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Abstract

Periodontal ligament fibroblasts (PdLFs) are an elongated cell type in the periodontium

with matrix and bone regulatory functions which become abnormal in periodontal dis-

ease (PD). Here we found that the normally elongated and oriented PdLF nucleus be-

comes rounded and loses orientation in a mouse model of PD. Using in vitro

micropatterning of cultured primary PdLF cell shape, we show that PdLF elongation

correlates with nuclear elongation and the presence of thicker, contractile F‐actin fibers.

The rounded nuclei in mouse PD models in vivo are, therefore, indicative of reduced

actomyosin tension. Inhibiting actomyosin contractility by inhibiting myosin light chain

kinase, Rho kinase or myosin ATPase activity, in cultured PdLFs each consistently re-

ducedmessenger RNA levels of bone regulatory protein osteoprotegerin (OPG). Infection

of cultured PdLFs with two different types of periodontal bacteria (Porphyromonas gin-

givalis and Fusobacterium nucleatum) failed to recapitulate the observed nuclear rounding

in vivo, upregulated nonmuscle myosin II phosphorylation and downregulated OPG.

Collectively, our results add support to the hypothesis that PdLF contractility becomes

decreased and contributes to disease progression in PD.
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1 | INTRODUCTION

The periodontal ligament (PDL) is a fibrous, soft connective tissue that

attaches the cementum of the tooth to the alveolar bone (Figure 1a).

The PDL is part of the dynamic periodontal complex in which the

magnitude and frequency of mechanical forces generated through

processes such as chewing control regulatory functions of bone,

cementum and the ligament (Jang et al., 2018; Lee et al., 2015). These

forces modulate biochemical pathways in cells in the periodontium

through mechanisms that are not fully understood.

The periodontal ligament fibroblast (PdLF) is an elongated cell

type in the PDL that has important matrix remodeling and signaling

functions in the PDL. PdLFs secrete extracellular proteins like collagen

and organize them into fibers (Berkovitz, 1990). They also secrete

matrix metalloproteinases (Assis Lisboa et al., 2009; Liu et al., 2012;

Ziegler et al., 2010) that remodel the extracellular matrix. PdLFs
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express proteins that have a key role in controlling alveolar bone

remodeling (McCulloch et al., 2000). Mechanical modulation of bone

regulatory gene expression in PdLFs by tensile or compressive stres-

ses in the PDL is thought to ensure interdigitation of teeth through

resorption and formation of maxillary and mandibular bones. For ex-

ample, tensile stress upregulates osteoprotegerin (OPG) in PdLFs

(Tsuji et al., 2004). Conversely, compressive orthodontic force upre-

gulates the osteoclastogenic receptor activator NF kappa B ligand

(RANKL) in PdLFs in vivo (Kim et al., 2007).

The periodontium hosts a diverse range of nearly 600 types of oral

bacteria (Moore & Moore 1994; Socransky & Haffajee, 2005), which

continually initiate an inflammatory cascade in the periodontal tissue

environment (Cekici et al., 2014). When a subset of these bacteria be-

come dominant, causing dysbiosis or a loss of equilibrium, chronic peri-

odontal disease can be a result (Lamont & Hajishengallis, 2015; Marsh,

2015; Roberts & Darveau, 2015). Dysbiosis causes a progressive re-

sorption of alveolar bone and ultimately a loss of teeth (Jiao et al., 2014;

Pihlstrom et al., 2005). PdLFs maintain the bone equilibrium under

F IGURE 1 Effect of periodontal disease on nuclear morphology and orientation. (a) Schematic of the periodontium consisting of alveolar bone,
gingiva, tooth, and periodontal ligament. (b) Representative images of regions of the region between bone and cementum in control and bacterial
infected mice, and nuclei segmented using computational methods. Mice were infected with bacteria for a period of 16 weeks (see Section 2). Control
mice were sham infected with vehicle. (c) Quantification of nuclear aspect ratio (long axis/short axis). “****” Represents statistically significant difference
by Mann–Whitney test (p< .0001). Scale bar is 20 µm. (d) Cosine of the angle θ between the vertical line and the major axis of the ellipse, which
is a measure of orientation. Data corresponds to 9 control and 14 infected images from six mice per condition (575 nuclei quantified in control and
781 nuclei in infection). “***” Represents statistically significant difference by Mann–Whitney test (p= .0005)
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normal physiological conditions through a balance of OPG/RANKL levels

but this equilibrium is tilted towards osteoclastogenesis during patholo-

gical conditions of periodontal disease (PD; Binderman et al., 2002; El‐
Awady et al., 2010b; Sokos et al., 2015b).

Despite the fact that mechanical control of gene expression critically

determines the bone‐regulatory functions of the periodontal complex,

how mechanical forces regulate bone regulatory gene expression in

PdLFs (reviewed in Chukkapalli & Lele, 2018) and how these relation-

ships become abnormal in PD is not fully understood. It is known from

other model systems and in vivo studies that the contractile actomyosin

cytoskeleton plays an important role in transduction of external me-

chanical forces into changes in intracellular pathways (Chicurel et al.,

1998; Lee & Kumar, 2016; Mammoto et al., 2013). Organized partly into

discrete fibers, the actomyosin cytoskeleton continuously generates in-

ternal cytoskeletal tension which is transmitted to the extracellular ma-

trix at cell‐matrix adhesions (Balaban et al., 2001; Lele et al., 2006;

Prager‐Khoutorsky et al., 2011). Actomyosin fibers which contain non-

muscle myosin II (NMMII), and generate tension through NMMII motor

action along F‐actin filaments (Kassianidou & Kumar, 2015; Lee & Kumar,

2016). Such tension generation can be experimentally observed through

the retraction of laser‐severed actomyosin fiber ends in cells

(Kassianidou & Kumar, 2015; Kumar et al., 2006; Lee & Kumar, 2016;

Russell et al., 2009; Stachowiak & O'Shaughnessy, 2009). NMMII‐based
tension generated by actomyosin fibers is essential for wound healing by

fibroblasts and is physiologically important (Goffin et al., 2006; Tomasek

et al., 2013; Wipff et al., 2007). Given that compressive stress, which

should cause a decrease in actomyosin contractility in cells, upregulates

alveolar bone resorptive functions of PdLFs in vivo (Kim et al., 2007), and

that alveolar bone becomes resorbed in PD, it is reasonable to suppose

that actomyosin tension in PdLFs may be reduced in PD which may in

turn modulate bone regulatory gene expression. Therefore, in this study,

we examined the effect of inhibiting actomyosin tension on messenger

RNA (mRNA) levels of putative mechanosensitive genes in PdLFs.

2 | METHODS

2.1 | Bacterial growth conditions

Porphyromonas gingivalis strain W83 and Fusobacterium nucleatum

vincentii strain 49256 (both from American Type Culture Collection)

were grown as previously described under anaerobic conditions at

37°C in an atmosphere of 10% H2, 5% CO2 and 85% N2 (Chukkapalli

et al., 2015). P. gingivalis W83 were cultured on blood agar plates

supplemented with hemin (5 µg/ml) and VitK1 (1 µg/ml) or tryptic

soy broth (TSB) media supplemented with hemin (5 µg/ml) and vi-

tamin K1 (1 µg/ml). F. nucleatum were cultured on blood agar plates

supplemented with hemin (5 µg/ml) and vitamin K1 (1ug/ml) or brain

heart infusion (BHI) broth. Bacteria were grown in their respective

culture medium until their logarithmic growth phase (growth rate

was measured from plots of optical density [OD550nm] vs. time). In-

ocula for infection were prepared by dilution of the appropriate

volume of TSB/BHI culture in antibiotic free SCGM media to achieve

a multiplicity of infection (MOI) of 100. Culture purity and mor-

phological characteristics of each bacterium used for infection ex-

periments were assessed by gram stains for all cultures prepared in

this study.

2.2 | In vivo mouse studies

C57BL6/J mice were purchased from the Jackson Laboratory (The

Jackson Laboratories) and housed in microisolator cages in a pathogen

free environment. All the experimental protocols were approved by

the Institutional Animal Care and Use Committee, University of Florida

(approval no.: 201710038). Mice were randomly divided in to two

groups, (i) infection group and (ii) control group (n = 6 in each group).

Mice were infected orally with a mixture of periodontal bacterial flora

P. gingivalis and F. nucleatum (1 × 109 cfu/ml; Chukkapalli et al., 2015).

Infection was done three times per week every other week for

16 weeks corresponding to a total of 24 infections. Control mice were

identically sham‐infected with sterile vehicle (carboxymethyl cellulose).

After the infection period, animals were euthanized and mandible

specimens collected, immersion fixed in 4% paraformaldehyde

followed by processing for paraffin sectioning as previously described

(Chukkapalli et al., 2015). The specimens were sectioned (4 µm) in the

mesio‐distal direction and stained with hematoxylin and eosin (H&E).

Histological images were captured and scanned using ScanScope CS

system (Aperio). Image viewing was done at ×200 magnification using

ImageScope viewing software (Aperio). PdLFs were identified in the

periodontal ligament by their location and this region of interest was

further used for the quantitative analysis in Figure 1.

2.3 | Nuclear segmentation and image analysis

Ilastik was used to segment the nuclei from the images. Holes were

filled in the segmented images and small objects with less than 100

pixels were removed. Using a watershed algorithm, touching nuclei

were separated when possible. For each detected nucleus, we com-

pute two features, namely, the aspect ratio (ratio of major and minor

axes of the smallest ellipse enclosing the nucleus), and the cosine of

its orientation. For each sample, the median values of these features

were obtained. Mann–Whitney test was performed to evaluate sta-

tistically significant differences in the median aspect ratio as well as

for the median of cosine of the orientation.

2.4 | PdLF culture and growth conditions

Primary human PdLFs were obtained from Lonza (Catalog: #CC‐7049).
PdLFs were grown in SCGM growth medium (Catalog: #CC‐3205; Lonza)
as per the manufacturer's instructions at 37°C in a humidified 5% CO2

atmosphere. After reaching 70%–80% confluence, cells of the fourth

passage were passaged using trypsin/EDTA (Invitrogen) and were used

for experiments at fifth passage.
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2.5 | Microcontact printing

For creating fibronectin patterns, hydrophilic polymer tissue culture

dishes (Catalog: #80136; Ibidi) were stamped with rhodamine‐
conjugated fibronectin (Catalog: #FNR01; Cytoskeleton Inc.) in 1‐D
lines 75 µm or 300 µm in length and 5 µm in width with by micro‐
contact printing as previously described (Thery & Piel, 2009). Briefly,

a silicon wafer was etched with surface features using standard

photolithography techniques. Then, polydimethylsiloxane (Catalog:

#DC4019862; Sylgard 184 Silicone Elastometer Kit; Dow Corning)

was mixed at manufacturer's recommended base to curing agent

ratio of 10:1 (wt/wt) and cured at 60◦C in a convection oven for 2 h

against the silicon wafer. The PDMS stamp was then peeled off and

cut to required shape and size. Rhodamine‐conjugated fibronectin

(Catalog: #FNR01; Cytoskeleton Inc.) was diluted to 20 µg/ml in DI

water and a 20 µl drop was adsorbed onto the stamp surface for 1 h.

Culture dishes were treated for 2min with low‐frequency plasma

cleaner unit (PE‐25; PlasmaEtch Inc.) before contact printing them

with the rinsed and dried stamps. Nonprinted regions of the dish

were passivated with 0.2mg/ml PLL‐g‐PEG solution (Surface Solu-

tions) for 1 h to prevent inadvertent protein adsorption and cell ad-

hesion on nonprinted regions.

2.6 | Immunostaining

PdLFs were fixed in 4% paraformaldehyde (Catalog: #J61899; Alfa Aesar)

at room temperature for 10min, washed three times with 1X phosphate‐
buffered saline (PBS; Catalog: #21‐040‐CM; Corning), and pretreated

with permeabilization buffer (0.1% Triton‐X, 1% bovine serum albumin

and PBS) for 2 h. Samples were washed three times with PBS post-

permeabilization and incubated overnight at 4◦C with monoclonal mouse

anti‐vinculin (Catalog: #ab130007; Abcam) and/or monoclonal rabbit

antiphosphorylated myosin with light chain (s20) antibody (Catalog:

#ab2480; Abcam) diluted in PBS as per manufacturer's recommendation.

After this, samples were washed three times with PBS and incubated with

Alexa Fluor 594 goat anti‐rabbit antibody (Catalog: #A‐11037; Invitro-
gen) and/or Alexa Fluor 647 donkey anti‐mouse antibody (Catalog: #A‐
31571; Invitrogen). Hoechst (Catalog: #875756‐97‐1, H33342; Sigma‐
Aldrich) was used to stain DNA. Alexa Fluor‐488 phalloidin (A12379;

Thermo Fisher Scientific) was used to stain F‐actin.

2.7 | Microscopy

Fixed and stained samples were mounted in glycerol‐based aqueous

mounting medium (Catalog: #H‐1000; Vectashield; Vector Labs)

against a No.1.5 glass coverslip before imaging.

Imaging was performed on a Nikon Ti2 eclipse laser scanning A1

confocal microscope (Nikon) with a Nikon CFI Plan Apo Lambda 60X/1.4

NA oil immersion objective lens (MRD01605). Immersion oil Type 37

(Catalog: #16237; Cargille Labs) was used at 37°C (R.I. = 1.5238 for

λ=486.1 nm). A pinhole opening of 1 Airy disk was selected and the

images were acquired at a resolution of 512 by 512 pixels.

Heat maps in insets that show colocalization of phosphorylated

regulatory myosin light chain (pMLC)‐II or vinculin with F‐actin were

generated using built in colocalization LUT function in FIJI. Black/dark

blue regions represent absence of both F‐actin and pMLC‐II/vinculin
whereas presence of either f‐actin or pMLC‐II/vinculin is represented by

royal blue pixels. Magenta represents colocalization of F‐actin with

pMLC‐II/vinculin and strong colocalizations were represented by a pixel

color shift towards yellow/white.

2.8 | Western blotting

For assaying pMLC levels, PdLF cells were washed with cold PBS and

lysed in lysis buffer (50mM Tris‐HCl pH 7.2, 1% (wt/vol) Triton X‐100,
500mM NaCl, 10mM MgCl2, and 0.1% vol/vol sodium dodecyl sulfate)

supplemented with 1% vol/vol protease inhibitor (Cytoskeleton Inc.) on

ice. Cells were then scraped from the dish and centrifuged at 10,000 rpm

(Eppendorf, 5415R) for 5min at 4°C. The supernatant was collected,

snap‐frozen in liquid nitrogen, and stored at −80°C. Total protein con-

centrations were determined using Precision Red advance protein kit

(Cytoskeleton Inc.). Levels of pMLC were quantified using the WES sys-

tem (Protein Simple) and the 12–230kDa simple WES kit (SM‐W004),

according to manufacturer's instructions; the antibody for pMLC was the

same as in the immunostaining experiments above; glyceraldehyde

3‐phosphate dehydrogenase (GAPDH) was blotted with monoclonal

rabbit antibody (Catalog: #5174S; Cell Signaling Technology).

2.9 | Real time quantitative polymerase chain
reaction

PdLFs were cultured in 96‐well plate wells (round bottom) and treated

with myosin inhibitors for 24 h without media change or re-

supplementation. Cells that were labelled as vehicle control group

were treated with only dimethyl sulfoxide (DMSO; 0.9% DMSO) while

the rest of the groups were treated with ML‐7: 25 µM, Y‐27632:
25 µM, Blebbistatin: 50 µM for 24 h, respectively.

After the treatment period, cells were lysed and gene expression was

assayed using respective probe‐based real time‐quantitative polymerase

chain reaction (RT‐qPCR). Quantitative PCR (qPCR) was performed using

Taqman primers and probes on a QuantStudio 12K Flex Real‐Time PCR

System (Applied Biosystems/Life Technologies). Control qPCR reactions

included substitution of No template RT and nuclease free water only, in

place of primers and template, to ensure specific amplification in all as-

says. Dissociation curves for primer sets were evaluated to ensure that no

amplicon‐dependent amplification occurred. Data generated by qPCR

were analyzed to first calculate using ΔCt values calculate as the differ-

ence between Ct value of GAPDH and the Ct value of the gene of

interest for a given sample. Next, ΔΔCt was calculated as the difference

between the ΔCt value of a given gene in cells treated with an inhibitor

and the ΔCt value of that gene in DMSO treated cells. The ΔΔCt values,

which are the log fold‐change in mRNA levels relative to the DMSO

control, were plotted in the figures. The standard error of the mean for

ΔΔCt was calculated through error propagation as the square root of the
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sum of the squares of ΔCt values of treatment and control. All statistical

comparisons were performed on ΔCt values and significant differences

were indicated on the ΔΔCt plots.

For cytokine treatment, PdLFs were seeded at 80,000 cells/well in a

96‐well plate and incubated for 24h before treatment. Later cells were

treated with tumor necrosis factor‐alpha (TNF‐α; 5 ng/ml), transforming

growth factor beta (TGF‐β; 5 ng/ml) for 24 h, respectively (Hyun et al.,

2017; Konermann et al., 2012; Luo et al., 2014; Palioto et al., 2011) and

subject to PCR analysis.

3 | RESULTS

3.1 | Loss of elongated nuclear shapes during
periodontal disease in vivo

It has been proposed that relaxation of tension in cells adherent to col-

lagen bundles in the periodontium may promote alveolar bone resorption

(Binderman et al., 2002, 2014). Because the degree of cell elongation is

strongly correlated with actomyosin tension in cells (Bruyère et al., 2019),

we hypothesized that cells in the PDL will be substantially rounded in

infected periodontal tissue relative to control tissue. We therefore sought

to quantify cell elongation using a mouse model of PD that we have

previously developed (Chukkapalli et al., 2016). Mice were infected orally

with a mixture of periodontal bacterial flora P. gingivalis and F. nucleatum.

Control mice were simultaneously sham‐infected with sterile vehicle

(carboxymethyl cellulose). After the infection period, animals were eu-

thanized and mandible specimens collected and imaged as previously

described (Chukkapalli et al., 2016; see Section 2). Histological images

were analyzed using image processing algorithms (see Section 2). As the

highly elongated cells proved difficult to segment in H&E images of the

region between the cementum and the periodontium (Figure 1b), and

because the degree of nuclear elongation correlates directly with cell

elongation (Katiyar et al., 2019; Lele et al., 2018), we chose to instead

quantify nuclear elongation as a quantitative and simple measure of cell

elongation in the tissue.

Nuclei in control H&E images in control regions between the ce-

mentum and the alveolar bone were elongated and oriented roughly

perpendicular to the cementum (Figure 1b). In contrast, nuclear shapes

were rounded with a loss of orientation in PD. The aspect ratio, a mea-

sure of elongation, was significantly lower in infected images compared to

control images (Figure 1c). Likewise, the cosine of the orientation angle of

the nucleus (Figure 1d) is significantly different between control images

and infected images. The observed nuclear rounding and loss of or-

ientation likely reflects rounding of cell shape, which in turn is suggestive

of a decrease in actomyosin tension. We next asked how contractile

actomyosin fibers, which generate tension in many cell types in vivo and

in vitro, are impacted by PDLF cell shape in vitro.

3.2 | Effect of cell elongation on F‐actin fiber
assembly

We first investigated whether contractile F‐actin fibers are present

in primary human PdLFs in culture. Cultured PdLFs assembled clear

F‐actin labeled fibers (Figure 2a). However, not all F‐actin fibers are

contractile in cells, that is, not all F‐actin fibers generate tension. We

therefore sought to identify tension‐generating or contractile fibers

in PDLFs. Contractile F‐actin fibers contain pMLC (Beach et al.,

2014). Antibody labeling of pMLC revealed that pMLC colocalized

with long F‐actin fibers primarily along the cell periphery (Figure 2a

and yellow arrows in Figure 2b). PdLFs also assembled non‐pMLC

containing F‐actin fibers (Figure 2a and green arrows in Figure 2b)

which tended to be in cell protrusions. These results suggest that long

fibers at the PdLF periphery tend to be contractile, while fibers in

protrusions tend to be not contractile. We also confirmed that con-

tractile actin fibers terminated in vinculin labeled focal adhesions at

either end while noncontractile fibers terminated in adhesions only at

one end (Figures S1 and S2).

Given our in vivo results in Figure 1, we asked how cell elongation

affects the spatial distribution of F‐actin fibers in PdLFs. We micro-

patterned PdLFs on 1‐D fibronectin lines which had a thickness of 5

microns. Areas outside the fibronectin line were passivated against

matrix protein adsorption to prevent adhesion of cells outside of the

lines. Elongated PdLFs on 1‐D lines contained elongated nuclei, and

also clearly defined peripheral F‐actin fibers (marked by yellow arrows

in Figure 2c). Micropatterning PdLFs on short fibronectin lines which

constrained the degree of elongation of the cell resulted in cells fea-

turing protrusions at one or both ends (Figure 2d). The fibers in these

protrusions tended to be short in contrast (green arrowheads), and any

peripheral fibers tended to be short and thin in comparison to those in

elongated cells (yellow arrowheads in Figure 2d). Also, the nucleus in

these cells tended to be rounded compared to nuclei in elongated

fibroblasts (Figure 2e). This supports our assumption related to

Figure 1 that cell elongation correlates with nuclear elongation. Col-

lectively, the in vivo and in vitro studies suggest that rounding of PdLF

cell shapes in vivo likely is concomitant with a decrease in the pro-

portion of intracellular F‐actin fibers that are contractile. This is con-

sistent with other studies in different cell types which have shown that

cell rounding results in decreased overall cell tension (Chen et al.,

2003; Ingber et al., 1995; Polte et al., 2004).

3.3 | Myosin activity is a potent regulator of OPG

We next set out to inhibit actomyosin contractility in PdLFs and ex-

amined the effect of such modulation on mRNA levels of a few chosen

genes. MLC phosphorylation is regulated by two different enzymes—

Rho‐associated kinase (ROCK) which is an effector of Rho GTPase, and

myosin light chain kinase (MLCK) whose activation mechanism in-

volves a calcium dependent calmodulin pathway (Katoh et al., 2001;

Ridley & Hall, 1992, 1994; Tanner et al., 2010). We sought to inhibit

myosin activity by using three different inhibitors: ML‐7 which is an

inhibitor of MLCK, Y27632 which is an inhibitor of ROCK, and bleb-

bistatin, a specific myosin ATPase inhibitor. Treatment of cells with

these drugs appeared to alter F‐actin fiber numbers and/or distribu-

tion (Figure 3a) as reported by others (Tanner et al., 2010).

We examined the effect of pharmacological modulators of NMMII

on the mRNA levels of key genes that are important in periodontal

disease. The main criterion for choosing the assayed genes was prior
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evidence that tensile stress or compressive stress altered the levels of

these molecules. We chose to measure the levels of the

osteoclastogenesis‐inhibitory molecule OPG, and matrix metallopro-

teinases MMP‐2 and MMP‐3. OPG levels in PdLFs are sensitive to

externally applied mechanical stress (Kook et al., 2009). Likewise,

mechanical stress has been observed to alter MMPs expression in

PdLFs (He et al., 2004). Receptor activator for nuclear factor κB ligand

(RANKL), which promotes osteoclastogenesis, was found to be negli-

gibly expressed in cultured PdLFs under all conditions and was

therefore not included in the analysis.

F IGURE 2 Nuclear morphology and F‐actin fiber distribution in cultured PdLFs. (a) Fixed PdLFs stained for F‐actin and phosphorylated
nonmuscle myosin light chain‐II (pMLC). Scale bar is 50 µm. Insets in (b) show regions of colocalization of F‐actin and pMLC (yellow arrows) and
regions of noncolocalization (green arrows). PdLFs fixed and stained for F‐actin and DNA cultured on micro‐contact printed 1‐D lines (c) 300 µm
in length (Scale bar is 30 µm), and (d) 75 µm in length (Scale bar is 25 µm) are shown. Yellow arrows mark contractile fibers and green arrows
mark non‐contractile fibers. (e) Comparison of nuclear aspect ratio of cells micropatterned on on 300 micron (n = 10 cells) and 75 micron
(n = 7 cells) 1‐D lines. “**” Represents statistically significant difference by Mann–Whitney test (p = .0025). PdLF, periodontal ligament fibroblast
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mRNA levels corresponding to these three genes were quantified

using RT‐qPCR. The ΔCt values were calculated relative to the levels of

GAPDH, and statistically compared with the DMSO control using an

unpaired Welch's t test with Benjamini Hochberg corrections whenever

there were multiple comparisons (Reiner et al., 2003; Wang et al., 2006;

Yuan et al., 2006). Statistically significant changes in ΔCt values are in-

dicated in Figure 3d which shows a plot of mean values of ΔΔCt, the log‐
fold change in mRNA levels relative to the control treated with vehicle

(DMSO). Each of the three myosin inhibitors significantly reduced the

levels of OPG relative to the DMSO control (Figure 3b). The consistent

F IGURE 3 Effect of inhibitors on F‐actin fiber assembly and mRNA levels of chosen genes. (a) F‐actin images of PdLFs post drug‐treatment
for 24 h: control (DMSO), Y‐27 (10 µM), Blebbistatin (30 µM) and ML‐7 (40 µM). Scale bar is 20 µm. Graphs show effect of inhibitors on mean
ΔΔCt, the log‐fold change in mRNA levels of OPG (b), MMP‐2 (c) and MMP‐3 (d), each relative to DMSO treatment. Error bars are SEM.
*Indicates p < .05 by Welch t test with Benjamini‐Hochberg corrections for multiple comparisons. (e, f) Graphs show corresponding mean ΔΔCt
for the same genes upon treatment with TNF‐α or TGF‐β, respectively, relative to DMSO control. Error bars are SEM. DMSO, dimethyl
sulfoxide; mRNA, messenger RNA; OPG, osteoprotegerin; PdLF, periodontal ligament fibroblast; TGF‐β, transforming growth factor beta;
TNF‐α, tumor necrosis factor‐alpha
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response of OPG levels to modulation of actomyosin contractility by

three different pharmacological drugs leads us to conclude that OPG

levels are mechano‐sensitive to PdLF actomyosin tension.

In contrast, MMP‐2 and MMP‐3 mRNA levels were affected in-

consistently by the different myosin inhibitors (Figure 3c,d). Treat-

ment of cells with Y27632 and blebbistatin increased MMP2 levels

while ML‐7 treatment had no effect. Blebbistatin treatment decreased

MMP3 levels, but ML‐7 and Y27632 had no effect. Finally, treatment

with TNF‐α or TGF‐β (both at 5 ng/ml for 24 h) did not cause any

measurable changes in OPG, MMP3, or MMP2 levels (Figure 3e,f).

Collectively these results further support our finding that NMMII

generated tension is a potent regulator of OPG gene expression.

3.4 | In vitro bacterial infection for 24 h does not
capture phenotypic effects observed in vivo

Previous studies have shown that bacterial infection decreases

OPG levels in PdLFs (Belibasakis et al., 2007; Crotti et al., 2003).

Given the mechanosensitivity of OPG observed above, we hy-

pothesized that pMLC levels would decrease upon infection by P.

gingivalis or F. nucleatum, two different species implicated in

periodontal disease. After infection for 24 h with P. gingivalis and

F. nucleatum (MOI: 100), we quantified nuclear phenotypes in

infected cells. Nuclear aspect ratio was unaffected by P. gingivalis

infection while it actually increased relative to control upon

F IGURE 4 Effect of P. gingivalis or F. nucleatum infection on pMLC levels and mRNA levels in PdLFs. (a, b) Nuclear aspect ratio and spreading
area of cells after bacterial infection for 24 h. n > 45 for nuclear measurements, and n > 24 for cell spreading area measurements. Statistical
significance with respect to control was determined by Kruskal–Wallis test with Dunn's multiple comparison, *p < .05, ns: p > .05. (c) The
western blots acquired with the simple Wes system (see Section 2) of pMLC levels assayed in lysates from PdLF cells with antimyosin light chain
(phospho S20) antibody. Pg: P. gingivalis infection of PdLF cells for 24 h; Fn: F. nucleatum infection of PdLF cells for 24 h; Y27: 25 μM Y27632
treatment for 24 h; DMSO was included as vehicle control. (d) Graph shows normalized pMLC levels corresponding to the data in (c). Error bars
indicate ± SEM (*,**,***p < .05 by Welch t test for statistical comparisons with Benjamini‐Hochberg corrections for multiple comparisons). (e, f)
Graph shows mean ΔΔCt, the log‐fold change in mRNA levels of OPG, MMP‐2 and MMP‐3 in infected PdLFs relative to DMSO treatment.
*Indicates p < .05 by Welch t test with Benjamini‐Hochberg corrections for multiple comparisons. DMSO, dimethyl sulfoxide; mRNA, messenger
RNA; MMP, matrix metalloproteinases; PdLF, periodontal ligament fibroblast
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F. nucleatum infection (Figure 4a). Cell spreading was reduced

somewhat upon F. nucleatum infection and was unaffected upon

P. gingivalis infection (Figure 4b). Thus, the in vitro infection assay

fails to capture the morphological effects of infection on cells

observed in vivo.

We next measured the effect of infection on pMLC levels in

PdLFs with western blotting. We confirmed that Y27 treatment had

the desired effect of reduction in pMLC levels (Zhang et al., 2019;

Figure 4c). Infection with P. gingivalis or F. nucleatum resulted in an

increase in pMLC levels as measured with western blotting

(Figure 4c,d). We next quantified the levels of OPG, MMP‐2, and
MMP‐3 in infected cells. Infection by P. gingivalis reduced the mRNA

levels of OPG (Figure 4e), while F. nucleatum decreased them without

reaching statistical significance (Figure 4f). Infection with either

bacterium had no effect on MMP‐3 levels, while both bacteria caused

a reduction in MMP‐2 levels (Figure 4e,f).

4 | DISCUSSION

The PDL, cementum and alveolar bone are all load‐bearing com-

plexes which are likely impacted in PD. Here we showed using a

mouse model of PD that the nucleus is rounded and loses its or-

ientation in the PDL upon infection for many weeks with a cocktail of

bacteria. We interpret the nuclear rounding and loss of orientation

as suggestive of a rounding of the PdLFs and a decrease in acto-

myosin contractility upon infection. Consistent with our interpreta-

tion, our in vitro studies showed that rounded PdLFs have rounded

nuclei, while elongated PdLFs have elongated nuclei. Further, elon-

gated PdLFs have F‐actin fiber distributions consistent with higher

contractility compared with rounded PdLFs. Collectively, our in vitro

and in vivo findings suggest a potential role for reduced PdLF acto-

myosin tension in the progression of periodontal disease.

We took the next logical step of inhibiting actomyosin con-

tractility in cultured PdLFs and quantifying OPG levels. OPG levels in

PdLFs were decreased upon decreasing actomyosin tension

(Figure 3), as evidenced by their consistent changes under treatment

with three different inhibitors which ultimately reduce actomyosin

contractility. MMP levels, on the other hand, were not consistently

affected by drug treatments. Our results suggest that OPG me-

chanosensitivity is likely regulated by the RhoA pathway; unraveling

these pathways will help understand the relationship between OPG

and actomyosin tension.

Our in vitro experiments involving infection of primary human

PdLFs with bacteria for 24 h failed to capture the phenotypic effects,

specifically nuclear rounding, observed in the mouse model. A key

difference is the fact that cultured PdLFs do not have the highly

elongated morphologies characteristic of PdLFs in vivo. Also, it is

unclear if bacteria infect PdLFs directly in vivo, or whether toxins

secreted by bacterial biofilms elsewhere in the periodontium in-

directly affect PdLF morphology. The in vitro assay also features a

much shorter time of infection compared to the 16‐week infection

protocol for our mouse model.

While our in vitro experiments are disappointingly (but not

surprisingly) inapplicable to the in vivo situation, it is still useful to

analyze the observed increase in pMLC levels upon bacterial infec-

tion on pMLC levels. The fact that OPG is reduced upon bacterial

infection suggests the existence of pathways that over‐ride OPG's

mechanosensitivity to actomyosin contractility. Alternatively, bac-

terial infection could reverse the direction of mechanosensitivity in

PdLFs, given that OPG reduces in levels upon bacterial infection.

Reversal of the direction of gene mechanosensitivity (as opposed to

loss of mechanosensitivity) is not entirely unexpected as it has been

reported in other contexts (Alam et al., 2016). Consistent with the

notion of abnormal mechanosensitivity, PdLFs from periodontal tis-

sue infected with bacteria display pathologic responses to external

mechanical stresses by expressing inflammatory cytokines, matrix

metalloproteinases and osteoclastic molecules (El‐Awady et al.,

2010a; Sokos et al., 2015a).

That infection by two distinct periodontal bacteria consistently

increase NMMII phosphorylation in PdLFs in culture are in line with

other studies that infection of P. gingivalis into gingival epithelial cells

increases assembly of integrin‐associated focal adhesions with sub-

sequent remodeling of the F‐actin and microtubule cytoskeleton

(Yilmaz et al., 2002). Likewise, it is well known that NMMII or other

myosin isoforms are important in bacterial infection of other cell

types. For example, pathogenic bacteria like Shigella flexneri use

NMMII for dissemination from cell to cell in infected Caco‐2 cells

(Rathman et al., 2000). Different myosin isoforms including NMMII

are recruited to the phagocytic cup in macrophages and help in in-

ternalization of target (Rougerie et al., 2013).

Our results highlight the need to understand the molecular

mechanisms by which PDLF nuclear shape and actomyosin con-

tractility are impacted in vivo and in vitro by bacterial infection, and

their relationship with bone regulatory gene expression. We predict

that this may help develop new therapeutic strategies for long‐term
maintenance of the periodontium during PD.
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