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Abstract 

Chronic periodontitis is associated with Porphyromonas gingivalis (P. gingivalis) 

infection. Hyaluronic Acid (HA), a critical component of the extracellular matrix, 

exhibits anti-inflammatory and wound-healing properties. This study aimed to 

investigate the effect of various molecular weights of HA (30, 300 and 1300 kDa) on P. 

gingivalis-induced inflammatory and wound-healing responses in human gingival 

fibroblasts (HGFs). Cell cytotoxicity and proliferation were assessed by Lactate 

dehydrogenase and MTT assays, respectively. An enzyme linked immunosorbent assay 

was used to detect the levels of interleukin (IL) -1β, IL-6, IL-8, IL-4 and IL-10. Cell 

migration was evaluated with a scratch wound healing assay. The expression of nuclear 

factor kappa B (NF-кB), IкBα, p38 and extracellular signal-regulated kinase (ERK) 

were analyzed with Western blotting. The results showed that P. gingivalis (1.6×106 

CFU/mL) and HA (1, 2, 5 and 10 mg/mL) exhibited no toxicity to the HGFs. The 1300 

kDa HA inhibited P. gingivalis-induced IL-1β, IL-6, IL-8, IL-4 and IL-10 production in 

a dose-dependent manner, while the 30 and 300 kDa HA did not have an effect. 

Meanwhile, cell migration was significantly promoted by the 30 and 1300 kDa HA. 

Furthermore, the 1300 kDa HA inhibited NF-κB expression, IκBα degradation and P. 
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gingivalis-induced ERK and P38 activation. Therefore, our study suggests that high 

molecular weight HA may have beneficial effects on periodontal inflammation and oral 

wounds. 

Running Head: Anti-inflammatory and Wound-healing Activities of Hyaluronic Acid 

in Gingival Fibroblasts 

 

Keywords: Hyaluronic acid; Porphyromonas gingivalis; periodontal diseases; 

anti-inflammation; wound healing 

 

 

1. Introduction 

Periodontitis is characterized by the inflammation and host immune response that 

often progresses into the destruction of periodontium (Casarin et al., 2017). It is the 

sixth most prevalent chronic disease in the world, and it is estimated that 10%-15% of 

adults worldwide are affected by the severe type of periodontitis. In the USA, 

approximately 50% of adults, especially two-thirds of older persons (≥65 years old), 

suffer from it (Savage et al., 2016). As we know, periodontitis is initiated by complex 

and diverse microbial biofilms which form on the teeth, i.e. dental plaque. Substances 

released from this biofilm such as lipopolysaccharides, antigens and other virulence 

factors, gain access to the gingival tissue and initiate an inflammatory and immune 

response, challenged the host defense system, and resulted in tissue destruction and 

bone resorption (Albandar, 2005; Seneviratne, Zhang, & Samaranayake, 2011). 

Although there are hundreds of species that reside in the oral cavity, only a small 

number are associated with the progression of the disease and are considered possible 

pathogens in periodontitis (Ishida et al., 2013; Naruishi et al., 2018). Porphyromonas 

gingivalis (P. gingivalis), a common Gram-negative oral bacterium, is identified as the 

main microbial factor for the causation and progression of periodontal disease. It 

interacts with human gingival fibroblasts (HGFs) and triggers inflammatory signaling 

pathways, which destroy periodontal tissues (Kang et al., 2016; Nakayama et al., 

2017).  

Hyaluronic acid (HA), with a molecular weight (MW) between 4 and 20,000 kDa, 

plays multifaceted roles in regulating various biological processes and maintaining 

homeostasis in the body (Necas et al., 2008). Studies reveal that most of HA’s 

properties are size-dependent (Campo et al., 2010; Daniela et al., 2016; 

Gómezaristizábal et al., 2016). High molecular weight HA (HMW-HA, > 103 kDa) 

exerts anti-inflammatory, immunosuppressive and wound healing effects, while low 

molecular weight HA (LMW-HA) shows pro-inflammatory properties ( Rayahin et al., 
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2015; Kobayashi, & Terao, 1997). To date, exogenous HA and HA-based biomaterials, 

for the treatment of inflammation and wound healing, have found success in an 

extraordinarily broad range of biomedical applications, such as orthopedics, 

dermatology and ophthalmology (Parveen, & Reet, 2013). As the most abundant 

glycosaminoglycan of the periodontal ligament matrix, HA is the key element in 

maintaining healthy periodontal tissue (Sukumar et al., 2007). However, there are few 

reports about the utility of HA for periodontitis. In a review of seven clinical studies, 

Manuele Casale et al. demonstrated that HA might play a role in the treatment of 

patients affected by periodontitis. However, further laboratory-based and large-scale 

controlled randomized clinical trials are advised to confirm these results (Casale et al., 

2016).  

In this study, we focused on the effects of HA on the anti-inflammatory and 

wound-healing activities in a cell model. HGFs were exposed to various molecular 

weights of HA (30, 300 and 1300 kDa), and then, we assessed cell proliferation, 

cytotoxicity, migration and the ability to inhibit P. gingivalis-induced inflammation. 

Finally, we investigated the underlying mechanism of the 1300 kDa HA. Our study 

provides data to support previous in vitro work and demonstrates the efficacy of new 

methods for the prevention and treatment of periodontitis (Casale et al., 2016). 

2. Materials and methods 

2.1 Cells and reagents  

The HGFs cell line (HGF-1, ATCC® CRL-2014™, Rockville, MD, USA) was 

maintained in DMEM (GIBICO, NY, USA) supplemented with 20% FBS (GIBICO), 

penicillin (100 units/mL) and streptomycin (100 µg/mL). The cells were incubated to 

confluence prior to the experiments and were then washed with PBS (GIBICO) and 

dissociated with 0.25% trypsin with 1 mM EDTA in an atmosphere of 5% CO2 and 95% 

air for 2 min. The cells were used at passage 3–5 and showed a spindle shaped 

morphology, which designated them as appropriate for the following experiments. 

HA (MW: 30, 300 and 1300 kDa) was purchased from BLOOMAGE FREDA 

BIOPHARM (Shandong, China) and was dissolved in DMEM. The following 

antibodies were obtained from CST (USA): а-Tubulin (#2125); P-Erk1/2 (#4370); 

Erk1/2 (#4695); P-p38 (#4511); p38 (#8690); P-JNK (#4668); JNK (#9252); P-NF-κB 

p65 (#3033); NF-κB p65 (#8242); P-IκBα (#9246); IκBα (#4814); Horse 

Anti-Mouse lgG-HRP (#7076); Goat Anti-Rabbit  lgG-HRP (#7074). 

2.2 Bacterial strains and culture 

P. gingivalis (ATCC 33277) was grown in Todd Hewitt broth (BBL Microbiology 

Systems, Cockeysville, MD, USA) supplemented with 0.001% hemin and 0.0001% 

vitamin K (THB-HK) in an anaerobic chamber (37 °C, N2:H2:CO2/75:10:15) (Jang et 

al., 2016; Palm et al., 2017). 
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2.3 Determination of cell cytotoxicity. 

To evaluate the membrane integrity of the HGFs after HA treatment, a lactate 

dehydrogenase (LDH) assay was performed as described previously (Young et al., 

2016). Briefly, the cells (5×104 cells/well) were exposed to HA (0-10 mg/ml) prior to 

stimulation with P. gingivalis in 24-well plates. After 24 h, 120 μl of the supernatant 

was collected and was measured following manufacturer’s instructions using a 

Cytotoxicity Detection kit (Beyotime, Beijing, China). To induce a 100% LDH release, 

the positive control cells were incubated with 10% lysis buffer for 1 h before the assay. 

Finally, the absorbance was read at 490nm by Tecan Infinite M200 Pro plate reader 

(Tecan, Groedig, Austria). 

The percentage of cytotoxicity was calculated using the following equation: 

 

2.4 Cell viability assay. 

The effect of HA on cell viability was detected by MTT assay according to described 

protocols (Walker et al., 2016). The HGFs were seeded in a 96-well plate at the 

density of 5000 cells/well and after 24h culture, the test drugs were added. After 

culturing further for 48h, the medium was aspirated, and the formazan crystals were 

dissolved in DMSO. The absorbance of each well was measured using Tecan Infinite 

M200 Pro plate reader (Tecan, Groedig, Austria). 

2.5 Measurement of  inflammatory mediators 

An enzyme linked immunosorbent assay (ELISA) was used to assess the potential 

anti-inflammatory effect of HA as described previously (San et al., 2014). After 

treatment with HA (0, 2, 5 and 10 mg/ml) prior to induction with P. gingivalis, the 

collected supernatants were centrifuged to pellet any of the bacterial remains present. 

The secreted protein levels of interleukin (IL) -6, IL-8, IL-1β, IL-4 and IL-10 were 

determined according to the manufacturer’s instructions in the ELISA kits (CUSABIO, 

Wuhan, China). All of the measurements were repeated at three different occasions. 

2.6 Wound-healing migration assay 

HGFs cells were seeded (2.1x104 cells) into the reservoirs of a 2-well culture insert 

(Ibidi, Martinsried, Germany), adhered to a in 24-well plates, and grown at 37 °C. After 

incubation for 24h, the insert was removed using a pair of forceps, and the well was 

briefly rinsed with PBS to remove cell debris. And then, the cells were treated with 

fresh medium containing 2% FBS and HA without P. gingivalis. Images were obtained 

at 0 and 24 h using an EOS Kiss X4 digital camera (Canon, Tokyo, Japan) connected to 

a CK40 culture microscope (Olympus Optical, Tokyo, Japan). The area into which the 
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cells migrated was measured using Image J software (version 1.47; National Institutes 

of Health, Bethesda, MD, USA) (Liew, Day, & Dilley, 2017; Zafar et al., 2014). 

2.7 Western Blotting 

The Western blot analyses were performed as described (Wang et al., 2017; 2018). 

Briefly, the protein concentrations were determined with the BCA protein assay kit

（Dingguo, Beijing, China）after being extracted from cells (1 × 106 cells/35 mm dish). 

The samples (30 µg protein) were subjected to sodium dodecyl sulfate-poly-acrylamide 

gel electrophoresis (SDS-PAGE) at 150 V for 60 min on 10% gradient gels. The 

resolved proteins were then transferred to an immun-blot PVDF membrane (Bio-Rad, 

Hercules, CA, USA) and were incubated with primary antibodies (1:1000) followed by 

incubation with secondary antibodies (1:5000). The proteins were detected with an 

enhanced chemiluminescence (ECL) kit (Thermo, Rockford, IL, USA). Finally, the 

membranes were subjected to autoradiography and were scanned using Tanon Imager 

5200 software v2.03 (Tanon, Shanghai, China). The intensity of the bands was 

measured with Tanon-5200 Gel Image System. 

2.8 Statistical analyses 

The statistical analyses were performed in the software InStat (GraphPad Software, Inc., 

La Jolla, CA, USA). The data are expressed as the mean ± standard deviation (S.D.) and 

the experiments were performed, at minimum, in triplicate. The statistical significance 

was estimated by a one-way ANOVA, and the P-values are labeled as follows: # or * P 

< 0.05; ## or ** P < 0.01; and ### or *** P<0.001.  

3 RESULTS 

3.1 HA (30, 300 and 1300 kDa) is not cytotoxic to HGFs 

As shown in Table 1 and Fig.1, the HGFs that were treated with 1, 2, 5 and 10 mg/mL 

of various molecular weights of HA (30, 300 and 1300 kDa) showed no significant 

differences in cytotoxicity or cell proliferation activity compared to the control group, 

indicating that HA within the concentration range of 1 - 10 mg/mL had no significant 

cytotoxic effect on HGFs. 

3.2 HMW-HA inhibits P. gingivalis-induced inflammatory cytokine secretion in 

gingival fibroblast cells. 

As predicted, P. gingivalis treatment significantly increased the production of IL-1β, 

IL-6, IL-8, IL-4 and IL-10 in the HGFs (Fig.2). The 1300 kDa HA inhibited P. 

gingivalis-induced IL-1β, IL-6, IL-8, IL-4 and IL-10 production in a dose-dependent 

manner, while the 30 kDa and 300 kDa did not show an effect. At 5 mg/mL, the 1300 

kDa HA reduced P. gingivalis-induced IL-6, IL-8, IL-1β, IL-4 and IL-10 secretion by 
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80.17%, 69.07%, 88.61%, 84.56% and 84.66%, respectively. The results showed that 

1300 kDa HA had a strong effect on decreasing the levels of these cytokines in HGFs 

treated with P. gingivalis. 

3.3 HMW-HA promotes migration in gingival fibroblast cells 

As shown in Fig.3 A&B, the 300 kDa and 1300 kDa HA treatment for 24 h resulted in a 

marked enhancement of cell migration. We found that the migration rate was around 

72.36% for the cells treated with the 300 kDa HA (5 mg/mL) and was 61.49% for the 

cells treated with the 1300 kDa HA (5 mg/mL). Compared to the control group 

(39.84%), the migration rate of the cells treated with HA, either the 300 kDa or 1300 

kDa HA, was significantly higher (p<0.05). The result indicates that HA with molecular 

weight of 300 kDa or 1300 kDa enhances cell migration and may have beneficial effect 

on promoting healing of oral mucosal tissues. 

3.4 HMW-HA suppresses NF-κB, p38 and ERK signaling in HGF cells 

From the analysis above, we see that HMW-HA (1300 kDa) had a beneficial effect on 

P. gingivalis-induced inflammation and cell migration. Thus, we investigated the 

underlying mechanism by Western blotting. We determined the effect of the 1300 kDa 

HA (2, 5, 10 mg/mL) on the protein expressions of NF-κB p65, IκBα, p38, Erk1/2 and 

JNK. 

NF-κB is reported to play a critical role in the regulation of cytokine production. As 

shown in Fig. 4B, the 1300 kDa treatment inhibits the expression of p65 and its 

phosphorylation under the situation where P. gingivalis did not activate them (Fig. 

4A-1&2). In Fig. 4C, we noticed that P. gingivalis upregulates phospho-IκBα 

expression, but does not affect IκBα. Similarly, the 1300 kDa treatment inhibited the 

expression of these proteins, indicating that HMW-HA suppresses the NF-κB signaling 

pathway. Although, P. gingivalis did not activate it. 

Apart from the NF-κB signaling pathway, the mitogen-activated protein kinase 

(MAPK) signaling pathway is reported to be involved in the production of various 

inflammatory mediators and to mediate cell motility and survival. Thus, we 

investigated whether HA (1300 kDa) affected the phosphorylation of ERK1/2, p38 and 

JNK. As shown in Fig. 4D&F, P. gingivalis upregulates phospho-Erk1/2 (P<0.001) and 

phospho-p38 (P<0.001). We observed that the 1300 kDa treatment caused a dramatic 

decrease in the level of both phospho-Erk1/2 and phospho-p38 in a dose-dependent 

manner (P<0.001), but has no effect on the level of total Erk1/2 and p38. Meanwhile, 

we found that P. gingivalis or HA (1300 kDa) does not affect the level of 

phospho-JNK and total JNK (Fig. 4E). These findings indicated that HA (1300 kDa) 

suppressed the NF-κB, ERK and p38 MAPK pathway to inhibit inflammation and 

promote cell migration. 
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4 Discussion 

Periodontal disease initiates with the inflammation of the gingiva and is followed by 

the destruction of the periodontal supporting tissues. A previous study showed that 

controlling inflammation is beneficial for treating periodontal diseases (Van Dyke, 

2008). It is reported that HMW-HA ameliorates UVB-induced apoptosis and 

inflammation in human epithelial corneal cells (Pauloin et al., 2009). In this study, we 

investigated the anti-inflammatory and wound healing effects of HMW-HA on P. 

gingivalis-influenced HGFs. Our results showed, for the first time, that HMW-HA 

decreased the levels of IL-1β, IL-6, IL-8, IL-4 and IL-10 and down-regulated the 

expression of NF-κB p65, phospho-p65 and IκBα, while inhibited IκBα, ERK and p38 

phosphorylation, which were induced by P. gingivalis in HGFs. 

As the main cellular component of gingival connective tissue, HGFs play a vital role 

in periodontal inflammation. The expression of inflammatory cytokines in HGFs is 

enhanced by stimulation with P. gingivalis (Li et al., 2016). In the present study, the 

production of IL-1β, IL-6, IL-8, IL-4 and IL-10 was markedly increased in P. 

gingivalis-induced HGFs. Dysregulation of inflammatory cytokines are involved in 

the pathogenesis of periodontal diseases. Inflammatory cytokines contribute to soft 

tissue degradation, osteoclast differentiation and bone resorption, which are typical 

symptoms of periodontal disease. Reduction of pro-inflammatory may reduce 

inflammatory cell chemotaxis and modulate their activities, including oxidative bursts 

and degradation. Our study revealed that P. gingivalis stimulated IL-1β, IL-6, IL-8, 

IL-4 and IL-10 production in HGFs. IL-1β, IL-6 and IL-8 are pro-inflammatory 

cytokines while IL-4 and IL-10 are considered as anti-inflammatory cytokines. 

Increases in the levels of these pro- and anti-inflammatory cytokines in HGFs by P. 

gingivalis may contribute to the dysregulation of cytokine network during the 

development and progression of periodontal diseases. Results of the present study 

showed that increase in production of these cytokines was inhibited by HMW HA. 

Treatment with HMW HA may counteract the effects of P. gingivalis on alteration of 

cytokine production and help reduce inflammatory reaction due to P. gingivalis. As a 

treatment strategy, combinations of HMW HA with agents that can increase 

anti-inflammatory cytokines to balance out the pro-inflammatory cytokines may 

produce even better anti-inflammatory effect than HA alone. Further studies using 

suitable in vivo models are needed to determine if inhibition of P. gingivalis-induced 

alterations in inflammatory cytokines by HMW HA will provide beneficial effects on 

periodontal inflammation. In the present study, we also found that HA with molecular 

weight of 300 kDa and 1300 kDa significantly increased the migration rate of the cells. 

Cell migration is part of the wound healing process. During wound healing, cells 

migrate collectively as a coherent sheet to heal wounds (Li et al., 2013). Inhibition of 

cell migration may slow down the wound healing process while promoting cell 

migration may enhance the process. Results of our study suggest that 300 kDa and 

1300 kDa HA may have beneficial effect on enhancing wound healing in oral tissues. 

The development of periodontal disease is related to the NF-κB and MAPK signaling 
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pathways (De Souza et al., 2012). The anti-inflammatory mechanism of HMW-HA may 

be due to its ability to inhibit the NF-κB and MAPK signaling pathways. NF-κB is a 

transcription factor that increases the expression levels of various genes associated 

with inflammatory responses (Bi et al., 2012). Under normal conditions, NF-κB is 

present in its inactive cytoplasmic form and is bound to its inhibitor (IκB) (San et al., 

2014). A previous report showed that upon P. gingivalis LPS stimulation, IκB is 

phosphorylated and degraded, which leads to NF-κB unit p65 translocation from the 

cytoplasm to the nucleus to regulate the production of inflammatory cytokines (Liang 

et al., 2014). We found that P. gingivalis did not increase the activation of the NF-κB 

signaling pathway. However, HMW-HA suppressed the NF-кB signaling pathway by 

down-regulating the protein level of NF-κB and IκB phosphorylation. 

The MAPK signaling pathway, which enhances inflammatory cytokine expression in 

various types of immunocytes, requires phosphorylation in P. gingivalis LPS-induced 

HGFs (Li et al., 2016). Our results implied that HMW-HA inhibited the 

phosphorylation of ERK and p38, which were upregulated in the HGFs by P. 

gingivalis. However, HMW-HA and P. gingivalis did not affect the JNK MAPK 

signaling pathway. 

The molecular mechanism for the effect of HA in human gingival fibroblast cells is still 

largely unknown. We found that HMW-HA strongly suppressed NF-κB, ERK and p38 

MAPK signaling in HGFs. Our results suggest that HMW-HA targets multiple 

signaling pathways, regulating the HGF inflammatory and wound-healing responses. 

The simultaneous inhibition of these important pathways may result in strong 

inflammation inhibition and wound healing in human gingival fibroblast cells. 

5 Conclusion 

In conclusion, our study demonstrates that treatment with HMW-HA had strong 

inhibitory effects on the P. gingivalis-induced production of various inflammatory 

mediators in human gingival fibroblasts, while LMW-HA and MMW-HA did not show 

an effect. Meanwhile, cell migration was significantly promoted by HMW-HA and 

MMW-HA. Furthermore, HMW-HA suppressed the NF-κB, ERK and p38 MAPK 

pathways to inhibit inflammation and promote cell migration. These results provide a 

strong rationale for clinically evaluating the HA in periodontal patients. 
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Figure 1. Effect of various molecular weights of HA (30, 300 and 1300 kDa) on the 

proliferation of HGFs. The cells were treated for 1 h with different HAs prior to 

stimulation with P. gingivalis (1.6×106 CFU/mL). The viable cells were determined by 

the MTT exclusion assay and are expressed as the percentage of solvent-treated 

compared to control. Each value represents the mean ± S.D. from three separate 

experiments. The statistical analysis was performed using an ANOVA (**p<0.01, 

***p<0.001). 

 

Figure 2. Effect of various molecular weights of HA (30, 300 and 1300 kDa) on P. 

gingivalis-stimulated cytokine expression in HGFs. The cells were treated for 1 h with 

different HAs prior to stimulation with P. gingivalis (1.6×106 CFU/mL). IL-1β (A), 

IL-6 (B), IL-8 (C), IL-4 (D) and IL-10 (E) production were determined by ELISA. Each 

value represents the mean ± S.D. from three separate experiments. The statistical 

analysis was performed using an ANOVA (# or *p<0.05, ## or **p<0.01, ### or 

***p<0.001).  

 

Figure 3. Effect of HA (300 or 1300 kDa) on HGF migration. The cells were treated 

with 5mg/ml HA for 24 h. Micrographs (4× magnification) were taken at 0 and 24 h 

after scratch (A). The migration of the cells was determined and is expressed as 

percentage of the original scratch area. Each value represents the mean ± S.D. from 

three separate experiments. The statistical analysis was performed using an ANOVA 

(*p<0.05). 

 

Figure 4. Effect of the 1300 kDa HA on NF-кB and MAPK signaling. The cells were 

treated for 1 h with the 1300 kDa HA prior to stimulation with P. gingivalis (1.6×106 

CFU/mL). The protein levels of phospho-NF-кB p65, phospho-IκBα, phospho-p38 

phospho-Erk1/2 and phospho-JNK were determined by Western blotting, and the levels 

of these proteins were analyzed by an optical density measurement and were 

normalized to α-Tubulin. Each value represents the mean ± S.D. from three separate 

experiments. The statistical analysis was performed using a one-way ANOVA (*p<0.05, 

**p<0.01, ***p<0.001). 
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Table 1. Cytotoxicity of various molecular weights of HA (30, 300 and 1300 kDa) on P. 

gingivalis-induced HGFs as measured by an LDH toxicity assay kit. The data are 

expressed as the Mean ± S.D. of 3 different experiments. 

Treatment 
Cytotoxity (%) after 24h incubation 

30 kDa HA 300 kDa HA 1300 kDa HA 

Control group 10.25±0.14 10.25±0.14 10.25±0.14 

 P. gingivalis group 9.41±0.15 9.41±0.15 9.41±0.15 

P. gingivalis +1 

mg/mL 
10.12±0.25 9.54±0.25 9.28±0.08 

P. gingivalis +2 

mg/mL 
9.15±1.30 8.9±1.29 8.59±1.12 

P. gingivalis +5 

mg/mL 
9.38 ±1.71 8.70±1.40 8.14±1.76 

P. gingivalis +10 

mg/mL 
10.81±1.79 8.83±1.55 7.8±1.10 
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