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Abstract

Background and Objective—There is general agreement that certain fatty acids and 

lipopolysaccharides (LPS) promote inflammation through toll-like receptor 4 (TLR4), and that 

inflammation promotes insulin resistance. We therefore hypothesized that mice with periodontitis 

and a TLR4 loss-of-function (LOF) mutation fed a high-fat (HF) diet would develop improved 

glucose homeostasis compared with wild-type (WT) animals with periodontitis fed a HF diet.

Material and Methods—Wild-type and TLR4 mutant mice fed a HF diet were divided into four 

groups (n = 6/group): WT; WT with periodontitis (WT/P); mutant (Mut); and mutant with 

periodontitis (Mut/P). Periodontitis was induced by placing LPS soaked ligatures around maxillary 

second molars. Fasting insulin and glucose levels were measured weekly for 10 wk. Glucose 

tolerance was evaluated at baseline (week 1) and at 9 wk. Insulin signaling (phosphorylation of 

Akt) and tumor necrosis factor-α (TNF-α) mRNA levels in liver were determined when the mice 

were killed at week 10.

Results—Mut/P mice developed less alveolar bone loss compared with WT/P mice (p < 0.05). 

Fasting glucose levels were improved after 8 wk of feeding a HF diet (weeks 9 and 10) in Mut/P 

mice compared with Mut, WT and WT/P mice (p < 0.05). Glucose tolerance was impaired in all 

groups compared with baseline (p < 0.05), except for the Mut/P group. Insulin signaling was 

improved (p < 0.05), and expression of TNF-α was decreased (p < 0.05) in the liver of Mut/P mice 

compared with the liver of WT/P mice.

Conclusion—The TLR4 LOF mutation partially protects against alveolar bone loss and 

improves glucose homeostasis in mice with periodontitis fed a HF diet.
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Epidemiological and cross-sectional studies indicate a strong association among 

periodontitis, obesity and type 2 diabetes mellitus (T2DM), with chronic inflammation as a 

possible common denominator (1–5). However, the precise mechanism responsible for this 

association has not been established because of the difficulties in investigating a cause-and-

effect relationship in human subjects. Temporal, and also cause-and-effect, relationships can 

be more effectively controlled in animal models to study associations between periodontitis/

inflammation and diabetes. To demonstrate a causal effect of periodontitis on the 

development of insulin resistance (IR) and T2DM, we recently used Zucker diabetic fatty 

(ZDF) rats as a ligature-induced periodontitis model system (6). ZDF rats are prone to 

obesity as a result of the presence of a mutation in the leptin receptor, and female ZDF rats 

develop diabetes when provided a high-fat (HF) diet (7). We reported that periodontitis 

influences the onset of IR and hyperglycemia in female ZDF rats fed a HF diet, but not in 

rats fed a low-fat (LF) diet (6). These findings indicate that periodontitis, in combination 

with a HF diet, promotes the development of hyperglycemia and IR in diabetic-prone 

animals. However, the mechanism accounting for this effect on glucose homeostasis is 

currently unknown.

Toll-like receptor 4 (TLR4) is a pattern recognition receptor expressed by various cell types, 

including macrophages, hepatocytes and pancreatic β-cells (8–14). TLR4 recognizes certain 

bacterial lipopolysaccharides (LPS) (15), including certain LPS originating from periodontal 

pathogens (16–18).

The activation of TLR4 by LPS results in increased signal transduction that upregulates the 

transcription of proinflammatory cytokines such as tumor necrosis factor-α (TNF-α), 

interleukin (IL)-6 and IL-1β (15,19–23). Interestingly, certain fatty acids (FAs) also activate 

TLR4 signaling, thereby increasing the production of proinflammatory cytokines (20). There 

are several mechanisms by which proinflammatory cytokines induce IR. For example, TNF-

α can phosphorylate insulin receptor substrate-1 and -2 on a serine residue and impair 

normal insulin signal transduction (24).

Having demonstrated that induced periodontitis in diabetic-prone rats, in combination with a 

HF diet, affects plasma glucose levels (6), we now test the hypothesis that disruption of 

TLR4 in animals with periodontitis fed a HF diet will result in improved glucose 

homeostasis. We therefore induced periodontitis in mice fed a HF diet and which have a 

TLR4 loss-of-function (LOF) mutation rendering them resistant to stimulation with certain 

types of LPS and FAs via this receptor. To assess glucose homeostasis, we measured fasting 

plasma glucose and insulin levels and performed glucose tolerance tests. To evaluate a 

possible involvement of TLR4 (15) in the development of insulin resistance, and thus 

glucose homeostasis, we assessed insulin signaling (phosphorylation of Akt) by Western 

blotting (22), and measured TNF-α mRNA levels using quantitative real-time PCR in the 

liver, which is a major target of insulin action and plays a central role in the regulation of 

glucose homeostasis.
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Material and methods

Animals

Twelve, 8-wk-old male control mice [C3H/HeNCrl, wild-type (WT)] (Charles River 

Laboratories, Wilmington, MA, USA) and 12, 8-wk-old male TLR4 mutant mice (C3H/HeJ) 

(Mut) (Jackson Laboratories, Bar Harbor, ME, USA) were purchased. The TLR4 mutant 

mice have been characterized previously by Poltorak et al. (25) and the mutation is known 

to confer a loss of TLR4 function. Upon arrival, the mice were placed three per cage and 

maintained on a LF diet (10 kcal % fat) (Research Diets, Inc., New Brunswick, NJ, USA) 

and autoclaved tap water ad libitum for 7 d before starting the studies. The mice were 

housed at constant temperature (22°C) and humidity (45–55%) in a 14-h light/10-h dark 

cycle. After the acclimatization period, the diet was changed to HF (60 kcal % fat) 

(Research Diets, Inc.) for all mice. Ligatures were placed around maxillary second molars in 

mice at week 1 and the animals were killed 9 wk later (week 10). The study was conducted 

in accordance with the University of Illinois at Chicago Institutional Animal Care 

guidelines.

Study design

Twenty-four mice were divided into four groups: WT mice with a healthy periodontium 

(WT); WT mice with periodontitis (WT/P); Mut mice with a healthy periodontium (Mut); 

and mutant mice with periodontitis (Mut/P). To induce periodontitis, 8-0 silk sutures (Kono 

Seisakujo, Ichikawa, Japan) were placed around maxillary second molars in six WT and six 

Mut mice at the beginning of the study (referred to as week 1) subsequent to obtaining 

plasma samples for baseline measurements of glucose and insulin levels. Escherichia coli 

LPS (2.5 ng in phosphate-buffered saline) (Sigma, St Louis, MO, USA) was soaked into the 

mesial and distal interproximal portion of ligatures and ligature placement was confirmed 

weekly from weeks 2 to 8. General anesthesia was given by intraperitoneal (ip) injection 

using ketamine (7.5 mg/100 g body weight) (Hospira, Inc., Lake Forest, IL, USA) and 

xylazine (1 mg/100 g body weight) (Lloyd, Inc., Shenandoah, IA, USA) for placing ligatures 

and for weekly confirmation of ligature placement. Control animals (WT and Mut) were 

also administered general anesthesia to control for the effects of anesthesia. Before the 

administration of general anesthesia, glucose levels were measured every week after fasting 

for 14 h. At weeks 1 and 9, glucose tolerance tests were performed as described below. 

Body weight was measured weekly, following overnight fasting, to assure the health of the 

animals. At week 10, the mice were killed by CO2 inhalation and cervical dislocation 8 min 

following ip injection of insulin (Novolin, Princeton, NJ, USA) at a concentration of 10 

U/kg body weight. Livers were harvested and snap frozen in liquid nitrogen and then stored 

at −85°C for later use, and maxillas were collected for analysis as described below. Food 

consumption was not determined because the HF diet is very soft, crumbles easily relative to 

normal chow and is therefore prone to excess spillage into bedding.

Determination of plasma fasting blood-glucose and insulin levels

Fasting blood-glucose levels following a 14 h fast were determined using blood from nicked 

tail veins once a week using a OneTouch Glucometer (Life Scan, Milpitas, CA, USA).
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Following determination of fasting blood-glucose levels, approximately 200 μL of tail blood 

was collected into heparinized tubes and plasma was collected. The plasma samples were 

used to determine fasting insulin levels using a mouse ultrasensitive insulin ELISA kit 

(Mercodia Inc., Winston Salem, NC, USA).

Glucose tolerance test

To further characterize glucose homeostasis, intraperitoneal glucose tolerance tests (ipGTT) 

were performed at baseline (week 1) and 8 wk later (week 9). Briefly, following a 14 h fast 

and after collection of blood samples to determine glucose and insulin levels, 50% dextrose 

(2 g/kg body weight) was administered intraperitoneally and glucose levels in tail blood 

were determined after 15, 30, 60, 90 and 120 min using a glucometer.

Alveolar bone loss

After the mice were killed (week 10), maxillas were collected and then defleshed. Alveolar 

bone loss per tooth was assessed using stereomicoscopy (Zeiss Stemi 2000-C; Carl Zeiss, 

Thornwood, NY, USA) and image analysis (NIH ImageJ; National Institutes of Health, 

Bethesda, MD, USA), as described by Tatakis & Guglielmoni (26).

Western blot analysis of Akt phosphorylation

Liver lysates were prepared in RIPA buffer [50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1 

mM EDTA (pH 8.0), 1% IGEPAL® (Sigma)] containing protease and phosphatase 

inhibitors which were then homogenized, sonicated and incubated on ice for 20 min. 

Following centrifugation, aliquots of the supernatant were stored at −85°C until assays were 

conducted. Western blotting was performed according to Sambrook et al. (27). 

Phosphorylated Akt (pAkt) and total Akt were detected using 0.077 μg/mL and 0.01 μg/mL, 

respectively, of rabbit polyclonal antibodies against mouse pAkt and Akt (Cell Signaling, 

Danvers, MA, USA) as primary antibodies and 0.01 μg/mL of goat anti-rabbit horseradish 

peroxidase-conjugated immunoglobulin G (Pierce Biotechnology, Rockford, IL, USA) as 

the secondary antibody. Signal was detected using an enhanced chemiluminescent substrate 

(SuperSignal West Dura Extended Duration Substrate; Pierce Biotechnology) followed by 

exposure of membrane to film. Results were quantified by densitometry, and 

phosphorylation of Akt was expressed relative to the levels of total Akt in each sample (i.e. 

the pAkt/Akt ratio).

Real-time PCR

RNA was extracted from 2–3 mg of frozen liver according to the manufacturer’s instructions 

(Ambion RNAqueous™-4PCR Kit; Applied Biosystems/Ambion, Austin, TX, USA). 

Complementary DNA (cDNA) was synthesized using an Applied Biosystems High Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems/Ambion) and real-time PCR was 

performed with cDNA from 25 ng of total RNA/sample in a 20 μL final volume using a 

TaqMan® Gene Expression Master Mix and StepOne Plus Real Time PCR System (Applied 

Biosystems, Austin, TX, USA) with mouse TNF-α primers (Mm99999068m1; Applied 

Biosystems). Each sample was run in duplicate, and the mean value of each set of duplicates 

Watanabe et al. Page 4

J Periodontal Res. Author manuscript; available in PMC 2015 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was normalized to mouse β-actin and used to calculate relative gene expression by the ΔΔCt 

method using StepOne Plus software (Applied Biosystems).

Statistical analysis

Statistical analysis was performed using a Mann–Whitney U-test for between-group 

comparisons and a Wilcoxon rank sum test for within-group repeated measures over the 

study period with a significance level of p < 0.05.

Results

Alveolar bone loss from periodontitis

To assess the severity of induced periodontitis, we measured alveolar bone loss as the area 

(mm2) bordered by the cemento–enamel junction, the crest of alveolar bone, and the mesial 

and distal line angles on the buccal and lingual sides of maxillary second molars (Fig. 1A). 

This area of bone loss includes areas of connective tissue and epithelial cell attachment that 

are shown in control groups (Fig. 1A, a,c). Ligature placement with LPS treatment resulted 

in significant bone loss in WT/P mice compared with the WT control mice (Fig. 1A, a,b). 

Bone loss also occurred in TLR4 Mut mice after ligature/LPS treatment (Mut/P) compared 

with the Mut control mice (Fig. 1A c,d), but the severity of bone loss was reduced by 

approximately 50% in Mut/P mice compared with WT/P mice (Fig. 1A, b,d), and this 

difference was statistically significant (p < 0.05), as shown in Fig. 1B.

Fasting glucose and insulin levels over a 10 wk period on a HF diet

In between-group comparisons, a significant improvement/reduction in plasma fasting 

glucose values was observed at weeks 9 and 10 in Mut/P mice and this decrease was 

statistically significant compared with that for week 8 in the within-group analysis (p < 0.05) 

(Table 1) as well as that observed in Mut, WT and WT/P mice for both weeks 9 and 10 (p < 

0.05) (Table 1). There were no statistically significant differences between WT vs. WT/P or 

Mut vs. Mut/P groups during the first 8-wk period (Table 1). A within-group comparison 

revealed that fasting glucose levels were increased significantly relative to baseline in all 

groups (p < 0.05) except for Mut/P mice, which developed improved/decreased glucose 

levels at weeks 9 and 10 (p < 0.05) (Table 1).

To understand the effects of periodontitis and TLR4 LOF on insulin levels and insulin 

sensitivity/resistance, we also measured fasting insulin levels. In between-group 

comparisons, no statistical difference was found in WT vs. WT/P or Mut vs. Mut/P. The 

mean insulin levels reached 2 μg/L (hyperinsulinemia) in both WT/P (week 10) and Mut/P 

(weeks 8 and 9) mice, but not in WT or Mut mice. Comparison of baseline insulin levels 

with weekly values in within-group analyses revealed a statistically significant increase in 

insulin levels starting at week 2 in WT, Mut and Mut/P and at week 4 in WT/P groups (p < 

0.05) (Table 1).

To demonstrate more clearly, the interplay between insulin and glucose levels in the four 

groups, the glucose and insulin data are displayed together in Fig. 2. In Mut/P mice, the 

development of mean insulin levels near 2.0 μg/L (hyperinsulinemia) occurred in week 8 
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and was associated with a significant decrease in fasting glucose levels at weeks 8–9 (Fig. 

2D). By contrast, in WT/P mice, the mean insulin levels continued to rise during weeks 8–

10 and the mean insulin level reached 2.0 μg/L at week 10 while the glucose levels remained 

elevated (Fig. 2B). In both WT and Mut mice, insulin levels never reached 2.0 μg/L and 

both glucose and insulin levels plateaued after week 7 (Fig. 2A,C).

Effect of periodontitis and involvement of TLR4 on glucose tolerance

The effect of periodontitis on glucose homeostasis in TLR4 mutants and WT mice was also 

assessed by glucose tolerance testing at baseline and at 9 wk. There was no difference in 

glucose tolerance between WT and Mut mice at baseline (before ligature placement) at any 

time-point (Fig. 3A). At week 9, all groups exhibited impaired glucose tolerance compared 

with baseline (p < 0.01), except for Mut/P mice, which exhibited no statistically significant 

difference (Fig. 3A). Although the mean glucose levels at 90 and 120 min were > 300 

mg/dL for WT/P mice at 9 wk, the difference in glucose tolerance in WT/P vs. WT mice did 

not reach statistical significance (Fig. 3B, e) (p = 0.064). By contrast, glucose tolerance was 

not impaired in Mut/P vs. Mut mice, as evidenced by significantly reduced glucose levels in 

Mut/P mice at 60, 90 and 120 min after glucose administration (p < 0.05) (Fig. 3B, g). In 

addition, glucose tolerance was significantly better in Mut/P vs. WT/P mice at 90 and 120 

min after glucose administration (p < 0.05) (Fig. 3B, h).

Effects of periodontitis and involvement of TLR4 on Akt phosphorylation in the liver

As the liver is a major target of insulin action and plays an important role in determining 

fasting glucose levels and glucose tolerance, we also examined the effect of periodontitis 

and mutation of the TLR4 receptor on insulin signaling in the liver. Insulin-stimulated 

phosphorylation of Akt was enhanced in TLR4 Mut/P and Mut mice compared with WT/P 

mice (p < 0.05) (Fig. 4A). Although the mean pAkt/Akt values appeared to differ, there was 

no statistically significant difference in pAkt/Akt between WT and WT/P mice or between 

Mut/P and Mut mice.

Quantitative PCR analysis of liver TNF-α

As activation of TLR4 stimulates the expression of TNF-α, and TNF-α signaling can cause 

insulin resistance, we also examined the expression of TNF-α in the liver using real-time 

PCR. As shown in Fig. 4B, the levels of TNF-α mRNA were significantly lower in both Mut 

and Mut/P mice compared with WT/P mice (p < 0.05). Although the mean expression levels 

of TNF-α also appear to be different in Mut vs. Mut/P, the difference was not statistically 

significant (Fig. 4B).

Discussion

There is general agreement that FAs and LPS promote inflammation, at least in part, through 

TLR4, and inflammation promotes IR (20,24, 28–30). We therefore hypothesized that 

disruption of TLR4 would improve glucose homeostasis in animals with periodontitis 

provided a HF diet. To test this hypothesis, we induced periodontitis by placing ligatures 

soaked with E. coli LPS around maxillary second molars in WT and TLR4 Mut mice. In this 

study, we focused on a HF diet, based on our previous study results and also on the results 
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of other studies which indicate that TLR4 mice fed a HF diet develop IR, but very little IR 

develops in mice fed a LF diet (20,22,31). In general, consumption of a HF diet more 

closely resembles the human diet, at least in western societies. Thus, our focus in this study 

was to examine the effects of periodontitis and disruption of TLR4 function in the context of 

a HF diet.

TLR4 Mut mice have a point mutation in the Tlr4 gene, rendering these animals 

unresponsive to certain types of LPS, whereas the corresponding WT mice remain 

responsive to LPS (20,32). LPS from certain periodontal pathogens activates TLR4 to 

produce proinflammatory cytokines in vitro (16,17) and initiates alveolar bone resorption. 

The results from an in vivo study, which involved repeated gingival injections of 

Aggregatibacter actinomycetemcomitans LPS, showed less bone resorption in TLR4 Mut vs. 

WT mice using immunohistochemistry (18). Thus, it has been postulated that one pathway 

leading to alveolar bone loss involves the activation of TLR4 and the subsequent production 

of proinflammatory cytokines (33). Activation of other TLRs may also be involved in the 

initiation of bone loss during periodontitis. For example, Burns et al. (34) showed that 

TLR2−/− mice are protected from bone loss when Porphyromonas gingivalis LPS is 

administered orally.

We used a ligature-induced periodontitis model in mice to simulate the induction and 

progression of chronic periodontitis over a 10 wk period. Ligature-induced periodontitis has 

been used as a model system for studying periodontitis in other animals such as rats, 

primates and dogs (35–37). The results of our current study clearly demonstrate that the 

LOF mutation of TLR4 significantly reduces alveolar bone loss in ligature-induced 

periodontitis in Mut mice compared with WT mice by approximately 50%. Thus, the TLR4 

LOF mutation partially protects against alveolar bone loss from ligature-induced 

periodontitis. As mentioned, the lack of full protection from alveolar bone loss may be 

caused by the activation of other TLRs, such as TLR2. It is well documented that 

subgingival plaque consists of different species and strains of periodontal pathogens (38), 

and products from these bacteria may activate different TLRs. Therefore, combinations of 

TLRs may contribute to alveolar bone loss. We chose E.coli LPS to soak the ligatures 

because it is a prototype LPS that binds to and activates TLR4 (39–43). Further studies are 

needed to investigate whether TLR2-activating products might also be present in this 

ligature-induced periodontitis model. To our knowledge, this is the first study to 

demonstrate definitively that mice with a TLR4 LOF mutation are partially protected against 

alveolar bone loss occurring in response to LPS-soaked ligature-induced periodontitis, 

which simulates chronic periodontitis over a 10 wk period. Based on the results from our 

current study and from other studies (44,45), ligature-induced periodontitis in mice, 

although technically challenging, appears to be useful for investigating the systemic effects 

of periodontitis.

We monitored fasting glucose and insulin levels over a 10 wk period to determine the effect 

of periodontitis and TLR4 on glucose homeostasis. Fasting glucose and insulin levels at 

week 10 were increased significantly in all groups relative to baseline; however, the glucose 

levels in Mut/P mice at weeks 9 and 10 became close to normoglycemic. This suggests that 

disruption of TLR4 improves glucose homeostasis in the presence of periodontitis in 

Watanabe et al. Page 7

J Periodontal Res. Author manuscript; available in PMC 2015 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



conjunction with a HF diet. The normalization of glucose levels observed in Mut/P mice was 

associated with the development of hyperinsulinemia at weeks 9 and 10. The mean insulin 

levels in Mut/P mice reached 2.0 μg/L by week 8, which was 2 wk earlier than observed in 

WT/P mice. The development of hyperinsulinemia associated with periodontitis is consistent 

with our previous study results using ZDF rats except that the onset of hyperinsulinemia is 

much earlier in the rats. The difference in the onset of hyperinsulinemia between our 

previous study and the current study may again be attributed to the fact that ZDF rats are 

prone to diabetes, and mice used in this study are not.

It is not clear why Mut/P mice, but not Mut mice, developed improved glucose homeostasis. 

In this comparison, the only difference was the presence or absence of periodontitis. In 

Mut/P mice, hyperinsulinemia occurred at weeks 8–10, and this may be associated with the 

TLR4 regulation of insulin production/secretion by pancreatic β-cells. During the 

development of IR and T2DM, β-cells undergo compensatory alterations to increase insulin 

secretion (hyperinsulinemia) by increasing β-cell mass (hyperplasia) in an early stage of IR 

followed by declining insulin secretion resulting from β-cell apoptosis in T2DM (46). It has 

been reported that LPS modulates glucose-dependent insulin secretion by inducing IL-1α, 

TNF-α and IL-6 expression in pancreatic β-cells (47). Therefore, it is possible that 

periodontitis may modulate insulin secretion via TLR4 on β-cells, and the absence of TLR4 

may lead to the early development of hyperinsulinemia.

We also performed glucose tolerance tests to provide further evidence of the effect of TLR4 

and periodontitis on glucose homeostasis. Following 8 wk on a HF diet, all groups 

developed impaired glucose tolerance compared with baseline, except for Mut/P mice. 

Glucose tolerance was significantly impaired in WT/P mice compared with Mut/P mice. 

Taken together, our data on glucose levels, insulin levels and ipGTT in Mut/P vs. WT/P 

mice indicated that TLR4 LOF improves glucose homeostasis in the presence of 

periodontitis.

In contrast to our previous study in diabetes-prone ZDF rats, we did not detect a significant 

effect of periodontitis on fasting glucose or ipGTT results in WT mice provided a HF diet. 

This difference may be attributed to differences in the animal models, and suggests that an 

underlying genetic predisposition may be necessary to observe the effect of periodontitis on 

glucose and insulin levels. It is also possible that more prolonged exposure to a HF diet 

and/or more prolonged duration of periodontitis may be required to demonstrate an effect on 

fasting glucose levels in this mouse model.

The glucose levels continued to increase in WT/P mice despite the increased mean insulin 

levels observed at week 10, and this suggests that insulin sensitivity may be impaired in 

WT/P mice during weeks 8–10 compared with earlier time-points. The same interplay 

between glucose and insulin levels was not observed in WT mice, as clearly shown in the 

composite figure presented. It is possible that the hyperinsulinemia observed in Mut/P mice 

would have developed in WT/P mice if the study period had been longer than 10 wk, 

because mean insulin levels reach 2 μg/L at week 10, which is 2 wk later than observed in 

Mut/P mice.
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The liver plays a central role in the regulation of glucose metabolism, and it is a major target 

of insulin action. Therefore, in this study we also examined the role of TLR4 in mediating 

effects on cytokine expression and insulin signaling in the livers of mice with/without 

periodontitis fed a HF diet. The major cell types in the liver are hepatocytes and Kupffer 

cells, both of which express TLR4 (48). Circulating LPS is taken up predominantly by 

Kupffer cells, which constitute 80–90% of all macrophages in the body (49). LPS uptake is 

thought to be mediated largely through interaction with TLR4, which activates pathways 

that promote the expression of proinflammatory cytokines, including TNF-α (20). Because 

certain free fatty acids (FFAs) also interact with and activate TLR4, it is reasonable to 

speculate that circulating LPS and FFAs both may augment proinflammatory cytokine 

production in the liver via TLR4 and thereby impair insulin signaling and glucose control in 

hepatocytes. In the present study, insulin-stimulated phosphorylation of Akt in animals with 

periodontitis significantly improved when TLR4 was suppressed (Mut/P), indicating that the 

LOF mutation of TLR4 serves to maintain insulin action in the liver in mice with 

periodontitis when fed a HF diet. Insulin signaling, assessed by pAkt/Akt, was decreased in 

WT/P mice compared with WT mice, although this difference did not reach significance, 

perhaps because of the limited time-frame of the study. The pAkt/Akt data showing a 

significant difference between WT/P and Mut/P mice indicate that disrupting TLR4 alone 

results in improved insulin signaling, and therefore insulin sensitivity in the liver. Mut/P 

mice have suppressed insulin signaling compared with Mut mice, although the difference is 

not statistically significant. This relative decrease in insulin signaling may be attributed to 

the fact that other receptors, including TLR2, may be still functional in Mut/P mice.

As certain inflammatory cytokines impair insulin signaling and promote insulin resistance 

(25), we also examined the expression of TNF-α in the livers of WT and Mut mice, with or 

without periodontitis. The level of expression of TNF-α mRNA was significantly decreased 

in the liver of TLR4 mutant mice compared with WT/P mice, especially in the presence of 

periodontitis (Mut/P). Taken together, these findings support the concept that suppressing 

the function of TLR4 may help to maintain insulin sensitivity in the liver, at least in part, by 

decreasing the expression of TNF-α.

In conclusion, our results indicate that the TLR4 LOF mutation improves glucose 

homeostasis in mice with periodontitis that are fed a HF diet. Additional studies with a 

larger number of animals that have been fed a HF diet for a longer period of time may help 

to demonstrate more marked effects of periodontitis on glucose homeostasis. Further studies 

are required to identify the contribution of other TLRs, as well as the effect of periodontitis 

on proinflammatory and insulin signaling pathways in other tissues such as skeletal muscle, 

adipose tissue and pancreatic β-cells.
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Fig. 1. 
(A) Alveolar bone loss captured by stereomicroscopy of defleshed mouse maxilla. (a) 

Maxilla from a control wild-type (WT) mouse without periodontitis; (b) maxilla from a WT 

mouse with periodontitis (WT/P); (c) maxilla from a toll-like receptor 4 (TLR4) mutant 

mouse without periodontitis (Mut); (d) maxilla from a Mut mouse with periodontitis 

(Mut/P). Red lines are drawn on the mesial and distal transition line angles. The area within 

the line was calculated as bone loss. The areas were measured from the buccal and palatal 

sides, and the total area of bone loss was calculated per tooth. (B) Average bone loss per 

tooth calculated using software (ImageJ). Data are presented as mean ± SEM. Statistical 

analysis was performed using a Mann–Whitney U-test. *p < 0.05 between direct comparison 

groups.
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Fig. 2. 
Composite graph showing temporal relationships between fasting glucose (dashed line) and 

insulin (solid line) levels in wild-type mice without periodontitis (WT) (A), in WT mice 

with periodontitis (WT/P) (B), in toll-like receptor 4 (TLR4) mutant mice without 

periodontitis (Mut) (C) and in Mut mice with periodontitis (Mut/P) (D) over a 10 wk period. 

Left y-axis: fasting insulin levels (μg/L). Right y-axis: fasting glucose levels (mg/dL).
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Fig. 3. 
(A) Comparison of intraperitoneal glucose tolerance (ipGTT) test results obtained at weeks 

1 (baseline; dashed line) and 9 (solid line) within a group in wild-type mice without 

periodontitis (WT) (a), WT mice with periodontitis (WT/P) (b), toll-like receptor 4 (TLR4) 

mutant mice without periodontitis (Mut) (c) and Mut mice with periodontitis (Mut/P) (d). 

(B) Comparison of ipGTT results obtained at week 9 between the following groups: WT vs. 

WT/P (e), WT vs. Mut (f), Mut vs. Mut/P (g) and WT/P vs. Mut/P (h). Values for each time-

point are expressed as mean ± SEM. The x-axis indicates min following intraperitoneal 

dextrose injection. The y-axis indicates glucose levels in mg/dL. Statistical analysis was 
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performed using the Wilcoxon rank sum test with *p < 0.05. p = 0.064 at the 120-min time-

point in Fig. 3B, e.
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Fig. 4. 
(A) Akt phosphorylation in liver as determined by Western blot analysis. Upper panel: 

Western blot (representative of four independent experiments). Lower panel: pAkt/Akt ratio 

(y-axis) determined from densitometric scanning of four independent western blot 

experiments. (B) Tumor necrosis factor-α (TNF-α) mRNA levels in liver, determined by 

real-time quantitative (q)PCR. P indicates periodontitis. (A), (B) Statistical analysis was 

performed using a Mann–Whitney rank sum test. *p < 0.05 between groups.
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Table 1

Weekly plasma fasting glucose and insulin levels

Mouse group

WT/P WT Mut/P Mut

Fasting glucose (mg/dL)

Week 1 128.2 ± 4.222 109.0 ± 9.438 121.0 ± 6.633 117.3 ± 5.760

Week 2 152.2 ± 9.428 143.5 ± 5.408 170.6 ± 12.734 153.2 ± 4.923

Week 3 152.7 ± 8.554 142.2 ± 11.068 155.0 ± 20.547 170.4 ± 6.997

Week 4 169.0 ± 4.967 161.8 ± 6.509 146.8 ± 15.261 165.6 ± 9.832

Week 5 145.5 ± 5.852 153.8 ± 3.942 173.5 ± 10.348 181.8 ± 6.343

Week 6 165.5 ± 9.561 159.8 ± 7.645 173.8 ± 5.154 183.3 ± 3.521

Week 7 171.3 ± 7.532 171.3 ± 6.033 180.5 ± 11.420 167.5 ± 8.703

Week 8 148.5 ± 10.145 169.0 ± 3.512 167.5 ± 10.137 166.5 ± 2.986

Week 9 157.8 ± 9.860 163.0 ± 8.185 135.5 ± 9.438* 171.0 ± 8.367

Week 10 175.3 ± 11.056 179.7 ± 6.691 135.3 ± 6.969* 167.8 ± 2.983

Fasting insulin (μg/L)

Week 1 0.286 ± 0.055 0.193 ± 0.020 0.178 ± 0.017 0.203 ± 0.025

Week 2 0.468 ± 0.109 0.433 ± 0.038 0.783 ± 0.048 0.674 ± 0.070

Week 3 0.483 ± 0.108 0.463 ± 0.040 0.781 ± 0.087 0.718 ± 0.077

Week 4 0.732 ± 0.230 0.609 ± 0.077 1.134 ± 0.205 0.758 ± 0.115

Week 5 0.677 ± 0.195 0.587 ± 0.084 1.081 ± 0.081 0.858 ± 0.106

Week 6 0.791 ± 0.143 0.754 ± 0.199 0.978 ± 0.082 1.147 ± 0.242

Week 7 1.095 ± 0.141 1.303 ± 0.220 1.324 ± 0.230 1.194 ± 0.058

Week 8 0.880 ± 0.143 1.334 ± 0.400 1.963 ± 0.367 1.516 ± 0.393

Week 9 1.264 ± 0.183 1.291 ± 0.404 2.086 ± 0.824 1.546 ± 0.165

Week 10 1.975 ± 0.320 1.539 ± 0.306 1.910 ± 0.541 1.442 ± 0.172

Mut, toll-like receptor 4 (TLR4) mutant mice without periodontitis; Mut/P, Mut mice with periodontitis; WT, wild-type mice without periodontitis; 
WT/P, WT mice with periodontitis.

Data are presented as mean ± SEM. Statistical analysis was performed using a Mann–Whitney U-test for between-group comparisons (*p < 0.05) 
and a Wilcoxon rank sum test for within-group repeated measures over the study period. A within-group comparison indicates that fasting glucose 
levels were increased significantly relative to baseline in all groups (p < 0.05) except for Mut/P mice which developed improved/decreased glucose 
levels at weeks 9 and 10 (p < 0.05). Statistical significance (*) is not shown for within-group comparisons because of the number of significant data 
points for both glucose and insulin levels.
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