p-trans-coumaroyl-2-hydroxyquinic acid against the attachment phase of biofilm formation of
Staphylococcus aureus through targeting sortase A. RSC Advances, 2019, 9, 32453-32461.

Blando, F.; Russo, R.; Negro, C.; De Bellis, L.; Frassinetti, S. Antimicrobial and Antibiofilm Activity against
Staphylococcus aureus of Opuntiaficus-indica (L.) Mill. Cladode Polyphenolic Extracts. Antioxidants, 2019, 8, 117.

Gotz F. Staphylococcus and biofilms. Molec. Microbiol. 2002, 43, 1367-1378.

Zheng, Y.; He, L.; Asiamah, T.K.; Otto, M. Colonization of medical devices by staphylococci. Environm. Microbiol. 2018,
20, 3141-3153.

Tako, M.; Kerekes, E.B.; Zambrano, C.; Kotogan, A.; Papp, T.; Krisch, J.; Vagvolgyi, C. Plant Phenolics and Phenolic-
Enriched Extracts as Antimicrobial Agents against Food Contaminating Microorganisms. Antioxidants, 2020, 9, 165.

Amakura, Y.; Yoshimura, M.; Sugimoto, N.; Yamazaki, T.; Yoshida, T. Marker constituents of the natural antioxidant
eucalyptus leaf extract for the evaluation of food additives. Biosci. Biotechnol. Biochem. 2009, 73, 1060-1065.

Abou-Zaid, M.M.; Nozzolillo, C. 1-O-galloyl-a-l-rhamnose from Acer rubrum. Phytochemistry 1999, 52, 1629-1631.
Xie, Y.; Zhao, Y. Synthesis of 7-O-galloyl-D-sedoheptulose. Carbohydr. Res. 2007, 342, 1510-1513.

Ren, Y.; Himmeldirk, K.; Chen, X. Synthesis and structure-activity relationship study of antidiabetic penta-O-galloyl-D-
glucopyranose and its analogues. J. Med. Chem. 2006, 49, 2829-2837.

Cao, Y.; Himmeldirk, K.; Qian, Y.; Ren, Y.; Malki, A; Chen, X. Biological and biomedical functions of Penta-O-galloyl-D-
glucose and its derivatives. J. Nat. Med. 2014, 68, 465-472.

Gonzalez-Sarrias, A.; Yuan, T.; Seeram, N.P. Cytotoxicity and structure activity relationship studies of maplexins A—l,
gallotannins from red maple (Acer rubrum). Food Chem. Toxicol. 2012, 50, 1369-1376.

Torres-Ledn, C.; Ventura-Sobrevilla, J.; Serna-Cock, L.; Ascacio-Valdés, J.A.; Contreras-Esquivel, J.; Aguilar, C.N.
Pentagalloylglucose (PGG): A valuable phenolic compound with functional properties. J. Funct. Foods 2017, 37, 176—
189.

Jiamboonsri, P; Pithayanukul, P.; Bavovada, R.; Chomnawang, M.T. The Inhibitory Potential of Thai Mango Seed
Kernel Extract against Methicillin-Resistant Staphylococcus Aureus. Molecules 2011, 16, 6255-6270.

Lin, M.H.; Chang, F.R.; Hua, M.Y.; Wu, Y.C.; Liu, S.T. Inhibitory Effects of 1,2,3,4,6-Penta-O-Galloyl-3-d-Glucopyranose
on Biofilm Formation by Staphylococcus aureus. Antimicrob. Agents and Chemotherapy, 2011, 55, 1021-1027.

Zhao, Y.; Wang, B.; Zhang, S.; Yang, S.; Wang, H.; Ren, A.; Yi, E. Isolation of antifungal compound from
Paeoniasuffruticosa and its antifungal mechanism. Chinese J. Integrat. Med. 2014, 21, 211-216.

Shafizadeh F. Branched-chain sugars of natural occurrence. Adv. Carbohydr. Chem. 1956, 48, 263-283.

Grisebach, H.; Schmid, R. Chemistry and Biochemistry of Branched-Chain Sugars Angew. Chem. Internat. Edit. 1972,
1, 159-248.

Beck, E.; Hopf, H. Branched-chain Sugars and Sugar Alcohols. Carbohydrates 1990, 235-289.

Masaki, H.; Atsumi, T.; Sakurai, H. Hamamelitannin as a hew potent active oxygen scavenger. Phytochemistry1994, 37,
337-343.

Masaki, H.; Atsumi, T.; Sakurai, H. Peroxyl radical scavenging activities of hamamelitannin in chemical and biological
systems. Free. Rad. Res. 1995, 22, 419-430.

Lizarraga, D.; Tourifio, S.; Reyes-Zurita, F.J.; de Kok, T.M.; van Delft, J.H.; Maas, L.M.; Briedé, J.J.; Centelles, J.J.;
Torres, J.L.; Cascante, M. Witch hazel (Hamamelis virginiana) fractions and the importance of gallate moieties-electron
transfer capacities in their antitumoral properties. J. Agric. Food. Chem.2008, 56, 11675-11682.

Erdelmeier, C.; Cinatl, J.; Rabenau, H.; Doerr, H.; Biber, A.; Koch, E. Antiviral and Antiphlogistic Activities of
Hamamelisvirginiana Bark. Planta Medica, 1996, 62, 241-245.

Sanchez-Tena, S.; Fernandez-Cachoén, M.F,; Carreras, A.A.; Mateos-Martin, M.L.; Costoya, N.; Moyer, M.P.; Nufiez,
M.J.; Torres, J.L. Cascante M. Hamamelitannin from Witch Hazel (Hamamelis virginiana) Displays Specific Cytotoxic
Activity against Colon Cancer Cells. J. Nat. Prod. 2012, 75, 26-33.



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Vermote, A.; Brackman, G.; Risseeuw, M.D.P.; Cappoen, D.; Cos, P.; Coenye, T.; Van Calenbergh, S. Novel
Potentiators for Vancomycin in the Treatment of Biofilm-Related MRSA Infections via a Mix and Match Approach. ACS
Med. Chem. Lett. 2016, 8, 38—42.

Brackman, G.; Breyne, K.; De Rycke, R.; Vermote, A.; Van Nieuwerburgh, F.; Meyer, E.; Van Calenbergh, S.; Coenye,
T. The quorum sensing inhibitor hamamelitannin increases antibiotic susceptibility of Staphylococcus aureus biofims by
affecting peptidoglycan biosynthesis and eDNA release. Sci. Rep. 2016, 6, 20321.

Hricoviniova, J.; SevEovitova, A.; Hricoviniova, Z. Evaluation of the genotoxic, DNA-protective and antioxidant profile of
synthetic alkyl gallates and gallotannins using in vitro assays. Toxicol in Vitro, 2020,65, 104789.

Siquet, C.; Paiva-Martins, F.; Lima, J.L.F.C.; Reis, S.; Borges, F. Antioxidant profile of dihydroxy- and trihydroxyphenolic
acids - A structure-activity relationship study. Free Rad. Res. 2006, 40, 433—-442.

Jing, P.; Zhao, S.J.; Jian, W.J.; Qian, B.J.; Dong, Y.; Pang, J. Quantitative studies on structure-DPPHe scavenging
activity relationships of food phenolic acids. Molecules 2012, 17, 12910-12924.

Chan, E.W.L.; Gray, A.l; Igoli, J.O.; Lee, S.M.; Goh, J.K. Galloylatedflavonolrhamnosides from the leaves of Calliandra
tergemina with antibacterial activity against methicillin-resistant Staphylococcus aureus (MRSA). Phytochemistry, 2014,
107, 148-154.

Bag, A.; Bhattacharyya, S.K.; Chattopadhyay, R.R. Isolation and identification of a gallotannin 1,2,6-tri-O-galloyl-3-d-
glucopyranose from hydroalcoholic extract of Terminalia chebulafruits effective against multidrug-resistant
uropathogens. J. Appl. Microbiol. 2013, 115, 390-397.

Aguilar-Galvez, A.; Noratto, G.; Chambi, F.; Debaste, F.; Campos, D. Potential of tara (Caesalpinia spinosa)
gallotannins and hydrolysates as natural antibacterial compounds. Food Chem. 2014, 156, 301-304.

Maisetta, G.; Batoni, G.; Caboni, P.; Esin, S.; Rinaldi, A.C.; Zucca, P. Tannin profile, antioxidant properties, and
antimicrobial activity of extracts from two Mediterranean species of parasitic plant Cytinus. BMC Complement. Alternat.
Med. 2019, 19.

Bag, A.; Chattopadhyay R.R. Synergistic antibiofilm efficacy of a gallotannin 1,2,6-tri-O-galloyl-B-D-glucopyranose from
Terminalia chebula fruit in combination with gentamicinand trimethoprim against multidrug resistant uropathogenic
Escherichia coli biofilms. PLOS ONE, 2017, 12, e0178712.

Ta, C.; Arnason, J. Mini Review of Phytochemicals and Plant Taxa with Activity as Microbial Biofilm and Quorum
Sensing Inhibitors. Molecules, 2015, 21, 29.

Narla, A.V.; Borenstein, D.B.; Wingreen, N.S. A biophysical limit for quorum sensing in biofilms. PNAS, 2021, 118,
€2022818118.

Wang, G.; Gao, Y.; Wang, H.; Niu, X.; Wang, J. Baicalin weakens Staphylococcus aureus pathogenicity by targeting
sortase B. Front. Cell. Infect. Microbiol. 2018, 8, 418.

Oh, I.; Yang, W.-Y.; Chung, S.-C.; Kim, T.-Y.; Oh, K.-B.; Shin, J. In vitro sortasea inhibitory and antimicrobial activity of
flavonoids isolated from the roots of Sophora flavescens. Arch. Pharm. Res. 2011, 34, 217-222.

Mu, D.; Xiang, H.; Dong, H.; Wang, D.; Wang, T. Isovitexin, a potential candidate inhibitor of sortase A of
Staphylococcus aureus USA 300. J. Microbiol. Biotechnol. 2018, 28, 1426-1432.

Wang, J.; Shi, Y.; Jing, S.; Dong, H.; Wang, D.; Wang, T. Astilbin inhibits the activity of Sortase A from Streptococcus
mutans. Molecules, 2019, 24, 465.

Dong, J.; Zhang, L.; Xu, N.; Zhou, S.; Song, Y.; Yang, Q.; Liu, Y.; Yang, Y.; Ai X. Rutin reduces the pathogenicity of
Streptococcus agalactiae to tilapia by inhibiting the activity of sortase A. Aquaculture, 2021,530,735743.

Retrieved from https://encyclopedia.pub/entry/history/show/33238



