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Abstract

Background and objective: Porphyromonas gingivalis (Pg), is an important periodontal pathogen known to possess various virulence factors
such as the extracellular gingipain proteases. These play a role in destruction of periodontal tissue. Naturally occurring polyphenols were shown
to play a role in preventing bacterial pathogenicity by neutralizing proteolytic enzymes. We sought to examine the role of a prenylated flavonoid,

Sanggenol A, on neutralization of Pg gingipain proteolytic activity.

Materials and methods: The effect of Sanggenol A on the secreted and cell-associated gingipain activity of Pg was measured using fluorogenic
substrates, and the resulting fluorescence was measured by fluorescence reader.

Results: The results revealed an inverse correlation between the concentration of Sanggenol A and both secreted and Pg cell-associated
gingipain activity. The activity of R gingipain (Rgp) was found to be significantly more susceptible to Sanggenol A inhibition than the K gingipain
(Kgp) (P=0.03). Bacteria grown in the presence of Sanggenol A also exhibited reduced gingipain proteolytic activity.

Conclusion: We conclude that the natural flavonoid, such as Sanggenol A is effective in neutralizing the proteolytic activity of the periodontal
pathogen. The results suggest that this flavonoid may play a useful role in preventing or reducing the periodontal tissue destruction induced by Pg.
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Introduction

The gram-negative oral anaerobe Porphyromonas gingivalis (Pg)
isamajoretiological pathogenin the inception of adult periodontitis.
The disease is characterized by gingival inflammation and bleeding,
soft tissue attachment loss, and alveolar bone loss [1,2]. Even in low
abundance, P, gingivalis is capable of modulating the host immune
response, guiding biofilm synergy and growth, impacting biofilm
gene expression, and increasing the pathogenicity of the collective
biofilm via an abundance of virulence factors [3-8]. P gingivalis
has also been reported to selectively activate the Th17 pathway
and promote IL-17 secretion, increased levels of which have been
associated with periodontitis [9]. P gingivalis has been known to
secrete an abundance of proteases, known as “gingipains”, which are
a specific group of trypsin-like cysteine proteases responsible for
~85% of P, gingivalis proteolytic activity and 99% of the “trypsin-
like” activity [10-14]. Gingipains are classified depending on the
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polypeptide bonds they cleave, either as arginine, encoded by RgpA
and RgpB genes or lysine, by Kgp gene gingipains. Both enzymes
can occur as cell membrane-bound or as secreted forms [15,16].
In addition, gingipains provide nutrients (via protein degradation),
and contributes to adhesion and tissue invasion, destruction of
host tissue, platelet activation, RBC agglutination, hemolysis, and
dysregulation of the host immune response [14,17,18]. Due to
their significant role in adult periodontitis, inhibition of gingipain
protease activity would be a potential therapeutic approach for
diminishing P. gingivalis virulence and an alternative to antibiotic

therapy for management of periodontal disease.

Several classes of gingipain inhibitors have been identified,
including plant-derived aromatic compounds called polyphenols,
more specifically flavonoids [19]. Polyphenols, often referred to
as flavonoids, are touted for a variety of biologic functions, most
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notably for their antioxidant, anti-inflammatory, anti-cancer, and
anti-microbial properties [20]. Kariu et al. reported that a flavonoid,
Limonianin, inhibited biofilm growth and gingipain activity of P
gingivalis [21]. Similarly, a number of prenylated flavonoids derived
from the Epimedium species also inhibited gingipain activity and
hindered P. gingivalis growth and biofilm formation [21]. Morus
alba, or mulberry tree, has traditionally been used for medicinal
purposes due to its anti-inflammatory, hypoglycemic, anti-bacterial,
and anti-viral properties [22-26]. Park et al. demonstrated that
an extract from Morus alba root bark, known as Kuwanon G,
inhibited the growth of the oral pathogens, Streptococcus mutans,
Streptococcus sobrinus, Streptococcus sanguis, and P. gingivalis [27].
Recently, Sanggenol A, another extract from Morus alba root bark,
was also shown to inhibit influenza A virus and neuraminidase
activity of S. pneumonia [28], but nothing is known of the effect of
Sanggenol A on P, gingivalis protease activity. The purpose of the
present study was to investigate the effect of Sanggenol A on the
activity of P. gingivalis cell bound gingipain activity and activity
released into the cell culture medium.

Methods
Reagents

Sanggenol A was purchased from Wuhan Chem Faces
Biochemical Co., Ltd. Wuhan, Hubei, China. Dimethyl sulfoxide
(DMSO), menadione, phenylmethanesulfonyl fluoride (PMSF),
Tosyl-L-lysine chloromethyl ketone hydrochloride (TLCK), and
Benzoyl-R-AMC were obtained from Sigma-Aldrich, St. Louis, MO.

Boc-VLK-AMC was purchased from Bachem Americas, Torrance, CA.

Preparation of sanggenol A

A 0.1 M stock solution of Sanggenol A was prepared in 26%
DMSO, and the stock was subsequently diluted (1 to 10,000uM) in
Dulbecco’s phosphate buffered saline (DPBS) free of calcium and

magnesium (Life Technologies, Carlsbad, CA).

Bacterial strain and culture conditions

P, gingivalis strain 33277 was obtained from the American Type
Culture Collection (Manassas, VA). The bacteria were grown for 24
h at 37°C under anaerobic conditions in trypticase soy broth (TSB)
supplemented with 1% yeast extract (Becton, Dickinson & Co.,
Spark, MD) along with hemin (5pg/mL) and menadione (1pg/mL).
The purity and sterility of the culture was confirmed by plating
the bacterial suspension on 5% sheep blood agar plates (Becton,
Dickinson & Co.). Additionally, serial dilutions of the cultures were
made in sterile DPBS and plated on blood agar plates to determine
the number of colony-forming units (CFU) per ml.

Preparation of P. gingivalis cell-associated and secreted
gingipains in conditioned media

Bacterial cultures after 24 hours of growth were collected and
centrifuged to separate the cells and the culture supernatants.
The supernatants were filtered through 0.2um filters. The filtered
supernatant was supplemented with 0.2mM PMSF to block serine
protease activity. To measure cell-associated gingipain activity,

bacterial cells grown for 24 h as described above, were suspended
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in sterile DPBS supplemented with PMSF to an optical density of 4.0
at 600nm (approximately equivalent to 4x109 CFU/mL). Aliquots
of the culture media and bacterial suspensions were kept frozen
at -80°C. Activity of gingipain Rgp and Kgp in cell-free bacterial
supernatants and cell-associated was determined by using 10mM
Benzoyl-R-AMC and Boc-VLK-A substrates, respectively. Stock
solutions (20mM) of these substrates were prepared in DMSO and
stored at -80°C in aliquots of 50uL. Substrate stock solutions were
diluted to 2 mM with DPBS prior to their use in the assays.

Assay for gingipain activity and effect of the inhibitor,
sanggenol A

The activity of cell-associated gingipain was measured
according to the methods described by [30]. Briefly, we incubated
20pl of the stock bacterial cell suspension diluted 50fold in DPBS
containing 1 mM L-cysteine to ensure the reduced state (active
form) of gingipains for 10 min at 37°C. The cell-free culture media
(20 pl) after two-fold dilution in DPBS with 1mM L-cysteine was
incubated for 10 minutes at 37°C in a black 96-well plate (Fischer
Scientific). Following this initial incubation, the substrate, benzoyl-
R-AMC or Boc-VLK-AMC, was added to give 0.2mM in a final volume
of 100ul. The reaction mixture was incubated further for 15 min at
37°C. The reaction was stopped by adding 50pL of 1.5 mM TLCK.
The hydrolysis of the substrates by gingipains was measured by
fluorescence emission which was measured by a fluorescence
reader (Spectra Max Gemini EM, Molecular devices, Sunnyvale, CA)
with excitation at 365 nm and emission at 460 nm.

To investigate the effect of the inhibitor, Sanggenol A stock
solution was diluted in DPBS (1-10,000 mM) and a 10uL aliquot
of diluted Sanggenol A was added to the above reaction mixtures.
As a control, we added DPBS instead of Sanggenol A and incubated
with the protease substrates as described above. To determine
the effect of Sanggenol A on the gingipain activity of Pg, bacteria
were cultured as described previously in the media supplemented
with 10, 30 or 100puM Sanggenol A. Cells and media were collected,
diluted and incubated with the two protease substrates and the

cell-associated and secreted gingipain activities were measured.

Results
Demonstration of gingipain activity in cells and media

Gingipain activity was measured in resuspended cells and the
cell-free culture media. Activity of both Rgp and Kgp was higher in
the cell suspensions than in the media, and the total Rgp activity
was 4.6 times greater than the total Kgp activity (P=0.001). Rgp
activity in cell suspensions and culture media was 1,318,774 and
91,701 RFU/min/mL of culture, respectively, and Kgp activity was
289,494 and 19,713 RFU/min/mL of culture. For Rgp, 93.5% of
total activity was associated with the bacteria and 6.5% was in the
media, and for Kgp, 93.6% was cell-associated and 6.4% was in the
media.

Effect of sanggenol A on P. gingivalis gingipain activity

Addition of Sanggenol A reduced the activity of pre-formed
Rgp and Kgp gingipains. Results of (Table 1) shows that Sanggenol
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A had a dose-dependent inhibitory effect on Rgp activities of P,
gingivalis cell-bound and culture media of the organism. In general,
significantly (P = 0.0016) higher degree of inhibition was seen in
the cell-associated gingipains, compared to the activity of the cell
culture media. However, Sanggenol A concentrations above 100uM
had no significant difference in inhibition between activity of
gingipains (Table 1) of cell-bound and culture media. Concentration
of Sanggenol A above 100uM had no significant effect on the
inhibition of Rgp gingipain activity (Table 1).

Table 1: Rgp gingipain activity of cell-bound and culture supernatant of
P. gingivalis.

1 16+2 52£2
3 3443 81+2
10 68+3 914
30 9212 96x11
100 98+18 98+12
300 99+21 99+15
1000 100£17 9918

*=Standard error of mean

Rgp gingipain activity was calculated as percent inhibition of the control
RFU/min/ml values of the control (in the absence of Sanggenol A).

Kgp gingipain activity was found to be more resistant to
Sanggenol A (Table 2) compared to the Rgp gingipains. Sanggenol
A up to 10pM had significantly less effect (P= 0.0017) on Kgp
gingipain activity than on Rgp gingipain. However, significant (P
< 0.05) inhibition of Kgp activity of cell-bound and culture media
activities were seen with Sanggenol A concentrations of 3,000 and
10,000uM (Table 2). Also, to be noted that the inhibition of cell
bound Kgp activity with 10,000uM of Sanggenol A was significantly
different (P = 0.027) from inhibition of culture media activity. In
general, our results indicate that the Rgp gingipain activity was
relatively more sensitive to Sanggenol A than the Kgp activity.

Table 2: Effect of Sanggenol A on P. gingivalis Kgp gingipain activity of
cell-bound and culture supernatant.

1 9+3.0 52

3 11+£3 7+£3

10 142 103
3000 35+9 43+11
10,000 86+15 69+13

*=Standard error of mean

Kgp gingipain activity was calculated as percent inhibition of the control
RFU/min/ml values of the control (in the absence of Sanggenol A).

To further study the effect of Sanggenol A on the gingipain
actiity of P, gingivalis, the bacteria were grown in the presence of 10
and 30uM/mL Sanggenol A under similar conditions as described
previously. Cells and culture media were collected and assayed for
gingipain activity. The results (Table 3) show both Rgp activity of
the cells and culture media was significantly reduced (P= 0.0032)

compared to the control cells grown without Sanggenol A. A 98%
inhibition of cell- associated Rgp activity was seen when the
bacteria was grown in the presence of 30uM Sanggenol A. Cells
grown in 30uM Sanggenol A had a significant inhibition (P= 0.038)
only on the secreted Kgp activity, but had no effect on the cell bound
gingipain activity. Culturing bacteria with 10 and 30uM Sanggenol
did not inhibit bacterial growth under these cultural conditions.
As an additional control, we added Sanngenol A at the end of the
incubation, after the addition of TLCK, and found that Sanggenol
A had no effect on fluorescence. This indicates that inhibition by
Sanggenol A was not the result of fluorescence quenching.

Table 3: P. gingivalis Rgp and Kgp gingipain activity when the bacteria
were grown in the presence of Sanggenol A.

Cell bound Cultu.re Cell bound Cultu_re

media media
10 uM 10+3 18+2 Zero 3+1
30 uM 98+11 60+6 Zero 152

*=Standard error of mean

% inhibition was calculated based on the P. gingivalis gingipain activity
when the bacteria were grown in the absence of Sanggenol A in the
culture media.

Discussion

Prenylated flavonoids are a sub-class of naturally occurring
plant-derived polyphenols whose structure combines a flavonoid
backbone with a lipophilic prenyl group that is thought to enhance
bioactivity by facilitating attachment and increasing uptake into
cells [21]. These compounds are gaining importance due to a
variety of biologic functions they possess, most notably their
antioxidant, anti-inflammatory, anti-cancer, and anti-microbial
properties [20]. The periodontal pathogen, P. gingivalis, has been
known to induce destructive periodontal disease and is capable of
evading host defenses. P, gingivalis was shown to cause periodontal
destruction by secreting proteolytic enzymes Nakayama M, et al.
[31] and interact with host cells in such a way that they secrete
excessive inflammatory cytokines [32]. Gingipains, are a specific
group of trypsin-like cysteine proteases produced by P. gingivalis
that have been shown to degrade host proteins, promote bacterial
adhesion, help evade phagocytosis, increase thrombin production,
degrade fibrinogen, activate Kallikrein/Kinin system, promote MMP
synthesis, impair neutrophil chemotaxis, and impair complement
cascade [10]. A recent study by Dominy S, et al. [33], showed the
evidence of presence of gingipains in the brain of Alzheimer’s
patients31.

In animal models, gingipain inhibition has been shown to
exhibit marked reduction in virulence, decreased P. gingivalis CFUs,
inhibition of lesions and decreased morbidity and fatality [34-
38]. Due to their role in pathogenicity of P. gingivalis, inhibition of
gingipain activity may prove to be a potential therapeutic approach
as an alternative to antibiotic therapy for attenuating the virulence
of the periodontal pathogen and treatment or prevention of
periodontal disease. Several classes of gingipain inhibitors have
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been identified, including plant-derived aromatic compounds
called polyphenols, more specifically flavonoids [19]. Bodet C, et al.
[39] showed the effectiveness in inhibiting proteolytic activity of
P. gingivalis gingipains by a polyphenol component isolated from
cranberry [39].

In our study, cell-associated gingipain activity was about 4.5
times more than secreted gingipain activity (for both Rgp and Kgp),
and Rgp activity was about 4.5 times more than Kgp activity, which
correlates with previous studies of gingipain [40-45]. Itis very likely
that due to the extensive post-translational modification of these
proteases, most of the Rgp and Kgp may be bound to the Pg outer
membrane [46]. Our results demonstrated the inhibitory effect of
the prenylated flavonoid, Sanggenol A, on P. gingivalis gingipain
activity. The inhibitory effect was more pronounced on pre-formed
Rgp gingipain activity than the Kgp gingipain (Tables 1, 2). When
grown with Pg, Sanggenol A also had a more inhibitory effect on
cell bound and secreted Rgp activity (Table 3). The results appear
to agree with the findings of other investigators who also reported
greater Rgp gingipain inhibition [21,47,48]. There also appears to
be some difference when comparing the effect of Sanggenol A on
preformed gingipain activity with the gingipain activity seen after
incubation with Sanggenol A. The exact mechanism of Sanngenol
A inhibition is undetermined, but our results may indicate that
Sanggenol A exhibits some degree of substantivity or inhibition of
gingipains (specifically Rgp) as they are synthesized.

The differences between Rgp and Kgp susceptibility to inhibition
seen with Sanggenol A and other inhibitors is interesting and draws
attention to the differences between the two proteases. Rgp and Kgp
the ability to selectively cleave different residues/peptides which
are attributed to notable differences in the enzymes’ molecular
structure, specifically differences in active site configuration. While
the mechanism of gingipain suppression in unclear, this difference
in configuration/structure is likely to impact the differences in
susceptibility to inhibition by Sanggenol A. There seems to be
some disagreement in the literature as to which gingipain (Kgp
or Rgp) is more important in Pg virulence [49-54]. Rgp and Kgp
have been suggested to influence different aspects of P. gingivalis
virulence. Rgp is primarily credited with activation of the kinin-
kallikrein system and excessive bradykinin release, activation of
clotting mechanism and over production of thrombin. Kgp interacts
with (degrades) fibrinogen more specifically than Rgp prolonging
clotting time [10].

In a murine model, Yoneda M, et al. [49] showed that Rgp-
null P. gingivalis produced significantly smaller lesions/less tissue
destruction than Kgp-null P gingivalis. While both Rgp and Kgp
mutants produce smaller lesions than wild-type P. gingivalis, the
Rgp-Kgp deficient P. gingivalis hardly induced lesions at all [49].
Along with these results, growing evidence suggest a synergistic
relationship between Rgp and Kgp. An ideal therapeutic modality
should target both Kgp and Rgp expression and secretion for the
prevention and/or treatment of periodontitis and other P, gingivalis-
related infections. Our results provide evidence for inhibition of
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P gingivalis gingipain activity by Sanggenol A, suggesting that
prenylated flavonoids may play a key role in reducing the pathogen’s
protease activity. Such an inhibition may help reduce not only the
severity of periodontal disease but may also help treat systemic
diseases associated with periodontitis. The effect of Sanggenol A on
other periodontal pathogens also needs to be explored. Inhibitory
effects of the prenylated flavonoids may have potential to develop
new therapeutics for periodontal disease.
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