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Abstract

Objective—The aim of this study was to evaluate the effects of increased oxygen availability on 

gene expression and on collagen deposition/maturation in the periodontium following disease.

Methods—Male Wistar rats had ligatures placed around their molars to induce periodontal 

disease, and a subset of animals underwent hyperbaric oxygen (HBO) treatment for two hours 

twice per day. At 15 and 28 days, tissue gene expression of COL1A1, TGF-β1 and ALP was 

determined; other histological samples were stained with Picrosirius red to evaluate levels of 

collagen deposition, maturation and thickness.

Results—In animals that underwent HBO treatment, type I collagen expression was higher and 

collagen deposition, maturation and thickness were more robust. Reduced mRNA levels of TGF-

β1 and ALP in HBO-treated rats on day 28 suggested that a quicker resolution in both soft tissue 

and bone remodeling occurred following oxygen treatment. No differences in inflammation were 

observed between groups.

Conclusions—In conclusion, the extra-cellular matrix (ECM) regenerated more quickly in the 

HBO-treated group as evidenced by higher collagen expression, deposition and maturation.
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Introduction

Oxygen is a key factor during wound healing as it is involved in many critical processes such 

as energy production, collagen synthesis, angiogenesis, epithelization, bactericidal reactions, 

and bone repair (1–3). In conditions where oxygen availability is increased there is generally 

a better outcome of wound healing and reduced rates of infection (4–6); in contrast, the 

opposite takes place during hypoxia (7,8). Hence, strategies that improve the delivery of 

oxygen to the injured site, e.g. hyperbaric oxygen (HBO) therapy, have been indicated as 

adjunct treatment for morbidities that require improved wound recovery such as diabetic 

foot ulcers, spinal lesions, and hidradenitis suppurativa (9–12).

Injured periodontal tissue is typically hypoxic due to an influx of cells with high oxygen 

demands and a disruption of blood supply (13–15). Under these conditions, the 

microbiological profile shifts from mainly aerobic bacteria in healthy periodontal tissues to 

an anaerobic population present deep inside the periodontal pockets (16,17). These 

environmental conditions during active disease create a hostile milieu in which rates of 

tissue damage are greatly increased. Several molecular components are present in mucosal 

and periodontal healing; these are involved in the processes of cell turnover and maturation, 

acting as markers for tissue destruction or repair. Collagen type 1 alpha 1 (COL1A1) is a 

gene that encodes the major component of collagen type 1, which is found in most 

connective tissues, and it is the most abundant type of collagen found overall and in the 

periodontal ligament (18). Its expression is linked to soft and hard periodontal tissue 

turnover. TGF-β1 is a multifunctional polypeptide and its expression has been associated 

with the healing and/or repair of periodontal tissues (19,20). TGF-β1 has been shown to 

interact with matrix metalloproteinases in the process of gingival tissue degradation (21,22). 

Thus, TGF-β1 can be regarded as an important regulator of the remodeling phase in 

periodontium. Alkaline phosphatase (ALP) is a marker for osteoblastic differentiation in 

bone remodeling and is important in the deposition of acellular cementum (23,24). This 

enzyme is sensitive to periodontal regeneration when released from periodontal ligament 

fibroblasts (24). Hence, TGF-β1 and ALP play a role in the remodeling of soft tissues and 

bone, respectively. In healthy periodontium, the underlying architecture of the extracellular 

matrix (ECM) follows a balance between degradation and synthesis; however, this balance 

can quickly shift towards a heavier load of tissue degradation when there is presence of 

disease (25,26). Collagenases and other proteins such as TGF- β1 have been shown to 

regulate this degradation (21,22,27,28). A quick regeneration process is important to reduce 

the destructive effects of periodontal disease.

HBO therapy, one of the vehicles to increase oxygen availability, has shown beneficial 

effects on periodontal healing (29–31); however, little is known about its effects on the 

regeneration of the ECM in the periodontal pocket. The aim of this study was to evaluate the 
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effects of increased oxygen availability on gene expression and collagen deposition/

maturation in the presence of ligature-induced periodontal disease in male Wistar rats. The 

hypothesis was that higher oxygen availability would improve collagen expression and 

deposition.

Materials and methods

Animals

Immunocompetent adult male Wistar rats (Charles River Laboratories Inc, Wilmington, 

MA), about 18 weeks of age, were housed 2 per cage (n=62) in a temperature and humidity 

controlled facility, under a 12-hour light-dark cycle (lights on at 06:00 h). They were 

allowed one week to acclimatize to their new environment. All rats were fed a standardized 

diet of finely milled chow (Research Diets Inc, New Brunswick, NJ) and water ad libitum. 

Experiments were carried out in a facility approved by the American Association for the 

Accreditation of Laboratory Animal Care (AAALAC) and were approved by The University 

of Illinois at Chicago (UIC) Institutional Animal Care and Use Committee.

Placement of ligature

Examination of the dentition and the periodontium was done at baseline under anesthesia by 

probing sulcus depth with a UNC 15 periodontal probe, to ensure that no rats had 

periodontitis. Anesthesia was provided by an intraperitoneal injection of Xylazine 0.05ml/

100g, and Ketamine 0.15 ml/100g. Then 4-0 silk ligatures were placed subgingivally, 

bilaterally, around the maxillary second molars of all animals, using high magnification 

loupes to visualize the gingival sulcus. The experimental periodontitis model followed has 

been described previously (32). Once a week, the rats were anesthetized and sutures were 

checked to ensure they remained in place.

Hyperbaric Oxygen Therapy

A subset of animals (n=17) was subjected to 100% oxygen, at 2.5 ATM pressure, for a 2-

hour period twice a day starting on the day of ligature placement and continuing throughout 

the experiment (2 weeks or 4 weeks) (33). A specialized HBO chamber designed for rodents 

was used for the study. Food and water were supplied in the chamber. Slow compression and 

decompression cycles ensured that the animals were not subjected to sudden changes in 

pressure or temperature during HBO treatments. Hot water bottles below the chamber 

prevented temperature changes during the oxygenation process. The control group (n=45) 

were left in their home cages at this time.

Real-Time PCR

At days 15 and 28, different subsets of rats were sacrificed. For analyses of gene expression, 

periodontal tissues were harvested and flash-frozen in 1 ml of TRIzol (Life Technologies, 

Rockville, MA) and stored at −80°C. mRNA levels were determined for COL1A1, TGF-β1, 

ALP, IL-1α, IL-1β, IL-6, and IL-10. Frozen tissue was homogenized using a tissue-tearor, 

and total RNA was extracted following the manufacturer’s protocol(Life Technologies, 

Rockville, MA). From the total RNA, poly (A) tailed RNA were selected using magnetic 

oligo (dT) beads and a magnetic particle concentrator (Dynal A.S., Oslo, Norway) in 
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accordance to the manufacturer’s protocol. The mRNA was processed to obtain cDNA and 

stored at −80°C until analysis. Primers and probes for real-time PCR were designed using 

Primer Express software (Applied Biosystems, Foster City, CA). Real-time (RT-PCR) was 

performed using PE Biosystems ABI PRISM 7000 sequence detection system. All gene 

expression was standardized to G3PDH (Rodent GAPDH Control Reagents, Applied 

Biosystems, Foster City, CA) gene expression in the respective samples.

Histological analyses

On days 15 and 28, a maxillary molar segment of each of the rats was harvested and placed 

in 10% buffered formalin. The harvested tissue sections were stained with Picrosirius red for 

analysis of collagen deposition and maturation. Sections of 5μm were then deparaffinized in 

xylene for 10 min and progressively rehydrated with ethanol/double-distilled water. 

Rehydrated sections were treated with 0.2% aqueous phosphomolybdic acid, rinsed and 

stained with 0.1% Sirius red in saturated picric acid (Electron Microscopy Sciences, 

Hatfield, PA) for 90 minutes. After staining, slides were washed in hydrochloric acid, 

washed in 70% ethanol, dehydrated, cleared and cover slips were mounted in Permount 

(Fisher, Fairlawn, NJ). Sections were then examined at 200x magnification using a 

Polarizing microscope (Zeiss AxioVert 200, Oberkochen, Germany).

Statistical analyses

Analyses of variance (ANOVA) were used to determine the effects of time and HBO-

treatment on gene expression. Day was treated as a within-subjects variable and HBO-

treatment as a between-subjects variable. α=.05 was used to determine significance. Data 

were analyzed with IBM SPSS 22.0 (Armonk, NY). Error bars represent standard error of 

the mean (SEM).

Results and discussion

In this study, Type I collagen expression in periodontal tissue was higher in animals that 

underwent HBO treatment. Histologically, fibrils were more mature and more numerous 

when compared to controls. Gene expression of TGF-β1 was lower at 28 versus 15 days in 

the HBO-treated group, indicating that the tissue remodeling process resolved itself more 

quickly in HBO-treated rats than in controls. Likewise, ALP expression was reduced at 28 

versus 15 days in the HBO-treated group, suggesting that the activation, and subsequent de-

activation, of the ALP mechanism important for bone repair occurred more quickly in HBO-

treated rats. In the controls, ALP and TGF- β1 levels remained similar at both time points. 

These findings strongly suggest that oxygen availability regulates soft tissue and bone 

remodeling in periodontal disease.

We observed an increase in collagen-related gene expression in periodontal tissues as a 

result of increased oxygen availability (Fig. 1A). In addition, for COL1A1, there was an 

interaction of Day x Treatment (F (1,57) =7.58, p=.008). In the HBO-group, COL1A1 

expression (Fig. 1A) was higher on day 15 compared to controls (p=.007), and by day 28 

had returned to that of controls (p=.009 vs. HBO day 15). Collagen deposition and 

polymerization requires molecular oxygen to be present, which will, in turn, be important 
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for new capillary development during inflammation (7). In conditions of hypoxia, collagen 

is deposited poorly and angiogenesis is negatively affected, thus increasing risk for impaired 

healing and infection (2,7,34). In past studies, hyperbaric oxygen therapy has been shown to 

increase mRNA levels and collagen synthesis in the lacerated tendons of rats (35,36). In 

HBO-treated animals, the present result of elevated COL1A1 expression on day 15 suggests 

an enhanced immune response to periodontal disease. On day 28, the expression was lower 

and similar to control levels. By this time point, HBO-treated animals showed greater 

collagen deposition and maturation than non-treated controls. These results confirmed our 

initial hypothesis that higher oxygen availability would improve collagen expression and 

deposition.

Collagen content and maturation was qualitatively assessed using Picrosirius red staining. 

Given issues faced in the standardization of the cuts, the quantification of color intensity was 

not attainable. Higher collagen deposition and improved fibril maturation were observed in 

the periodontal tissues of the experimental group, as compared to control animals, at both 15 

days (denser with more yellow fibrils) and 28 days (denser with more red fibrils) after 

ligature placement (Fig. 2). Responsiveness to bacterial challenge is an important attribute 

for periodontal tissues, which are known to be constantly exposed to pathogenic microbiota. 

The ligature-induced periodontal disease led to tissue remodeling and collagen deposition, 

both of which appeared strengthened in the HBO-treated group. Greater collagen maturation 

and thickness in the treatment group indicates that higher oxygen availability early in 

periodontitis may improve collagen fiber development.

These results should be considered with some caution, given that periodontal disease was 

not quantitatively assessed; abundant collagen expression and deposition may not be 

indicative of improved clinical outcomes. Such collagen deposition and maturation may be 

delayed in the face of other parameters such as inflammation and infection. While excessive 

inflammation was not noted in this study based on IL-1 levels, the process of collagen 

deposition and maturation was enhanced by higher oxygenation. Overall, the described 

changes have been related to a reduced risk of infection and a quicker healing process 

(11,37,38). Importantly, both the periodontitis model in Wistar rats (32) and the HBO 

treatment model in rodents (33) have been used individually in several studies. However, no 

studies have assessed these two factors in combination.

In HBO-treated rats, TGF-β1 gene expression (Fig. 1B) was lower on day 28 compared to 

day 15 (p=.066), and also compared to controls on day 28 (p=.021). Similarly, in HBO-

treated animals ALP gene expression (Fig. 1C) was lower on day 28 compared to day 15 

(p=.018), and also compared to controls on day 28 (p=.078). Importantly, gene expression 

for TGF-β1 and ALP did not change across time in controls; however, expression levels 

were reduced in HBO-treated animals on day 28. This reduced gene expression of TGF-β1 

and ALP on day 28 suggests that the underlying tissue remodeling which occurs in response 

to periodontal injury resolved itself more quickly in HBO-treated rats than in controls. Our 

histological findings support this contention in soft tissue, and the ALP findings suggest that 

the process of bone remodeling may have also been enhanced following HBO-treatment.
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For pro-inflammatory cytokines, a main effect of Day was observed for IL-1α (F (1,58) 

=12.32, p<.001), IL-1β (F (1,58) =8.16, p=.006) and IL-6 (F (1,58) =9.93, p=.003) gene 

expression. Higher inflammation was observed in all groups at day 15. HBO treatment did 

not alter these effects (data not shown). In general, animals in this study showed greater 

inflammation (via greater expression for IL-1) on day 15 rather than day 28. Previous 

reports indicate that less oxygen contributes to higher inflammation and impaired healing in 

periodontal tissues (39,40). Moreover, hyperbaric oxygen therapy has been shown to 

enhance neutrophil apoptosis and clearance by macrophages, thus, contributing to the 

resolution of inflammation (41). Our results found no significant differences in inflammation 

between HBO-treated rats and controls. Of note, bacterial levels and reaction to oxidative 

stress were not assessed in this study, and inflammation was not monitored until its full 

resolution. Such factors could play a role in obscuring the relationship between hyper-

oxygenation and inflammatory levels.

Using a model of ligature-induced periodontitis, this study found that the extracellular 

matrix regenerated more quickly in HBO-treated rats compared to non-treated controls. This 

was primarily evidenced by higher gene expression for type I collagen, greater collagen 

deposition, and faster collagen maturation in the healing tissue. Gene expression for TGF-β1 

and ALP further suggests that the degradation and restructuring of underlying tissues 

occurred earlier following HBO treatment. Future research is needed to elucidate how higher 

oxygen availability interplays with other factors such as the microbiota during periodontal 

disease. Increasing oxygenation in the periodontal tissues may be useful as adjunctive 

therapy in complex cases of periodontal disease. However, the investigation of alternative 

methods for local oxygen delivery is warranted due to potential complications related to 

HBO therapy such as aggravation of congestive heart failure, middle ear barotrauma, and 

oxygen toxicity to the central nervous system (CNS) and to the lungs (42,43).
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Fig. 1. 
Gene expression in tissue for HBO-treated (n=17) and control groups (n=45). ANOVA was 

used to determine the statistical significance of the effects of time and HBO-treatment on 

gene expression. Bars represent the standard error of the mean (SEM). (A) Collagen type 1; 

(B) TGF-β1; (C) ALP. #p<.10, *p<.05, **p<.01.
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Fig. 2. 
Collagen deposition and maturation for different days and treatment groups (Picrosirius red 

staining, x200 magnification). (A) Control group at 2 weeks; (B) Control group at 4 weeks; 

(C) HBO treatment group at 2 weeks; (D) HBO treatment group at 4 weeks. Fibril 

maturation was assessed through changes in the color spectrum. Images are representative of 

each respective group. Red, orange, yellow, and green coloring represent fibrils in order of 

decreasing maturation and thickness. White arrows indicate the location of periodontal 

fibrils.
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