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Stannous fluoride forms
aggregates between outer and
inner membranes leading to
membrane rupture of
Porphyromonas gingivalis and
Prevotella pallens
Sancai Xie1, Vighter Iberi1, Ying Boissy1, Cheryl S. Tansky1,
Tom Huggins1, Niranjan Ramji2 and Aaron R. Biesbrock2*
1Discovery & Innovation Platforms, The Procter & Gamble Company, Mason, OH, United States, 2Global
Oral Care R&D, The Procter & Gamble Company, Mason, OH, United States
Objective: Stannous has been shown to bind to free lipopolysaccharides, thus
preventing them from binding to TLR receptors. This study was undertaken to
determine the histomorphological mechanism of stannous binding to
anaerobic bacteria.
Methods: Two bacteria associated with gingivitis and advanced periodontal
disease, Porphyromonas gingivalis (P. gingivalis) and Prevotella pallens (P.
pallens), were cultured in 25–1,000 μM of stannous fluoride and stannous
chloride for 48 h. The growth rate was estimated using absorbance OD600.
Bacterial cells were then fixed and processed for transmission electron
microscopy (TEM) analysis.
Results: Stannous fluoride inhibited proliferation of both P. gingivalis and P.
pallens in a dose-dependent manner. There was a statistically significant
suppression of the growth curve starting at 100 μM for P. pallens (P=0.050)
and 200 μM for P. gingivalis (P= 0.039). TEM analysis revealed a thick layer of
polysaccharides (19.8 nm) in P. gingivalis. The outer and inner membranes
were clearly visible with low electron densities in both bacteria. Stannous
diffused into bacterial membranes and formed precipitates in the areas
spanning outer and inner membranes and below inner membranes.
Precipitates varied in size ranging from 46.4 to 84.5 nm in length, and 18.4 to
35.9 nm in width. The membranes were disintegrated in the region where
stannous formed precipitates. Cytosolic contents were leaked out, and in
several cases, small vesicles were formed. Stannous precipitates were more
abundant in numbers and larger in size in bacteria treated with high
concentrations (100–300 μM) than in low concentrations (25–50 μM) of
stannous fluoride. Furthermore, most of the bacteria were disintegrated in the
groups treated with 100–300 μM stannous fluoride. At low concentrations
(25 μM), stannous fluoride formed complexes primarily around outer
membranes, to which lipopolysaccharides are anchored. Stannous chloride
results showed similar trends, but it was less potent than stannous fluoride.
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Conclusion: Stannous fluoride can penetrate bacteria, bind to the constituents of
the membrane and form precipitates between outer and inner membranes and
beneath inner membranes. These large precipitates damaged the integrity of
membranes and allowed cytosolic contents to be leaked out. Stannous
complexes formed at the outer membranes, even at low concentrations (25 μM).

KEYWORDS

stannous fluoride, antibacterial agents, transmission electronic microscopy, gram-negative

bacteria, mode of action
1 Introduction

Stannous fluoride is formulated in oral care products for the

control of both dental caries and gingival inflammation (1, 2).

The clinical efficacy of stannous fluoride dentifrice for gingivitis

reduction is imparted primarily through antimicrobial actions on

bacterial flora in the mouth. Stannous fluoride reduces both the

quantity of dental plaque (3) and modulates the metabolic

activity of dental plaque (4, 5). Complementing these

antimicrobial properties, stannous fluoride has been shown to

have a strong affinity to directly bind bacterial endotoxins, such

as lipopolysaccharides (LPS) (6–8). This reactivity with

lipopolysaccharides suppresses the promotion of Toll-like

receptors, which activate signal pathways provoking the onset

and progression of gingival inflammation (6–8). Cumulatively,

these activities help explain the proven clinical efficacy of

stannous fluoride formulations in improving gingival health (9).

A recent meta-analysis of 18 randomized controlled gingivitis

clinical studies in 2,890 subjects reported a mean reduction of

51% of bleeding sites in subjects using stannous fluoride

dentifrice vs. a negative control (sodium fluoride or sodium

monofluorophosphate) dentifrice for periods of 3 months or less

(10). Furthermore, subjects with localized to generalized

gingivitis at baseline had 3.7 times better odds of shifting from

gingivitis case type (≥10% bleeding sites) to generally healthy

case type (<10% bleeding sites) using stannous fluoride vs.

negative control dentifrices (10). This research demonstrates that

the cation of the stannous fluoride molecule provides specific

antimicrobial action beyond that of fluoride alone. Other

stannous fluoride formulations have been shown to be effective

against gingivitis (11). The formulation chosen for this

investigation demonstrated the greatest gingival health benefit in

a clinical evaluation of three different stannous fluoride

dentifrices (12).

The importance of Porphyromonas gingivalis (P. gingivalis) and

Prevotella species in dental plaque dysbiosis leading to gingival

inflammation and the initiation of gingivitis has been well

characterized (13–16). A randomized controlled experimental

gingivitis study in 91 subjects confirmed that during a 21-day

period of cessation of oral hygiene, the unrestricted growth of

the dental biofilm led to a dysbiotic microflora demonstrating an

increasing overabundance of Porphyromonas and Prevotella

species (13). This is consistent with previous studies

demonstrating associations between P. gingivalis and Prevotella

species and the presence of gum disease. P. gingivalis and
02
Prevotella pallens (P. pallens, formerly P. denticola) were found to

be differentially overabundant in chronic periodontitis vs. healthy

and demonstrated increasing overabundance during experimental

gingivitis (14). P. pallens is closely related to Prevotella

intermedia (P. intermedia) and belongs to the same Prevotella

family which includes Prevotella nigrescens and Prevotella

aurantica (15). P. intermedia has been reported to increase

during the onset of pregnancy gingivitis (16). In a separate

experimental gingivitis clinical study, the relative abundance of

Prevotella oulorum was found to be significantly positively

correlated to bleeding on probing scores that are a clinical

measure of gingivitis (14).

The direct reactivity of stannous fluoride with bacteria is

important to all aspects of its clinical efficacy. In previous studies

stannous fluoride was shown to deposit within Streptococcus

mutans (S. mutans), a Gram-positive bacteria associated with

dental caries (17). The bacteria associated with gingival

inflammation include Gram-negative anaerobic bacteria that

proliferate in dental plaque biofilms at and below the gumline

(18). While the membrane structure of S. mutans include

peptidoglycan (19), the structure of Gram-negative periodontal

pathogens is different, being comprised of inner and outer cell

membranes containing enriched lipopolysaccharides, membrane

proteins as well as bilayers of phospholipids (20). Because

stannous fluoride so strongly binds with lipopolysaccharides, we

questioned whether this reactivity might contribute to

bactericidal actions of stannous fluoride against periodontal

pathogens. Recent research has reaffirmed that stannous ions

from stannous fluoride penetrate into in situ biofilm and that

stannous accumulation occurs primarily within P. gingivalis (21,

22). Here, we conducted a study using transmission electron

microscopy (TEM) to histomorphologically visualize the

mechanism of stannous fluoride reactivity and bactericidal

activity on P. gingivalis and P. pallens.
2 Materials and methods

Stannous fluoride, stannous chloride and endotoxin-free ultra

pure water were purchased from Sigma (St. Louis, MO). MTGE-

anaerobic enrichment broth was purchased from Anaerobe

Systems (Morgan Hill, CA). MTGE-anaerobic enrichment broth

and pure water were acclimated under an anaerobic conditions to

remove residual oxygen. Fresh solutions of stannous fluoride and

stannous chloride were prepared right before each experiment to
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prevent stannous oxidation to stannic, which is not active in

inhibiting bacterial growth.
2.1 Bacterial culture and treatment

In preliminary experiments to define the experimental dose

response, stannous fluoride lysed almost all Gram-negative

bacteria at 1 mM. Thus, a dose-curve study was run between 0

and 300 µM to find the concentrations of stannous fluoride and

stannous chloride that inhibit bacterial growth and kill bacteria.

Two experiments were conducted with three replicates per

experiment for each bacteria. The culture conditions were

optimized to visualize morphological changes in P. gingivalis and

P. pallens in a range of stannous fluoride doses close to its

minimum inhibitory concentration (MIC) (23), which was

200 µM under our culture conditions. Bacterial growth was slow

in the MTGE medium. P. pallens ATCC 700821 and P. gingivalis

ATCC 33277 were grown on MTGE anaerobic enrichment broth

under anaerobic conditions with a N2, CO2, H2 gas mixture ratio

of 80:10:10 at 37°C for 48 h in a 5 ml Falcon tube. The culture

started with an inoculation of an overnight growth culture at an

optical density (OD600) of 0.1. Stannous solutions were first

made in sterile water and diluted into MTGE-anaerobic

enrichment broth. Individual cultures were then harvested at

48 h (to ensure culture growth to stationary phase) and OD600

was measured using Molecular Devices SpectraMax M5

Multilabel Microplate Reader (San Jose, CA). Results were

analyzed using package ggpubr of R program in RStudio. The

input result included only the experiment, dose of stannous and

mean OD600 of each experiment. One way Analysis of Variance

(ANOVA) was used to determine the treatment effect of

stannous fluoride and stannous chloride. Individual

concentrations were compared using pairwise t-test.
2.2 TEM sample preparation and imaging

Bacterial cultures were centrifuged to collect the bacteria from

the 48 h culture step, and the bacterial pellets were placed in a

fixative solution (2% glutaraldehyde in PBS buffer) immediately,

and stored at 4 °C. The fixed samples were rinsed in 1× PBS

buffer 3 times and post-fixed with 1% OsO4 in PBS buffer

overnight at 4 °C. The samples were then dehydrated with a

series of acetone concentrations (50%, 70%, 85%, 90%, 100%) for

3 h at room temperature, and infiltrated by gradually increasing

the concentration of Epon 812 epoxy resin with acetone (30%,

50%, 75%, 100%) at room temperature. The completely

infiltrated samples were embedded in 100% Epon 812 epoxy

resin (Electron Microscopy Sciences, Hatfield, PA) and cured

overnight at 65°C. Each sample block was trimmed and sectioned

using a Leica UC6 ultramicrotome (Leica Microsystems,

Deerfield, IL) with a Diatome ultracut 45° diamond knife.

Roughly 70 nm thick sections were collected, placed on 200 mesh

copper grid with formvar, and post-stained with uranyl acetate

for 30 min and lead citrate for 10 min. Transmission electron
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microscopy (TEM) was performed using a Hitachi S5200 STEM

(Hitachi High-Tech, Hillsboro, OR) for high resolution imaging

analysis at 30 kV and with Bruker Quantax EDS detector

(Bruker, Madison, WI) for elemental analysis.
3 Results

3.1 Inhibition of bacterial growth by
stannous fluoride

The effect of stannous fluoride on bacterial growth of

P. gingivalis and P. pallens is shown in Figure 1. Stannous

fluoride concentrations suppressed bacterial growth starting at

100 μM for P. pallens (P = 0.050) and 200 μM for P. gingivalis

(P = 0.039). There was a positive dose response effect, with

growth rates declining as stannous fluoride concentrations

increased from 100 µM to 300 µM.
3.2 Ultrastructure of P. gingivalis and
P. pallens grown in nutrient-enriched broth

The ultrastructure was compared between P. gingivalis and

P. pallens. The structural features of P. gingivalis and P. pallens

were revealed by TEM in Figure 2. These Gram-negative

anaerobes exhibit characteristic cell membranes comprised of

lipopolysaccharides (endotoxin) and phospholipids that are

clearly observed (Figures 2E,F). Cellular contents were evenly

distributed within the cytoplasmic membrane. Importantly,

binary fission was visible in both P. gingivalis and P. pallens (red

arrow, Figures 2B–D). In P. pallens (Figure 2B), some round

bright vacuoles (blue arrows) were abundant, which are electron-

lucent granules (24) The term “electron-lucent” refers to their

appearance in the TEM image as loose lighter contrast

aggregates. These vacuoles might be rich in lipids or other

substances that do not provide significant image contrast (25).

Supplementary Figure S1 shows morphological characteristics of

P. pallens and P. gingivalis. The high-resolution view of P. pallens

and P. gingivalis showed thick layers of peptidoglycans (Figures 3B,

C). P. gingivalis showed both outer and cytoplasmic membranes

(Figure 3C). A thick layer of surface polysaccharides was evident

(19.8 nm, Figures 3A–D) which contains the major cell surface

macromolecules, including capsular polysaccharide (or K-antigen),

extracellular polysaccharides and LPS (26, 27). Those

macromolecules on the surface of bacteria confer ultrastructural

stability and form a defensive barrier against the host’s immune

system and environment stresses. Those surface macromolecules are

highly virulent to gingival tissue and innate immune cells (25, 28).
3.3 Ultrastructure of P. gingivalis and
P. pallens treated with stannous fluoride

Growth of both P. gingivalis and P. pallens was not suppressed

by stannous fluoride at 25 µM. Bacterial division was evident as
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FIGURE 2

Micrographs of P. gingivalis and P. pallens in cross-section. Bacteria were grown in MTGE medium. Graphs (A,C,E) show the structure of P. gingivalis.
Graphs (B,D,F) show the structure of P. pallens. Red arrows indicate cell division using binary fission. The blue arrows indicate electron-lucent granules.

FIGURE 1

Effects of stannous fluoride on bacterial growth. One way Analysis of Variance (ANOVA) was used to determine the treatment effect of stannous
fluoride. Individual concentrations were compared using pairwise t-test. Mean values and standard errors are representative of 6 total observations
from two independent experiments (3 replicates in experiment). Cell growth was detected after culture for 48 h.

Xie et al. 10.3389/froh.2024.1427008
marked by a red arrow (Figure 4A). Cell membranes were visible,

and cytoplasm was evenly distributed (Figure 4). Nonetheless,

aggregate of stannous fluoride was formed on the outer

membranes as indicated by the turquoise arrows in Figures 4C,E.
Frontiers in Oral Health 04
The different concentrations of stannous fluoride resulting in

aggregation vs. growth inhibition indicate a threshold effect is

required to move from deposition to bactericidal activity.

Electron-dense particles are also seen intracellularly in Figure 4.
frontiersin.org

https://doi.org/10.3389/froh.2024.1427008
https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org/


FIGURE 3

High resolution image of P. gingivalis and P. pallens cell membranes. (A,C) represent P. gingivalis. (B,D) represent P. pallens.

Xie et al. 10.3389/froh.2024.1427008
These particles originate from the post-fixation treatment with

osmium tetroxide (Os signal) and the phosphate buffer saline

(P and Cl signals) as shown in Supplementary Figure S2. The

observed copper signal is not localized intracellularly and

originates from the copper grid which was used as a support for

the TEM sections.

Stannous fluoride inhibited P. gingivalis growth at 200 µM of

stannous fluoride and lysed the bacteria starting at

concentrations of 100 µM (Figure 5). Bacterial division was

observed as indicated by a red arrow at 50 µM of stannous

fluoride (Figure 5C). Many bacteria were still full of cellular

organelles at 50 µM of stannous fluoride, but not at 100–200 µM

(Figures 5C,E). Stannous fluoride formed aggregates between and

around the outer and cytoplasmic membranes (Figures 5D,F,H).

As we reported previously, stannous fluoride bound LPS at the

lipid A moiety of purified LPS. Lipid A of the LPS resides inside

the outer leaflet of the outer membrane. The stannous aggregates

disrupted bacterial cell walls and allowed the cellular contents

and organelles to leak out as indicated by the yellow arrows

(Figures 5F,H). Vesicles of varied sizes were formed in the
Frontiers in Oral Health 05
disrupted site (Figure 5F, also Supplementary Figures 3A,B).

These vesicles are formed in a process called explosive cell lysis

(29). Stannous aggregates destroyed the integrity of bacterial

membranes, which self-anneal to form explosive outer–inner

membrane vesicles and explosive outer membrane vesicles. These

vesicles contain cytoplasmic proteins, DNA and RNA. It is worth

noting that explosive outer membrane vesicles are different from

those mediated by outer membrane blebbing during

bacterial growth.

Leakage of cellular organelles was often observed with stannous

aggregates in the membranes of P. gingivalis. The bacterium, that is

devoid of cellular organelles due to leakage, was cloaked in a ring of

electron-dense spots, as marked by an orange arrow (Figures 5D,E,

G) and by a yellow arrow (Figures 5F,H). Those electron-dense

spots were stannous aggregates as confirmed by energy dispersive

x-ray spectroscopy (EDS), which is described in Section 3.4.

Stannous fluoride did not inhibit P. pallens growth at 50 µM as

measured by OD600 (Figure 1B). Bacterial division was visible at

50 µM and even 100 µM of stannous fluoride as indicated by red

arrows (Figures 6C,E). Stannous fluoride formed aggregates
frontiersin.org
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FIGURE 4

TEM micrographs of P. gingivalis and P. pallens treated with 25 µM stannous fluoride. (A,C,E) represent P. gingivalis. (B,D,F) represent P. pallens.
Turquoise arrows indicate deposits of stannous aggregates and the red arrow indicates bacterial division.

FIGURE 5

Observations of P. gingivalis treated with stannous fluoride. P. gingivalis was treated with stannous fluoride at 0 µM [control images (A,B)] 50 µM
[images (C,D)], 100 µM (E,F), and 200 µM (G,H). Electron dense aggregates appeared on and inside cell membranes. Bacterial lysis was observed
throughout. Some deposits were observed on the surface. The red arrow indicates bacterial division, orange arrows mark bacteria cloaked with
electron-dense spots and partial or total loss of cellular contents, yellow arrows indicate explosive disruption of bacterial cell walls.

Xie et al. 10.3389/froh.2024.1427008
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FIGURE 6

Observations of P. pallens treated with stannous fluoride. P. pallens was treated with stannous fluoride at 0 µM [control images (A,B)] 50 µM [images
(C,D)], 100 µM (E,F), and 200 µM (G,H). Electron dense aggregates appeared on and inside cell membranes. Bacterial lysis was observed throughout.
The red arrow indicates bacterial division, orange arrows indicate leakage of cellular contents, turquoise arrows indicate deposits of stannous
aggregates.

Xie et al. 10.3389/froh.2024.1427008
within the outer and cytoplasmic membranes as indicated by the

turquoise arrows (Figures 6C–F,H). These aggregates destabilized

and damaged the bacterial cell walls. Consequently, cellular

contents were emptied as indicated by the orange arrows

(Figures 6E,G). It is worth noting that small vesicles were present

right next to a bacterium, in which aggregates of stannous

fluoride were visible in the membranes (turquoise arrows in

Figures 6C,E).

High concentrations of stannous fluoride (0.3 and 1 mM) lysed

both P. gingivalis and P. pallens (Figures 7A,B). The cell contents

leaked out, leaving a ring of cell membranes with stannous

fluoride aggregates as indicated by turquoise arrows. Small

vesicles were visible near those bacterial membrane rings. Some

of the membrane fragments self-annealed to form those explosive

vesicles. One bacterial remnant was observed in Figure 7A as

indicated by a yellow arrow. The cellular contents were devoid of

apparent outer and cytoplasmic membranes.

Similar cellular remnants were also observed in Supplementary

Figures S3A,B. Bacteria were treated with toothpaste which

contained both stannous fluoride and stannous chloride (Crest

Pro-Health, Procter & Gamble) as described in Supplementary

Methods. Stannous formed aggregates in the membranes treated

with stannous fluoride solution as indicated by a turquoise

arrow. Bacterial membranes rolled to form small vesicles.

Figures 7C,D show samples treated with 1 mM stannous

chloride, at which concentration full bacterial cells were still

present. Stannous chloride formed large aggregates in and

around the membranes (Figures 7C,D). A lipid bilayer of cell
Frontiers in Oral Health 07
membranes is typically about 5–10 nm thick. The aggregates

were larger, ranging from 18.4 nm between the outer and

cytoplasmic membranes and 35.9 nm around the membranes in

thickness and 46.4–84.5 nm in length. These aggregates visibly

disrupted the integrity of the membranes.
3.4 Confirmation of stannous in the
aggregates

To determine whether the electron-dense spots within the

outer and cytoplasmic membranes are stannous fluoride, we

analyzed those electron-dense spots for elemental compositions

in Figures 8A,C using EDS. As marked in the red cycle,

elemental tin was detected in the electron dense spots within the

bacteria membranes (Figures 8A,B). Tin(II), also known as

stannous, is reacted with fluoride and chloride to form stannous

fluoride and stannous chloride, respectively. In the high-

resolution image (Figure 8C), three vesicles were observed in the

upper region. The vesicle, marked by a yellow arrow, contained

tin localized in the electron-dense spot (Figure 8D). Similarly,

the two electron dense spots within the membranes and one

right below the cytoplasmic membrane were stannous-positive.

These results demonstrate that stannous aggregates formed

within and around the bacterial membranes. Furthermore, these

aggregates destabilized and fragmented bacterial membranes,

which self-annealed to form explosive vesicles. Consequently,

cellular organelles leaked out and bacteria broke into pieces.
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FIGURE 7

TEM micrographs of P. gingivalis and P. pallens treated with stannous fluoride and stannous chloride. (A,C) were P. gingivalis; (B,D) were P. pallens.
Turquoise arrows indicate aggregates of stannous fluoride; a yellow arrow indicates a cellular remnant without visible membranes.

FIGURE 8

Micrographs of electron dense granules observed in P. pallens incubated with 1 mM stannous chloride. Elemental analysis showed stannous as the
depositing material within and on bacterial membranes and notably in the explosive vesicles. (A,C) are black-white micrographs. (B,D) were the
signals from energy dispersive spectroscopic analysis. (E,F) are EDS spectrum peaks, with (E) showing particles in the matrix and (F) showing
particles in the cell.

Xie et al. 10.3389/froh.2024.1427008
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FIGURE 9

Schematic summary of the bactericidal mechanism of action for stannous. (A) Membrane structure of anaerobic Gram-negative bacteria P. gingivalis,
adapted from Yoshimura et al. (39), and chemical ultrastructures of pathogen membrane components. (B) Proposed locations of stannous deposition
apparent from TEM images in P. pallens and P. gingivalis. Stannous fluoride binds Lipid A in a one-to-one ratio. (C) Stannous aggregates lyse the cell
membranes, forming disruptive membrane vesicles and releasing cellular contents.

Xie et al. 10.3389/froh.2024.1427008
4 Discussion

Among the oral microbiota, Bacteroidetes is one of the major

phylae (containing P. gingivalis species) and Prevotella its largest

genus (30). These anaerobic bacteria constitute a significant part

of oral microbial communities. Oral Prevotella are known as

anaerobic species and are observed in dental plaques from early

life onwards, including pigmented P. melaninogenica, P. nigrescens,

P. pallens, and some non-pigmented Prevotella species. Many

Prevotella species contribute to oral inflammatory processes, being

frequent findings in dysbiotic biofilms of periodontal diseases. Our

findings relative to P. pallens are likely generalizable to other

Prevotella species given their close genetic relationship.

P. gingivalis has been detected in high relative abundance in

experimental gingivitis and found to be differentially abundant in

chronic periodontitis compared to health (14). Considerable

research has shown that P. gingivalis is a major etiologic factor
Frontiers in Oral Health 09
contributing to chronic periodontitis (31). This black-pigmented

bacterium produces a myriad of virulence factors that cause

destruction to periodontal tissues either directly or indirectly by

modulating the host inflammatory response (32–34). Antibodies to

P. gingivalis can be detected in patients (35) and infection has been

linked to Alzheimer’s disease (36) and rheumatoid arthritis (37, 38).

The histomorphology of anaerobic bacteria like P. pallens and P.

gingivalis includes a structure with both an inner and outer

membrane, with both membranes being bilayers. The outer

membrane typically includes a bilayer comprised of

lipopolysaccharide on the surface with a layer of phospholipid

underneath. The inner membrane is comprised of a bilayer of

phospholipids. Transmembrane proteins are present in both internal

and external membranes of the organisms. A peptidoglycan

typically acts to bridge the two membranes. The structure as

described by Yoshimura et al. (39) is illustrated in Figure 9A, along

with the chemical structures of some of the membrane components.
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The histomorphology observed in organisms cultured with

stannous fluoride and stannous chloride in this study suggests that

chemical precipitation and aggregation of insoluble tin salts is the

primary reactivity responsible for bactericidal actions. It is known

from prior studies (6) that stannous binds directly to

lipopolysaccharides primarily at Lipid A (6, 7). Consideration of

the detailed ultrastructure of the LPS from P. gingivalis suggests

that an attractive site for Lipid A binding would be on terminal

phosphate in the complex comprising Lipid A as described by

Kamuda et al. (40). The Lipid A structure in the cell membranes

extends into the bilayer beneath. Likewise, it is noteworthy that

the area spanning the membranes is comprised of phospholipids

with the polar phosphate moieties localized inside the bilayer

between the membrane. The polar phosphate head groups of the

inner membrane would be localized on the internal surface of the

membrane. It is instructive that both regions of the cell

membranes are rich in phosphate groups from Lipid A and

phospholipids. Stannous routinely forms precipitates with

phosphates (41). It is our conjecture that these groups contribute

to stannous deposition in cell membranes of P. pallens and

P. gingivalis. These ultrastructural observations suggest that

stannous fluoride produces bactericidal actions on anaerobic

pathogens by forming insoluble aggregates in the cell membranes.

This creates a physical pressure in the membranes eventually

producing their lysis. This mechanism is illustrated in Figures 9B,

C. The explosive lysis of the cell membrane with stannous

treatment (e.g., clearly shown in Figure 5) resembles lytic actions

seen for membrane specific antibiotics with various organisms

(42). This research demonstrates a statistically significant dose

dependent suppression of P. gingivalis and P. pallens cell growth

starting at 100–200 µM. Future investigations could build on these

findings by evaluating total DNA released within the samples to

see if it occurs in a dose-dependent manner that is positively

correlated with bacterial growth inhibition.

The antibacterial activity of stannous fluoride has previously been

the subject of several studies. Tsao et al. (43) observed stannousfluoride

to be bactericidal to a variety of periodontal pathogens at

concentrations below that which are used clinically. In a study

demonstrating effects of stannous fluoride on gene expression of S.

mutans and Actinomyces, MIC and MBC activities were observed at

concentrations 10-fold less than those applied clinically (44).

Mayhew and Brown (45) observed suppressed growth of S. mutans

at concentrations as low as 75 ppm. Haraszthy et al. (46) examined

antimicrobial activity of dentifrice dilutions on over 20 oral bacterial

species. Prevotella and P. gingivalis species were inhibited at

dentifrice diluents in media from 1.8–7.5 ppm. Weber et al. (47)

observed bactericidal activities of stannous fluoride for both aerobic

and anaerobic bacteria at diluted concentrations of stannous fluoride

in dentifrice in time-kill experiments. Stannous fluoride exhibited

bactericidal actions in time periods as low as two minutes of exposure.

Tinanoff and colleagues carried out extensive studies on

stannous fluoride antimicrobial actions concentrating on actions

on cariogenic organisms including S. mutans (17, 48, 49). These

studies included histomorphological characterization of stannous

fluoride interactions with S. mutans. For S. mutans, the observed

antimicrobial properties were unique to stannous fluoride and
Frontiers in Oral Health 10
involved intracellular retention of tin. The authors speculated

that the intracellular concentration of stannous was associated

with condensation into granules into these bacteria. The results

in this study contrast with those observed for S. mutans as both

P. pallens and P. gingivalis showed reactivity in the cell walls of

these periodontal pathogens. The ultrastructure of the anaerobic

pathogens differs from S. mutans in particular, including LPS

and phospholipids in their cell membranes. S. mutans in contrast

exhibit cell walls rich with a distinct polysaccharide composed of

a poly-rhamnose core and glucose side chains.

The clinical efficacy of stannous fluoride for gingival health

includes a number of complementary mechanisms including

modulation of bacterial metabolism as well as direct suppression of

virulence through binding of endotoxins. The bactericidal actions of

stannous fluoride on periodontal pathogens shown here may

complement these mechanisms to provide improvements in gingival

health associated with dentifrices containing this ingredient. It is

worth noting that stannous concentration in the subgingival

crevicular fluid is above 200 μM at 30 min after brushing with

stannous fluoride toothpaste (50). Our data demonstrates that low

concentrations of stannous still have anti-microbial activities.
5 Conclusion

Our results elucidate a newmechanistic role for stannous fluoride

in the cell membrane deposition, disruption, and destruction of P.

gingivalis and P. pallens that leads to cell death. Stannous

aggregation is apparent at concentrations as low as 25 mM of

stannous fluoride, with suppression of growth curves starting at

100 mM. This mechanism likely plays an important role in the

antibacterial and antigingivitis clinical efficacy of stannous fluoride.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Author contributions

SX: Conceptualization, Investigation, Visualization, Writing –

original draft, Writing – review & editing. VI: Conceptualization,

Investigation, Writing – review & editing. YB: Investigation, Writing –

review & editing. CT: Investigation, Writing – review & editing.

TH: Resources, Supervision, Writing – review & editing. NR:

Writing – review & editing. AB: Conceptualization, Supervision,

Visualization, Writing – original draft, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article.

This research was funded by The Procter & Gamble Company.
frontiersin.org

https://doi.org/10.3389/froh.2024.1427008
https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org/


Xie et al. 10.3389/froh.2024.1427008
Acknowledgments

To Paul Sagel, Ross Strand, Donald J. White, and Beth
Jordan for contributions to data interpretation and to
Donald J. White for manuscript development. Special thanks
to Lisa Sagel for leading the manuscript preparation process,
and to Beth Jordan and Evelyn Pence for preparing the summary
illustration diagram.
Conflict of interest

All authors are employees of The Procter & Gamble Company,

a manufacturer of stannous fluoride dentifrice.
Frontiers in Oral Health 11
Publisher’s note

All claims expressed in this article are solely those of the authors and

do not necessarily represent those of their affiliated organizations, or

those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/froh.2024.

1427008/full#supplementary-material
References
1. Johannsen A, Emilson CG, Johannsen G, Konradsson K, Lingström P, Ramberg
P. Effects of stabilized stannous fluoride dentifrice on dental calculus, dental plaque,
gingivitis, halitosis and stain: a systematic review. Heliyon. (2019) 5(12):e02850.
doi: 10.1016/j.heliyon.2019.e02850

2. Stookey GK, Mau MS, Isaacs RL, Gonzalez-Gierbolini C, Bartizek RD, Biesbrock
AR. The relative anticaries effectiveness of three fluoride-containing dentifrices in
Puerto Rico. Caries Res. (2004) 38(6):542–50. doi: 10.1159/000080584

3. He T, Zou Y, DiGennaro J, Biesbrock AR. Novel findings on anti-plaque effects of
stannous fluoride. Am J Dent. (2022) 35(6):297–307.

4. Cannon M, Khambe D, Klukowska M, Ramsey DL, Miner M, Huggins T, et al.
Clinical effects of stabilized stannous fluoride dentifrice in reducing plaque
microbial virulence II: metabonomic changes. J Clin Dent. (2018) 29(1):1–12.

5. White DJ, Cox ER, Gwynn AV. Effect of a stabilized stannous fluoride dentifrice
on plaque acid (toxin) production. J Clin Dent. (1995) 6:84–8.

6. Haught JC, Xie S, Circello B, Tansky CS, Khambe D, Sun Y, et al.
Lipopolysaccharide and lipoteichoic acid binding by antimicrobials used in oral care
formulations. Am J Dent. (2016) 29(6):328–32.

7. Haught C, Xie S, Circello B, Tansky CS, Khambe D, Klukowska M, et al.
Lipopolysaccharide and lipoteichoic acid virulence deactivation by stannous
fluoride. J Clin Dent. (2016) 27(3):84–9.

8. Xie S, Haught JC, Tansky CS, KlukowskaM, Hu P, Ramsey DL, et al. Clinical effects of
stannous fluoride dentifrice in reducing plaque microbial virulence III: lipopolysaccharide
and TLR2 reporter cell gene activation. Am J Dent. (2018) 31(4):215–24.

9. Paraskevas S, van der Weijden GA. A review of the effects of stannous fluoride on
gingivitis. J Clin Periodontol. (2006) 33(1):1–13. doi: 10.1111/j.1600-051X.2005.00860.x

10. Biesbrock A, He T, DiGennaro J, Zou Y, Ramsey D, Garcia-Godoy F. The effects
of bioavailable gluconate chelated stannous fluoride dentifrice on gingival bleeding:
meta-analysis of eighteen randomized controlled trials. J Clin Periodontol. (2019) 46
(12):1205–16. doi: 10.1111/jcpe.13203

11. Fine N, Barbour A, Kaura K, Kerns KA, Chen D, Trivedi HM, et al. Effects of a
stabilized stannous fluoride dentifrice on clinical, immunomodulatory, and microbial
outcomes in a human experimental gingivitis model. J Periodontol. (2024) 95
(5):421–31. doi: 10.1002/JPER.22-0710

12. He T, Nachnani S, Lee S, Zou Y, Grender J, Farrell S, et al. The relative clinical
efficacy of three 0.454% stannous fluoride dentifrices for the treatment of gingivitis
over 3 months. Am J Dent. (2020) 33(4):218–24.

13. Teng F, He T, Huang S, Bo CP, Li Z, Chang JL, et al. Cetylpyridinium chloride
mouth rinses alleviate experimental gingivitis by inhibiting dental plaque maturation.
Int J Oral Sci. (2016) 8(3):182–90. doi: 10.1038/ijos.2016.18

14. Kistler JO, Booth V, Bradshaw DJ, Wade WG. Bacterial community
development in experimental gingivitis. PLoS One. (2013) 8(8):e71227. doi: 10.1371/
journal.pone.0071227

15. Könönen E, Fteita D, Gursoy UK, Gursoy M. Prevotella species as oral residents
and infectious agents with potential impact on systemic conditions. J Oral Microbiol.
(2022) 14(1):2079814. doi: 10.1080/20002297.2022.2079814

16. Gürsoy M, Haraldsson G, Hyvönen M, Sorsa T, Pajukanta R, Könönen E. Does
the frequency of Prevotella intermedia increase during pregnancy? Oral Microbiol
Immunol. (2009) 24(4):299–303. doi: 10.1111/j.1399-302X.2009.00509.x
17. Camosci DA, Tinanoff N. Anti-bacterial determinants of stannous fluoride.
J Dent Res. (1984) 63(9):1121–5. doi: 10.1177/00220345840630090501

18. Marsh PD. Microbial ecology of dental plaque and its significance in health and
disease. Adv Dent Res. (1994) 8(2):263–71. doi: 10.1177/08959374940080022001

19. Zamakhaeva S, Chaton CT, Rush JS, Ajay Castro S, Kenner CW, Yarawsky AE,
et al. Modification of cell wall polysaccharide guides cell division in Streptococcus
mutans. Nat Chem Biol. (2021) 17(8):878–87. doi: 10.1038/s41589-021-00803-9

20. Silhavy TJ. Classic spotlight: gram-negative bacteria have two membranes.
J Bacteriol. (2015) 198(2):201. doi: 10.1128/JB.00599-15

21. Xiang J, Li H, Pan B, Chang J, He Y, He T, et al. Penetration and bactericidal
efficacy of two oral care products in an oral biofilm model. Am J Dent. (2018) 31
(1):53–60.

22. Chen D, Chew D, Xiang Q, Lam T, Dai Y, Liu J, et al. Interactions and effects of
a stannous-containing sodium fluoride dentifrice on oral pathogens and the oral
microbiome. Front Microbiol. (2024) 15:1327913. doi: 10.3389/fmicb.2024.1327913

23. Baig A, He T. A novel dentifrice technology for advanced oral health protection:
a review of technical and clinical data. Compend Contin Educ Dent. (2005) 26(9 Suppl
1):4–11.

24. Arora HK, Chapman GB. Transmission electron microscope study of bacterial
morphotypes on the anterior dorsal surface of human tongues. Anat Rec. (2000)
259(3):276–87. doi: 10.1002/1097-0185(20000701)259:3<276::aid-ar50>3.0.co;2-l

25. Zhang SO, Trimble R, Guo F, Mak HY. Lipid droplets as ubiquitous fat storage
organelles in C. elegans. BMC Cell Biol. (2010) 11:96. doi: 10.1186/1471-2121-11-96

26. Farquharson SI, Germaine GR, Gray GR. Isolation and characterization of the
cell-surface polysaccharides of Porphyromonas gingivalis ATCC 53978. Oral
Microbiol Immunol. (2000) 15(3):151–7. doi: 10.1034/j.1399-302x.2000.150302.x

27. Moye ZD, Valiuskyte K, Dewhirst FE, Nichols FC, Davey ME. Synthesis of
sphingolipids impacts survival of Porphyromonas gingivalis and the presentation of
surface polysaccharides. Front Microbiol. (2016) 7:1919. doi: 10.3389/fmicb.2016.
01919

28. Kawai T, Ikegawa M, Ori D, Akira S. Decoding toll-like receptors: recent insights
and perspectives in innate immunity. Immunity. (2024) 57(4):649–73. doi: 10.1016/j.
immuni.2024.03.004

29. Toyofuku M, Schild S, Kaparakis-Liaskos M, Eberl L. Composition and
functions of bacterial membrane vesicles. Nat Rev Microbiol. (2023) 21(7):415–30.
doi: 10.1038/s41579-023-00875-5

30. Shah HN, Collins DM. Prevotella, a new genus to include Bacteroides
melaninogenicus and related species formerly classified in the genus Bacteroides. Int
J Syst Bacteriol. (1990) 40(2):205–8. doi: 10.1099/00207713-40-2-205

31. Slots J. Update on Actinobacillus Actinomycetemcomitans and Porphyromonas
gingivalis in human periodontal disease. J Int Acad Periodontol. (1999) 1(4):121–6.

32. Zhou J, Windsor LJ. Porphyromonas gingivalis affects host collagen degradation
by affecting expression, activation, and inhibition of matrix metalloproteinases.
J Periodontal Res. (2006) 41(1):47–54. doi: 10.1111/j.1600-0765.2005.00835.x

33. Amornchat C, Rassameemasmaung S, Sripairojthikoon W, Swasdison S.
Invasion of Porphyromonas gingivalis into human gingival fibroblasts in vitro. J Int
Acad Periodontol. (2003) 5(4):98–105.
frontiersin.org

https://www.frontiersin.org/articles/10.3389/froh.2024.1427008/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/froh.2024.1427008/full#supplementary-material
https://doi.org/10.1016/j.heliyon.2019.e02850
https://doi.org/10.1159/000080584
https://doi.org/10.1111/j.1600-051X.2005.00860.x
https://doi.org/10.1111/jcpe.13203
https://doi.org/10.1002/JPER.22-0710
https://doi.org/10.1038/ijos.2016.18
https://doi.org/10.1371/journal.pone.0071227
https://doi.org/10.1371/journal.pone.0071227
https://doi.org/10.1080/20002297.2022.2079814
https://doi.org/10.1111/j.1399-302X.2009.00509.x
https://doi.org/10.1177/00220345840630090501
https://doi.org/10.1177/08959374940080022001
https://doi.org/10.1038/s41589-021-00803-9
https://doi.org/10.1128/JB.00599-15
https://doi.org/10.3389/fmicb.2024.1327913
https://doi.org/10.1002/1097-0185(20000701)259:3%3C276::aid-ar50%3E3.0.co;2-l
https://doi.org/10.1186/1471-2121-11-96
https://doi.org/10.1034/j.1399-302x.2000.150302.x
https://doi.org/10.3389/fmicb.2016.01919
https://doi.org/10.3389/fmicb.2016.01919
https://doi.org/10.1016/j.immuni.2024.03.004
https://doi.org/10.1016/j.immuni.2024.03.004
https://doi.org/10.1038/s41579-023-00875-5
https://doi.org/10.1099/00207713-40-2-205
https://doi.org/10.1111/j.1600-0765.2005.00835.x
https://doi.org/10.3389/froh.2024.1427008
https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org/


Xie et al. 10.3389/froh.2024.1427008
34. Takeuchi H, Amano A. Invasion of gingival epithelial cells by
porphyromonas gingivalis. Methods Mol Biol. (2021) 2210:215–24. doi: 10.1007/978-
1-0716-0939-2_21

35. Svärd A, Kastbom A, Ljungberg KR, Potempa B, Potempa J, Persson GR, et al.
Antibodies against Porphyromonas gingivalis in serum and saliva and their association
with rheumatoid arthritis and periodontitis. Data from two rheumatoid arthritis
cohorts in Sweden. Front Immunol. (2023) 14:1183194. doi: 10.3389/fimmu.2023.
1183194

36. Ryder MI. Porphyromonas gingivalis and Alzheimer disease: recent findings and
potential therapies. J Periodontol. (2020) 91(Suppl 1):S45–9. doi: 10.1002/JPER.20-
0104

37. Pilloni A, Valesini G, Polimeni A, Conti F. Porphyromonas gingivalis and
rheumatoid arthritis. Curr Opin Rheumatol. (2019) 31(5):517–24. doi: 10.1097/BOR.
0000000000000638 Erratum in: Curr Opin Rheumatol. (2019) 31(6):697.

38. Ahmadi P, Mahmoudi M, Kheder RK, Faraj TA, Mollazadeh S, Abdulabbas HS,
et al. Impacts of Porphyromonas gingivalis periodontitis on rheumatoid arthritis
autoimmunity. Int Immunopharmacol. (2023) 118:109936. doi: 10.1016/j.intimp.
2023.109936

39. Yoshimura F, Murakami Y, Nishikawa K, Hasegawa Y, Kawaminami S. Surface
components of Porphyromonas gingivalis. J Periodontal Res. (2009) 44(1):1–12.
doi: 10.1111/j.1600-0765.2008.01135.x

40. Kumada H, Haishima Y, Umemoto T, Tanamoto K. Structural study on the free
lipid A isolated from lipopolysaccharide of Porphyromonas gingivalis. J Bacteriol.
(1995) 177(8):2098–106. doi: 10.1128/jb.177.8.2098-2106.1995

41. Cilley WA. Solubility of Tin(II) orthophosphate and the phosphate complexes of
tin (II). Inorg Chem. (1968) 7(3):612–4. doi: 10.1021/ic50061a048
Frontiers in Oral Health 12
42. Epand RM, Walker C, Epand RF, Magarvey NA. Molecular mechanisms of
membrane targeting antibiotics. Biochim Biophys Acta. (2016) 1858(5):980–7.
doi: 10.1016/j.bbamem.2015.10.018

43. Tsao TF, Newman MG, Kwok YY, Horikoshi AK. Effect of Chinese and western
antimicrobial agents on selected oral bacteria. J Dent Res. (1982) 61(9):1103–6. doi: 10.
1177/00220345820610091501

44. Shi Y, Li R, White DJ, Biesbrock AR. Stannous fluoride effects on gene
expression of Streptococcus mutans and Actinomyces viscosus. Adv Dent Res.
(2018) 29(1):124–30. doi: 10.1177/0022034517737027

45. Mayhew RR, Brown LR. Comparative effect of SnF2, NaF, and SnCl2 on the
growth of Streptococcus mutans. J Dent Res. (1981) 60(10):1809–14. doi: 10.1177/
00220345810600101301

46. Haraszthy VI, Raylae CC, Sreenivasan PK. Antimicrobial effects of a stannous
fluoride toothpaste in distinct oral microenvironments. J Am Dent Assoc. (2019)
150(4S):S14–24. doi: 10.1016/j.adaj.2019.01.007

47. Weber DA, Howard-Nordan K, Buckner BA, Helsinger SA, Lueders RA, Court
LK, et al. Microbiological assessment of an improved stannous fluoride dentifrice.
J Clin Dent. (1995) 6:97–104.

48. Ferretti GA, Tanzer JM, Tinanoff N. The effect of fluoride and stannous ions on
Streptococcus mutans. Viability, growth, acid, glucan production, and adherence.
Caries Res. (1982) 16(4):298–307. doi: 10.1159/000260612

49. Tinanoff N. Review of the antimicrobial action of stannous fluoride. J Clin Dent.
(1990) 2(1):22–7.

50. Klukowska MA, Ramji N, Combs C, Milleman JL, Milleman KR, Ramsey DL,
et al. Subgingival uptake and retention of stannous fluoride from dentifrice: gingival
crevicular fluid concentrations in sulci post-brushing. Am J Dent. (2018) 31(4):184–8.
frontiersin.org

https://doi.org/10.1007/978-1-0716-0939-2_21
https://doi.org/10.1007/978-1-0716-0939-2_21
https://doi.org/10.3389/fimmu.2023.1183194
https://doi.org/10.3389/fimmu.2023.1183194
https://doi.org/10.1002/JPER.20-0104
https://doi.org/10.1002/JPER.20-0104
https://doi.org/10.1097/BOR.0000000000000638
https://doi.org/10.1097/BOR.0000000000000638
https://doi.org/10.1016/j.intimp.2023.109936
https://doi.org/10.1016/j.intimp.2023.109936
https://doi.org/10.1111/j.1600-0765.2008.01135.x
https://doi.org/10.1128/jb.177.8.2098-2106.1995
https://doi.org/10.1021/ic50061a048
https://doi.org/10.1016/j.bbamem.2015.10.018
https://doi.org/10.1177/00220345820610091501
https://doi.org/10.1177/00220345820610091501
https://doi.org/10.1177/0022034517737027
https://doi.org/10.1177/00220345810600101301
https://doi.org/10.1177/00220345810600101301
https://doi.org/10.1016/j.adaj.2019.01.007
https://doi.org/10.1159/000260612
https://doi.org/10.3389/froh.2024.1427008
https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org/

	Stannous fluoride forms aggregates between outer and inner membranes leading to membrane rupture of Porphyromonas gingivalis and Prevotella pallens
	Introduction
	Materials and methods
	Bacterial culture and treatment
	TEM sample preparation and imaging

	Results
	Inhibition of bacterial growth by stannous fluoride
	Ultrastructure of P. gingivalis and P. pallens grown in nutrient-enriched broth
	Ultrastructure of P. gingivalis and P. pallens treated with stannous fluoride
	Confirmation of stannous in the aggregates

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


