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Abstract

Introduction

Chewing well is essential for successful diet therapy and control of blood glucose level in

patients with diabetes. In addition, long-term hyperglycemia is a risk factor for microvascular

complications, which are the main cause of morbidity and mortality in these patients. Hence,

it is plausible that masticatory disorder may be relevant to diabetic microvascular complica-

tions which is caused by long-term hyperglycemia. The aim of this study was to investigate

whether masticatory disorders are relevant to diabetic microvascular complications.

Methods

This cross-sectional study included 172 patients with type 2 diabetes who underwent educa-

tional hospitalization in the Department of Endocrinology and Diabetic Medicine, Hiroshima

University Hospital, from April 2016 to March 2020. Masticatory efficiency was determined

quantitatively by using the GLUCO SENSOR GS-Ⅱ. Multivariable linear regression models

were constructed to examine which factors were related to masticatory efficiency. Statistical

significance was defined as a two-sided p value of < 0.05.

Results

According to the bivariable analysis, masticatory efficiency was significantly correlated with

duration of diabetes (p = 0. 049), number of remaining teeth (p < 0.0001), the number of

moving teeth (p = 0.007) and condition of diabetic neuropathy (p < 0.0001). Moreover, the

number of remaining teeth (p < 0.0001) and diabetic neuropathy (p = 0.007) remained signif-

icantly correlated with masticatory efficiency in the multivariable analysis.
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Conclusions

For the first time, we demonstrated that patients with type 2 diabetes who developed dia-

betic neuropathy had significantly reduced masticatory efficiency. Effective mastication is

an important factor in successful diet therapy for diabetes. To prevent the progression of dia-

betic complications, especially in patients with diabetic neuropathy, it may be necessary to

combine individualized therapies from dentists and nutritionists with consideration for the

level of masticatory dysfunction.

1. Introduction

The oral cavity is the first line of the gastrointestinal tract and a portal of entry for microbes

and foods. Since the oral cavity is constantly exposed to a plethora of external factors (e.g.,

microorganisms, mechanical and chemical damage from food intake, and dietary and airborne

antigens), its function is frequently disrupted. Dysfunction of the oral cavity by bacterial infec-

tion, inflammation, tooth loss or pain has been suggested to negatively affect general health [1,

2]. Periodontitis is a representative disorder of the oral cavity that is characterized by a tissue-

destructive chronic inflammatory disease caused by periodontal pathogenic microorganism

infection. Previous studies have clearly demonstrated the correlation between periodontitis

and diabetes; inflammation developed due to periodontitis has been associated with insulin

resistance and poor glycemic control [3–6]. In addition, improvement of local inflammation

after periodontal treatment positively affected insulin resistance and hemoglobin A1c

(HbA1c) in diabetes patients [7–9].

Periodontitis is also characterized by alveolar bone destruction and subsequent tooth

mobility or loss, leading to masticatory dysfunction [10–12]. It is widely accepted that tooth

loss is associated with diabetes [13, 14]. Substantial mastication induces histamine production

in the hypothalamus and insulin secretion from the pancreas, thereby preventing overeating

and increasing blood glucose levels [15–18]. In previous studies, patients who lost their teeth

suffered from malnutrition and preferred soft meals mainly composed of fats and carbohy-

drates [19–25]. An epidemiological study indicated that chewing slowly and steadily reduced

the risk of diabetes [26]. Taken together, these results suggest that chewing sufficiently is essen-

tial for the success of diet therapy for diabetes and that long-term masticatory disorders is asso-

ciated with the progression of diabetic conditions. Nonetheless, there are few studies

investigating masticatory efficiency quantitatively in diabetes patients.

On the other hand, long-term hyperglycemia is well known as the major risk factor for vas-

cular complications, which are the major cause of morbidity and mortality in diabetic patients

[27]. Both microvascular and macrovascular complications affect the quantity and quality of

life of diabetes patients. In particular, microvascular complications are responsible for neurop-

athy, retinopathy and nephropathy in diabetic patients. In addition, glycemic control delays

the onset and progression of microvascular complications [28, 29]. Here, as described above, it

is plausible that masticatory disorders may be associated with the progression of diabetic con-

ditions. Moreover, it is true that uncontrolled diabetes causes subsequent microvascular com-

plications. Thus, we speculate that masticatory disorder may be relevant to diabetic

microvascular complications, although no study has verified this relationship.

In general, many previous reports have assessed masticatory efficiency by occlusal bite

force, masticatory movement, or the ability to comminute test food [30–32]. Especially, assess-

ing the mandibular kinematic of the chewing patterns is useful for understanding the
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neuromuscular function [33]. However, it is difficult to assess the masticatory performance

quantitatively by these previous methods. Hence, we focused on a new testing system that can

quantitatively determine masticatory efficiency by measuring the eluted glucose from gummy

jelly [34, 35]. Accordingly, to answer our clinical question, we designed a cross-sectional study

to measure masticatory efficiency quantitatively by a new testing system and assess microvas-

cular complications in patients with diabetes.

2. Materials and methods

2.1 Subjects and study design

Participants of this study were enrolled from patients with type 2 diabetes who underwent edu-

cational hospitalization in the Department of Endocrinology and Diabetic Medicine, Hiro-

shima University Hospital, from April 2016 to March 2020. All participants in this study

provided written informed consent prior to enrollment, consistent with the Helsinki Declara-

tion and guidelines of the institutional review board of Hiroshima University. Masticatory effi-

ciency was measured by using a gummy jelly in the Center for Oral Clinical Examination,

Hiroshima University, and periodontitis was assessed in the Department of Periodontics,

Hiroshima University Hospital. This study was approved by the Ethical Committee for Epide-

miology of Hiroshima University at November 19, 2015. The approval number was E-150.

2.2 Assessment of diabetes

All the subjects received biochemical evaluations after blood sample collection. Plasma HbA1c

was assessed by high-performance liquid chromatography. Serum creatinine (Cre) levels were

measured by clinical analyzers. The estimated glomerular filtration rate (eGFR) was calculated

according to age and Cre as follows: men; 194 × Cre-1.094 × age-0.287, women; 194 × Cre-1.094 ×
age-0.287 × 0.739 [36]. Diabetic nephropathy was defined based on the clinical practice guide-

lines of the Japan Diabetes Society[Stage 2: UAE 30–299 mg/day (or ACR 30–299 mg/g Cre),

Stage 3: UAE�300 mg/day (or ACR�300 mg/g Cre) or a protein creatinine ratio�0.5 g/g

Cre, Stage 4: eGFR<30 mL/min/1.73 m2, and Stage 5: maintenance dialysis] [37]. Daily uri-

nary albumin excretion (UAE) and the albumin–creatinine ratio (ACR) were measured by

immunoturbidimetric assays from 24-hour urine samples. Diabetic neuropathy was defined

by the presence of at least 2 of the 3 following factors: 1) subjective symptoms, 2) reduced

Achilles tendon reflex, or 3) decreased vibration sensation on the internal malleolus. These

abbreviated diagnostic criteria, which are frequently employed for the diagnosis in Japan, are

commended by Diabetic Neuropathy Study Group in Japan because of their sensitivity (68%)

and specificity (74%) obtained by evaluating nerve conduction study as a gold standard [38].

The presence of diabetic retinopathy was diagnosed by ophthalmologists.

2.3 Assessment of periodontitis

The periodontal inflammatory surface area (PISA) is an index to assess the overall periodontal

inflammatory status [39]. The PISA enables a quantitative evaluation of the burden of peri-

odontal inflammation as a continuous variable in individual patients. To calculate the PISA, all

participants were assessed for probing pocket depth and bleeding on probing at 6 sites per

tooth, and these values were entered into a spreadsheet that is freely accessible at http://www.

parsprototo.info/docs/PISA_CAL.xls [39]. The number of moving teeth was also assessed

using Miller’s mobility index, which is the most widely accepted method for the routine clini-

cal examination of tooth mobility; class 0 represents no mobility, and classes 1–3 represent

consecutive degrees of tooth mobility [40].
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2.4 Measurement of masticatory efficiency

Masticatory efficiency was measured by using a masticatory ability testing system (GLUCO

SENSOR GS-Ⅱ, GC Corporation, Tokyo, Japan). In brief, patients freely chewed 2 g of gummy

jelly, which included approximately 100 mg of glucose, measuring approximately 14 mm

(diameter) × 10 mm (height) in size and weighing approximately 2 g (Gurukoramu, GC Cor-

poration) for 20 s. Subsequently, the patients rinsed with 10 mL of water and spat both the

chewed gummy jelly and the water into a cup through a 2 mm mesh. The amount of eluted

glucose in the filtrate was measured using a glucose measuring device (GLUCO SENSOR GS-

Ⅱ). The procedure was performed twice, and the average value of the results was defined as the

quantitative parameter of masticatory efficiency [34, 35]. The patient using removable prosthe-

ses were assessed with them in place.

2.5 Statistical analysis

Statistical analyses were performed using JMP1 13 (SAS Institute Inc., Cary, NC, USA). Correla-

tions between continuous variables [i.e., age; body mass index (BMI); duration of diabetes;

HbA1c; number of remaining teeth; number of moving teeth; PISA] and masticatory efficiency

were assessed by Spearman rank correlation coefficient. The effects of ordinal variables (i.e., the

stage of diabetic nephropathy) or nominal variables (i.e., sex; current smoking; presence of dia-

betic neuropathy or diabetic retinopathy) on masticatory efficiency were also assessed by one-way

ANOVA or the t-test. Multivariable linear regression models were constructed to examine which

factors were related to masticatory efficiency. The average amount of eluted glucose was defined

as an objective variable. The covariates were included the factor of interest (i.e., sex; age; duration

of diabetes; the presence of diabetic neuropathy and retinopathy; the stage of diabetic nephropa-

thy; the number of remaining teeth; the number of moving teeth; PISA). Here, there is a fact that

oral function, including masticatory efficiency, is apparently decreased in a patient whose number

of remaining teeth is less than 20 [41]. Thus, to avoid a skewed assessment by subjects with

reduced teeth number, we stratified patients who had more than 20 teeth for the statistical analy-

sis. More specifically, the subjects with lower than 20 teeth were eliminated even if removal pros-

theses were placed. Statistical significance was defined as a two-sided p value of< 0.05.

3. Results

3.1 Baseline characteristics

The participant characteristics are listed in Table 1. This cross-sectional study included 172

individuals who agreed to participate in this study, comprising 100 men and 72 women and

their mean age was 61 ± 14. Their mean duration of diabetes was 11.1 ± 10.7 years and their

mean HbA1c was 10.3 ± 2.1% (87 ± 21 mmol/mol). Among the diabetic complications, 122

patients complicated with diabetic neuropathy and 43 patients complicated with diabetic reti-

nopathy. Diabetic nephropathy consisted of 91 patients with stage 1, 59 patients with stage2,

12 patients with stage 3 and 10 patients with stage 4. There were no patients with stage 5 of dia-

betic nephropathy. The removable prostheses were placed in 46 patients and no patients were

treated with dental implants. The mean masticatory efficiency assessed by the amount of eluted

glucose was 172.4 ± 60.0 mg/dL.

3.2 Correlation between masticatory efficiency and diabetic microvascular

complications

We first performed bivariable analyses to assess associations between participant characteris-

tics and masticatory efficiency (Fig 1). Masticatory efficiency was significantly negatively
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correlated with duration of diabetes (p = 0.049; Fig 1C) and the number of moving teeth

(p = 0.007; Fig 1F) and positively correlated with the number of remaining teeth (p< 0.0001;

Fig 1E), whereas age, BMI, HbA1c and PISA did not have significant associations with masti-

catory efficiency (Fig 1A, 1B, 1D and 1G). Then, we investigated the correlation between mas-

ticatory efficiency and diabetic conditions, including neuropathy, retinopathy, and

nephropathy (Fig 2). Masticatory efficiency was significantly reduced in patients with diabetic

neuropathy (p< 0.0001; Fig 2A). On the other hand, diabetic nephropathy and retinopathy

were not associated with the level of masticatory efficiency (Fig 2B and 2C). Moreover, sex and

current smoking were not correlated with masticatory efficiency (Fig 2D and 2E).

In the multivariable linear regression analysis, masticatory efficiency was positively associ-

ated with the number of remaining teeth (p< 0.0001) and negatively associated with the com-

plication of diabetic neuropathy (p = 0.007) (Table 2). In contrast, duration of diabetes and the

number of moving teeth, which were statistically significant in the bivariable analysis, was not

associated with masticatory efficiency in the multivariable analysis (Table 2).

3.3 Stratified analysis of the patients with more than 20 remaining teeth

Since the remaining number of teeth less than 20 reduces the oral function [41], in order to

avoid a skewed assessment, we stratified the patients with more than 20 remaining teeth. As a

result, 124 patients had more than 20 remaining teeth, of which 12 patients used removable

Table 1. Participant characteristics at baseline.

Parameter Value

n 172

Male/female, n (%) 100 (58)/72 (42)

Age (years) 60.8 ± 15.4

BMI (kg/m2) 25.7 ± 6.2

Current smoking, n (%) 37 (22)

Duration of diabetes (years) 11.1 ± 10.7

Systolic blood pressure (mmHg) 129 ± 19

Diastolic blood pressure (mmHg) 78 ± 13

HbA1c [% (mmol/mol)] 10.3 ± 2.1 (87 ± 21)

UAE (mg/day) 20.6 (11.4, 60.6)

eGFR (ml/min/1.73 m2) 74.7 ± 30.3

Diabetic neuropathy, n (%) 122 (71)

Diabetic retinopathy, n (%) 43 (25)

Diabetic nephropathy, n (%)

Stage 1 91 (53)

Stage 2 59 (34)

Stage 3 12 (7)

Stage 4 10 (6)

Stage 5 0 (0)

Number of remaining teeth, n 23 ± 7

Number of moving teeth, n 2 ± 3

PISA (mm2) 539.4 ± 484.6

Masticatory efficiency (mg/dL) 172.4 ± 60.0

UAE is expressed as median (first quartile, third quartile). Other values are expressed as the mean ± standard

deviation or n (%). Abbreviations: BMI, body mass index; HbA1c, hemoglobin A1c; UAE, daily urinary albumin

excretion; eGFR, estimated glomerular filtration rate; PISA, periodontal inflammatory surface area.

https://doi.org/10.1371/journal.pone.0269594.t001
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prostheses. The presence of diabetic neuropathy did not affect the number of remaining teeth

(data not shown). Nevertheless, the complication of diabetic neuropathy showed lower masti-

cation (Fig 3). Furthermore, the multivariable linear regression analysis indicated a significant

correlation between masticatory efficiency and the number of remaining teeth (p = 0.0002);

diabetic neuropathy (p = 0.0004) (Table 3).

4. Discussion

The present study revealed, for the first time, that patients with type 2 diabetes who have dia-

betic neuropathy have significantly lower masticatory efficiency. Besides, stratified analysis for

the patients with more than 20 remaining teeth demonstrated that the negative effect of dia-

betic neuropathy remained. Taken together, these findings suggested the association between

masticatory efficiency and diabetic neuropathy. Since masticatory dysfunction is an obstacle to

Fig 1. Spearman rank correlation. Correlations between masticatory efficiency and (A) age, (B) BMI, (C) duration of diabetes, (D) HbA1c, (E) number of

remaining teeth, (F) number of moving teeth and (G) PISA were assessed. Spearman rank correlation coefficients (r) and p values (p) are shown. Statistical

significance was defined as a two-sided p value of< 0.05. Abbreviations: BMI, body mass index; HbA1c, hemoglobin A1c; PISA, periodontal inflammatory

surface area.

https://doi.org/10.1371/journal.pone.0269594.g001
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medical diet therapy, masticatory efficiency in diabetic patients with diabetic neuropathy may

be a useful clinical indicator for successful diabetes therapy. On the other hand, unexpectedly,

neither diabetic retinopathy nor diabetic nephropathy correlated with masticatory efficiency.

These results imply that diabetic neuropathy could be the cause of the resultant masticatory

disorder in diabetes patients. We discuss the plausible mechanisms of impairment for mastica-

tion below.

First, the possible factor responsible for masticatory dysfunction in diabetic neuropathy

patients may be sarcopenia. It is widely accepted that type 2 diabetes is associated with sarcope-

nia [42–44]. Furthermore, diabetic neuropathy is one of the important risk factors for the

occurrence of sarcopenia in diabetic patients [45–47]. Notably, sarcopenia induces masseter

muscle atrophy and chewing dysfunction [48, 49]. Although this present clinical study did not

assess the motor neuronal function, diabetic neuropathy was correlated with masticatory dis-

order. Consequently, it is plausible that sarcopenia associated with diabetic neuropathy may

cause masticatory muscle mass reduction, which results in the development of masticatory

dysfunction. Since this present clinical study lacked the data evaluating sarcopenia, including

such as muscle strength, physical function and muscle mass, we cannot show the precise

Fig 2. One-way ANOVA and the t-test. Effects of (A) diabetic neuropathy, (B) stage of diabetic nephropathy, (C) diabetic retinopathy, (D) sex and (E) current

smoking on masticatory efficiency were assessed. Statistical significance was defined as a two-sided p value of< 0.05.

https://doi.org/10.1371/journal.pone.0269594.g002
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association of sarcopenia for masticatory disorder in patients with diabetic neuropathy. To

clarify this tentative hypothesis, additional studies evaluating the relation between sarcopenia/

diabetic motor neuropathy and masticatory dysfunction will be needed. More specifically, in

addition to our mastication efficacy testing system, recording the mandibular kinematics and

muscular activation during chewing will strengthen such promising future study [50].

The other plausible factor of impairment for mastication could be trigeminal nerve dys-

function due to diabetic neuropathy. Although most of the facial muscles are innervated by the

facial nerve, the muscles involved in mastication, consisting of the masseter, temporal, medial

pterygoid, and lateral pterygoid muscles, are innervated by the trigeminal nerve. When these

mandibular motor fibers are affected, the patients may complain of weakness in chewing [51].

Thus, masticatory dysfunction in the patients with diabetic neuropathy in this study may be

attributed to impaired trigeminal nerve function. Oculomotor, abducens, facial, and trochlear

nerve palsies are frequently observed as diabetic mononeuropathies; however, there are no

reports demonstrating trigeminal nerve dysfunction in patients with diabetic neuropathy.

However, pure trigeminal motor neuropathy, caused by viral or bacterial infection [52, 53],

tumors [54] or unknown causes [55], can lead to masticatory muscle dysfunction. Accordingly,

it is highly conceivable that masticatory dysfunction due to trigeminal nerve palsy occurs in

diabetic neuropathy. More importantly, compared to the well-reported prognosis of diabetic

mononeuropathy, which can be treated by controlling blood glucose levels, the prognosis of

trigeminal nerve palsy may be relatively poor. As described above, masticatory disorder caused

by trigeminal nerve dysfunction may disrupt healthy eating habits and thereby worsen blood

glucose control.

PISA was not associated with masticatory dysfunction in this study; however, previous

studies have demonstrated a correlation between periodontitis and masticatory disability [10–

12]. Despite this, our results may not contradict those of previous reports. The PISA reflects

the inflamed surface area of periodontal pockets. In brief, as the number of remaining teeth

decreased, the PISA decreased. Accordingly, severe periodontitis patients who lose their teeth

and develop masticatory disorder have a decreased PISA.

In this study, diabetic neuropathy was diagnosed by abbreviated diagnostic criteria, which

are generally employed in Japan. These abbreviated diagnostic criteria are easy and reliable for

Table 2. Multivariable analysis.

Parameter 95% CI, upper/lower p value

Sex 2.672/-13.418 0.189

Age 0.962/-0.221 0.218

Duration of diabetes 0.716/-1.075 0.693

Diabetic neuropathy 21.522/3.476 0.007

Diabetic retinopathy 10.041/-10.111 0.995

Diabetic nephropathy

Stage 2–1 14.161/-20.341 0.724

Stage 3–2 25.404/-40.981 0.644

Stage 4–3 41.145/-47.214 0.892

Number of remaining teeth 5.384/2.984 < 0.0001

Number of moving teeth 2.601/-3.297 0.816

PISA 0.009/-0.029 0.308

Statistical significance was defined as a two-sided p value of < 0.05. Abbreviations: CI, confidence interval; PISA,

periodontal inflammatory surface area.

https://doi.org/10.1371/journal.pone.0269594.t002
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the diagnosis but not quantitative. Thus, to investigate the association between the objective

degree of diabetic neuropathy and masticatory disorder, a quantitative assessment such as a

nerve conduction test will be required. Moreover, a future study testing the association

between diabetic neuropathy and neuromuscular control of mastication will clarify the effect

of diabetic neuropathy on masticatory dysfunction in more detail. To this end, in addition to

the masticatory efficiency testing system, monitoring of the mandibular kinematic and muscu-

lar activity should be employed.

5. Conclusion

In conclusion, we revealed a significant association between diabetic neuropathy and mastica-

tory dysfunction. Additional assessment for a mandibular kinematic and muscular activity will

deepen our understanding of the neuropathic effects of diabetes on the craniofacial disorder.

For diabetic patients with masticatory disorder, it may be difficult to implement a dietary

treatment regimen. To control hyperglycemic conditions in diabetic neuropathy patients, diet

therapy considering a patient’s masticatory function by dentists and nutritionists could be

helpful.

Fig 3. Effect of diabetic neuropathy on masticatory efficiency in patients with more than 20 remaining teeth.

Statistical significance was defined as a two-sided p value of< 0.05.

https://doi.org/10.1371/journal.pone.0269594.g003
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Statistical significance was defined as a two-sided p value of < 0.05. Abbreviations: CI, confidence interval; PISA,

periodontal inflammatory surface area.

https://doi.org/10.1371/journal.pone.0269594.t003
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9. Darré L, Vergnes JN, Gourdy P, Sixou M. Efficacy of periodontal treatment on glycaemic control in dia-

betic patients: A meta-analysis of interventional studies. Diabetes Metab. 2008; 34(5):497–506. https://

doi.org/10.1016/j.diabet.2008.03.006 PMID: 18948050

10. Kosaka T, Ono T, Kida M, Kikui M, Yamamoto M, Yasui S, et al. A multifactorial model of masticatory

performance: the Suita study. J Oral Rehabil. 2016; 43(5):340–7. https://doi.org/10.1111/joor.12371

PMID: 26662207

11. Helal O, Göstemeyer G, Krois J, Fawzy El Sayed K, Graetz C, Schwendicke F. Predictors for tooth loss

in periodontitis patients: Systematic review and meta-analysis. J Clin Periodontol. 2019; 46(7):699–

712. https://doi.org/10.1111/jcpe.13118 PMID: 31025366

12. Okamoto N, Amano N, Nakamura T, Yanagi M. Relationship between tooth loss, low masticatory ability,

and nutritional indices in the elderly: a cross-sectional study. BMC Oral Health. 2019; 19(1):110. https://

doi.org/10.1186/s12903-019-0778-5 PMID: 31196057

13. Kaur G, Holtfreter B, Rathmann W, Rathmann WG, Schwahn C, Wallaschofski H, et al. Association

between type 1 and type 2 diabetes with periodontal disease and tooth loss. J Clin Periodontol. 2009;

36(9):765–74. https://doi.org/10.1111/j.1600-051X.2009.01445.x PMID: 19622096

14. Jimenez M, Hu FB, Marino M, Li Y, Joshipura KJ. Type 2 diabetes mellitus and 20 year incidence of

periodontitis and tooth loss. Diabetes Res Clin Pract. 2012; 98(3):494–500. https://doi.org/10.1016/j.

diabres.2012.09.039 PMID: 23040240

15. Fujise T, Yoshimatsu H, Kurokawa M, Fukagawa K, Nakata M, Sakata T. Food consistency modulates

eating volume and speed through brain histamine in rat. Brain Res Bull. 1993; 32(5):555–9. https://doi.

org/10.1016/0361-9230(93)90307-w PMID: 8221152

PLOS ONE Masticatory dysfunction in patients with diabetic neuropathy

PLOS ONE | https://doi.org/10.1371/journal.pone.0269594 June 6, 2022 11 / 13

https://doi.org/10.1111/j.1741-2358.2004.00052.x
http://www.ncbi.nlm.nih.gov/pubmed/15747894
https://doi.org/10.1177/154405910808700418
https://doi.org/10.1177/154405910808700418
http://www.ncbi.nlm.nih.gov/pubmed/18362314
https://doi.org/10.1902/annals.2001.6.1.99
http://www.ncbi.nlm.nih.gov/pubmed/11887478
https://doi.org/10.2337/dc09-1778
http://www.ncbi.nlm.nih.gov/pubmed/20185742
https://doi.org/10.2337/dc12-0072
http://www.ncbi.nlm.nih.gov/pubmed/22837370
https://doi.org/10.1161/01.CIR.0000091339.70120.53
http://www.ncbi.nlm.nih.gov/pubmed/14517163
https://doi.org/10.1016/j.diabres.2013.01.028
https://doi.org/10.1016/j.diabres.2013.01.028
http://www.ncbi.nlm.nih.gov/pubmed/23465365
https://doi.org/10.1902/jop.2001.72.6.774
https://doi.org/10.1902/jop.2001.72.6.774
http://www.ncbi.nlm.nih.gov/pubmed/11453240
https://doi.org/10.1016/j.diabet.2008.03.006
https://doi.org/10.1016/j.diabet.2008.03.006
http://www.ncbi.nlm.nih.gov/pubmed/18948050
https://doi.org/10.1111/joor.12371
http://www.ncbi.nlm.nih.gov/pubmed/26662207
https://doi.org/10.1111/jcpe.13118
http://www.ncbi.nlm.nih.gov/pubmed/31025366
https://doi.org/10.1186/s12903-019-0778-5
https://doi.org/10.1186/s12903-019-0778-5
http://www.ncbi.nlm.nih.gov/pubmed/31196057
https://doi.org/10.1111/j.1600-051X.2009.01445.x
http://www.ncbi.nlm.nih.gov/pubmed/19622096
https://doi.org/10.1016/j.diabres.2012.09.039
https://doi.org/10.1016/j.diabres.2012.09.039
http://www.ncbi.nlm.nih.gov/pubmed/23040240
https://doi.org/10.1016/0361-9230%2893%2990307-w
https://doi.org/10.1016/0361-9230%2893%2990307-w
http://www.ncbi.nlm.nih.gov/pubmed/8221152
https://doi.org/10.1371/journal.pone.0269594


16. Fujise T, Yoshimatsu H, Kurokawa M, Oohara A, Kang M, Nakata M, et al. Satiation and masticatory

function modulated by brain histamine in rats. Proc Soc Exp Biol Med. 1998; 217(2):228–34. https://doi.

org/10.3181/00379727-217-44227 PMID: 9452148

17. Zhu Y, Hsu WH, Hollis JH. Increasing the number of masticatory cycles is associated with reduced

appetite and altered postprandial plasma concentrations of gut hormones, insulin and glucose. Br J

Nutr. 2013; 110(2):384–90. https://doi.org/10.1017/S0007114512005053 PMID: 23181989

18. Madhu V, Shirali A, Pawaskar PN, Madi D, Chowta N, Ramapuram JT. Mastication Frequency and

Postprandial Blood Sugar Levels in Normoglycaemic and Dysglycaemic Individuals: A Cross- Sectional

Comparative Study. J Clin Diagn Res. 2016; 10(7):OC06–8. https://doi.org/10.7860/JCDR/2016/18855.

8082 PMID: 27630879

19. Sheiham A, Steele JG, Marcenes W, Lowe C, Finch S, Bates CJ, et al. The relationship among dental

status, nutrient intake, and nutritional status in older people. J Dent Res. 2001; 80(2):408–13. https://

doi.org/10.1177/00220345010800020201 PMID: 11332523

20. Nowjack-Raymer RE, Sheiham A. Association of edentulism and diet and nutrition in US adults. J Dent

Res. 2003; 82(2):123–6. https://doi.org/10.1177/154405910308200209 PMID: 12562885

21. Yoshihara A, Watanabe R, Nishimuta M, Hanada N, Miyazaki H. The relationship between dietary

intake and the number of teeth in elderly Japanese subjects. Gerodontology. 2005; 22(4):211–8.

https://doi.org/10.1111/j.1741-2358.2005.00083.x PMID: 16329229

22. De Marchi RJ, Hugo FN, Hilgert JB, Padilha DM. Association between oral health status and nutritional

status in south Brazilian independent-living older people. Nutrition. 2008; 24(6):546–53. https://doi.org/

10.1016/j.nut.2008.01.054 PMID: 18455655

23. Wakai K, Naito M, Naito T, Kojima M, Nakagaki H, Umemura O, et al. Tooth loss and intakes of nutrients

and foods: a nationwide survey of Japanese dentists. Community Dent Oral Epidemiol. 2010; 38(1):43–

9. https://doi.org/10.1111/j.1600-0528.2009.00512.x PMID: 19922495

24. Zhu Y, Hollis JH. Tooth loss and its association with dietary intake and diet quality in American adults. J

Dent. 2014; 42(11):1428–35. https://doi.org/10.1016/j.jdent.2014.08.012 PMID: 25174947

25. Hung HC, Willett W, Ascherio A, Rosner BA, Rimm E, Joshipura KJ. Tooth loss and dietary intake. J

Am Dent Assoc. 2003; 134(9):1185–92. https://doi.org/10.14219/jada.archive.2003.0353 PMID:

14528990

26. Yamazaki T, Yamori M, Asai K, Nakano-Araki I, Yamaguchi A, Takahashi K, et al. Mastication and risk

for diabetes in a Japanese population: a cross-sectional study. PLoS One. 2013; 8(6):e64113. https://

doi.org/10.1371/journal.pone.0064113 PMID: 23755114

27. Barrett EJ, Liu Z, Khamaisi M, King GL, Klein R, Klein BEK, et al. Diabetic Microvascular Disease: An

Endocrine Society Scientific Statement. J Clin Endocrinol Metab. 2017; 102(12):4343–410. https://doi.

org/10.1210/jc.2017-01922 PMID: 29126250

28. Nathan DM, Genuth S, Lachin J, Cleary P, Crofford O, Davis M, et al. The effect of intensive treatment

of diabetes on the development and progression of long-term complications in insulin-dependent diabe-

tes mellitus. N Engl J Med. 1993; 329(14):977–86. https://doi.org/10.1056/NEJM199309303291401

PMID: 8366922

29. Hirakawa Y, Arima H, Zoungas S, Ninomiya T, Cooper M, Hamet P, et al. Impact of visit-to-visit glyce-

mic variability on the risks of macrovascular and microvascular events and all-cause mortality in type 2

diabetes: the ADVANCE trial. Diabetes Care. 2014; 37(8):2359–65. https://doi.org/10.2337/dc14-0199

PMID: 24812434

30. Shimada A, Yamabe Y, Torisu T, Baad-Hansen L, Murata H, Svensson P. Measurement of dynamic

bite force during mastication. J Oral Rehabil. 2012; 39(5):349–56. https://doi.org/10.1111/j.1365-2842.

2011.02278.x PMID: 22288929

31. Flores-Orozco EI, Rovira-Lastra B, Willaert E, Peraire M, Martinez-Gomis J. Relationship between jaw

movement and masticatory performance in adults with natural dentition. Acta Odontol Scand. 2016; 74

(2):103–7. https://doi.org/10.3109/00016357.2015.1048996 PMID: 26027883

32. MANLY RS, BRALEY LC. Masticatory performance and efficiency. J Dent Res. 1950; 29(4):448–62.

https://doi.org/10.1177/00220345500290040701 PMID: 15436916

33. Piancino MG, Comino E, Talpone F, Vallelonga T, Frongia G, Bracco P. Reverse-sequencing chewing

patterns evaluation in anterior versus posterior unilateral crossbite patients. Eur J Orthod. 2012; 34

(5):536–41. https://doi.org/10.1093/ejo/cjr109 PMID: 21921301

34. Minakuchi S, Tsuga K, Ikebe K, Ueda T, Tamura F, Nagao K, et al. Oral hypofunction in the older popu-

lation: Position paper of the Japanese Society of Gerodontology in 2016. Gerodontology. 2018; 35

(4):317–24. https://doi.org/10.1111/ger.12347 PMID: 29882364

PLOS ONE Masticatory dysfunction in patients with diabetic neuropathy

PLOS ONE | https://doi.org/10.1371/journal.pone.0269594 June 6, 2022 12 / 13

https://doi.org/10.3181/00379727-217-44227
https://doi.org/10.3181/00379727-217-44227
http://www.ncbi.nlm.nih.gov/pubmed/9452148
https://doi.org/10.1017/S0007114512005053
http://www.ncbi.nlm.nih.gov/pubmed/23181989
https://doi.org/10.7860/JCDR/2016/18855.8082
https://doi.org/10.7860/JCDR/2016/18855.8082
http://www.ncbi.nlm.nih.gov/pubmed/27630879
https://doi.org/10.1177/00220345010800020201
https://doi.org/10.1177/00220345010800020201
http://www.ncbi.nlm.nih.gov/pubmed/11332523
https://doi.org/10.1177/154405910308200209
http://www.ncbi.nlm.nih.gov/pubmed/12562885
https://doi.org/10.1111/j.1741-2358.2005.00083.x
http://www.ncbi.nlm.nih.gov/pubmed/16329229
https://doi.org/10.1016/j.nut.2008.01.054
https://doi.org/10.1016/j.nut.2008.01.054
http://www.ncbi.nlm.nih.gov/pubmed/18455655
https://doi.org/10.1111/j.1600-0528.2009.00512.x
http://www.ncbi.nlm.nih.gov/pubmed/19922495
https://doi.org/10.1016/j.jdent.2014.08.012
http://www.ncbi.nlm.nih.gov/pubmed/25174947
https://doi.org/10.14219/jada.archive.2003.0353
http://www.ncbi.nlm.nih.gov/pubmed/14528990
https://doi.org/10.1371/journal.pone.0064113
https://doi.org/10.1371/journal.pone.0064113
http://www.ncbi.nlm.nih.gov/pubmed/23755114
https://doi.org/10.1210/jc.2017-01922
https://doi.org/10.1210/jc.2017-01922
http://www.ncbi.nlm.nih.gov/pubmed/29126250
https://doi.org/10.1056/NEJM199309303291401
http://www.ncbi.nlm.nih.gov/pubmed/8366922
https://doi.org/10.2337/dc14-0199
http://www.ncbi.nlm.nih.gov/pubmed/24812434
https://doi.org/10.1111/j.1365-2842.2011.02278.x
https://doi.org/10.1111/j.1365-2842.2011.02278.x
http://www.ncbi.nlm.nih.gov/pubmed/22288929
https://doi.org/10.3109/00016357.2015.1048996
http://www.ncbi.nlm.nih.gov/pubmed/26027883
https://doi.org/10.1177/00220345500290040701
http://www.ncbi.nlm.nih.gov/pubmed/15436916
https://doi.org/10.1093/ejo/cjr109
http://www.ncbi.nlm.nih.gov/pubmed/21921301
https://doi.org/10.1111/ger.12347
http://www.ncbi.nlm.nih.gov/pubmed/29882364
https://doi.org/10.1371/journal.pone.0269594


35. Uesugi H, Shiga H. Relationship between masticatory performance using a gummy jelly and mastica-

tory movement. J Prosthodont Res. 2017; 61(4):419–25. https://doi.org/10.1016/j.jpor.2017.01.001

PMID: 28237698

36. Matsuo S, Imai E, Horio M, Yasuda Y, Tomita K, Nitta K, et al. Revised equations for estimated GFR

from serum creatinine in Japan. Am J Kidney Dis. 2009; 53(6):982–92. https://doi.org/10.1053/j.ajkd.

2008.12.034 PMID: 19339088

37. Haneda M, Utsunomiya K, Koya D, Babazono T, Moriya T, Makino H, et al. [Classification of Diabetic

Nephropathy 2014]. Nihon Jinzo Gakkai Shi. 2014; 56(5):547–52. PMID: 25130030

38. Yasuda H, Sanada M, Kitada K, Terashima T, Kim H, Sakaue Y, et al. Rationale and usefulness of

newly devised abbreviated diagnostic criteria and staging for diabetic polyneuropathy. Diabetes Res

Clin Pract. 2007; 77 Suppl 1:S178–83. https://doi.org/10.1016/j.diabres.2007.01.053 PMID: 17478005

39. Nesse W, Abbas F, van der Ploeg I, Spijkervet FK, Dijkstra PU, Vissink A. Periodontal inflamed surface

area: quantifying inflammatory burden. J Clin Periodontol. 2008; 35(8):668–73. https://doi.org/10.1111/

j.1600-051X.2008.01249.x PMID: 18564145

40. Miller SC. Textbook of periodontia. Phiradelphia Blakiston Co.; 1950.

41. Gotfredsen K, Walls AW. What dentition assures oral function? Clin Oral Implants Res. 2007; 18 Suppl

3:34–45. https://doi.org/10.1111/j.1600-0501.2007.01436.x PMID: 17594368

42. Park SW, Goodpaster BH, Strotmeyer ES, de Rekeneire N, Harris TB, Schwartz AV, et al. Decreased

muscle strength and quality in older adults with type 2 diabetes: the health, aging, and body composition

study. Diabetes. 2006; 55(6):1813–8. https://doi.org/10.2337/db05-1183 PMID: 16731847

43. Kim TN, Park MS, Yang SJ, Yoo HJ, Kang HJ, Song W, et al. Prevalence and determinant factors of

sarcopenia in patients with type 2 diabetes: the Korean Sarcopenic Obesity Study (KSOS). Diabetes

Care. 2010; 33(7):1497–9. https://doi.org/10.2337/dc09-2310 PMID: 20413515

44. Mesinovic J, Zengin A, De Courten B, Ebeling PR, Scott D. Sarcopenia and type 2 diabetes mellitus: a

bidirectional relationship. Diabetes Metab Syndr Obes. 2019; 12:1057–72. https://doi.org/10.2147/

DMSO.S186600 PMID: 31372016

45. Yang Q, Zhang Y, Zeng Q, Yang C, Shi J, Zhang C, et al. Correlation Between Diabetic Peripheral Neu-

ropathy and Sarcopenia in Patients with Type 2 Diabetes Mellitus and Diabetic Foot Disease: A Cross-

Sectional Study. Diabetes Metab Syndr Obes. 2020; 13:377–86. https://doi.org/10.2147/DMSO.

S237362 PMID: 32104034

46. Andersen H. Motor dysfunction in diabetes. Diabetes Metab Res Rev. 2012; 28 Suppl 1:89–92. https://

doi.org/10.1002/dmrr.2257 PMID: 22271730

47. Andersen H, Gjerstad MD, Jakobsen J. Atrophy of foot muscles: a measure of diabetic neuropathy. Dia-

betes Care. 2004; 27(10):2382–5. https://doi.org/10.2337/diacare.27.10.2382 PMID: 15451904

48. Murakami M, Hirano H, Watanabe Y, Sakai K, Kim H, Katakura A. Relationship between chewing ability

and sarcopenia in Japanese community-dwelling older adults. Geriatr Gerontol Int. 2015; 15(8):1007–

12. https://doi.org/10.1111/ggi.12399 PMID: 25363233

49. Umeki K, Watanabe Y, Hirano H, Edahiro A, Ohara Y, Yoshida H, et al. The relationship between mas-

seter muscle thickness and appendicular skeletal muscle mass in Japanese community-dwelling

elders: A cross-sectional study. Arch Gerontol Geriatr. 2018; 78:18–22. https://doi.org/10.1016/j.

archger.2018.05.014 PMID: 29883805

50. Piancino MG, Falla D, Merlo A, Vallelonga T, de Biase C, Dalessandri D, et al. Effects of therapy on

masseter activity and chewing kinematics in patients with unilateral posterior crossbite. Arch Oral Biol.

2016; 67:61–7. https://doi.org/10.1016/j.archoralbio.2016.03.013 PMID: 27031304

51. Becker M, Kohler R, Vargas MI, Viallon M, Delavelle J. Pathology of the trigeminal nerve. Neuroimaging

Clin N Am. 2008; 18(2):283–307, x. https://doi.org/10.1016/j.nic.2007.11.002 PMID: 18466833

52. Kang YK, Lee EH, Hwang M. Pure trigeminal motor neuropathy: a case report. Arch Phys Med Rehabil.

2000; 81(7):995–8. https://doi.org/10.1053/apmr.2000.6273 PMID: 10896019

53. Kämppi A, Kämppi L, Kemppainen P, Kanerva M, Toppila J, Auranen M. Focal atrophy of the unilateral

masticatory muscles caused by pure trigeminal motor neuropathy: case report. Clin Case Rep. 2018; 6

(5):939–43. https://doi.org/10.1002/ccr3.1495 PMID: 29744092

54. Park KS, Chung JM, Jeon BS, Park SH, Lee KW. Unilateral trigeminal mandibular motor neuropathy

caused by tumor in the foramen ovale. J Clin Neurol. 2006; 2(3):194–7. https://doi.org/10.3988/jcn.

2006.2.3.194 PMID: 20396506

55. Chiba M, Echigo S. Unilateral atrophy of the masticatory muscles and mandibular ramus due to pure tri-

geminal motor neuropathy: a case report. Oral Surg Oral Med Oral Pathol Oral Radiol. 2012; 113(6):

e30–4. https://doi.org/10.1016/j.oooo.2011.11.022 PMID: 22668715

PLOS ONE Masticatory dysfunction in patients with diabetic neuropathy

PLOS ONE | https://doi.org/10.1371/journal.pone.0269594 June 6, 2022 13 / 13

https://doi.org/10.1016/j.jpor.2017.01.001
http://www.ncbi.nlm.nih.gov/pubmed/28237698
https://doi.org/10.1053/j.ajkd.2008.12.034
https://doi.org/10.1053/j.ajkd.2008.12.034
http://www.ncbi.nlm.nih.gov/pubmed/19339088
http://www.ncbi.nlm.nih.gov/pubmed/25130030
https://doi.org/10.1016/j.diabres.2007.01.053
http://www.ncbi.nlm.nih.gov/pubmed/17478005
https://doi.org/10.1111/j.1600-051X.2008.01249.x
https://doi.org/10.1111/j.1600-051X.2008.01249.x
http://www.ncbi.nlm.nih.gov/pubmed/18564145
https://doi.org/10.1111/j.1600-0501.2007.01436.x
http://www.ncbi.nlm.nih.gov/pubmed/17594368
https://doi.org/10.2337/db05-1183
http://www.ncbi.nlm.nih.gov/pubmed/16731847
https://doi.org/10.2337/dc09-2310
http://www.ncbi.nlm.nih.gov/pubmed/20413515
https://doi.org/10.2147/DMSO.S186600
https://doi.org/10.2147/DMSO.S186600
http://www.ncbi.nlm.nih.gov/pubmed/31372016
https://doi.org/10.2147/DMSO.S237362
https://doi.org/10.2147/DMSO.S237362
http://www.ncbi.nlm.nih.gov/pubmed/32104034
https://doi.org/10.1002/dmrr.2257
https://doi.org/10.1002/dmrr.2257
http://www.ncbi.nlm.nih.gov/pubmed/22271730
https://doi.org/10.2337/diacare.27.10.2382
http://www.ncbi.nlm.nih.gov/pubmed/15451904
https://doi.org/10.1111/ggi.12399
http://www.ncbi.nlm.nih.gov/pubmed/25363233
https://doi.org/10.1016/j.archger.2018.05.014
https://doi.org/10.1016/j.archger.2018.05.014
http://www.ncbi.nlm.nih.gov/pubmed/29883805
https://doi.org/10.1016/j.archoralbio.2016.03.013
http://www.ncbi.nlm.nih.gov/pubmed/27031304
https://doi.org/10.1016/j.nic.2007.11.002
http://www.ncbi.nlm.nih.gov/pubmed/18466833
https://doi.org/10.1053/apmr.2000.6273
http://www.ncbi.nlm.nih.gov/pubmed/10896019
https://doi.org/10.1002/ccr3.1495
http://www.ncbi.nlm.nih.gov/pubmed/29744092
https://doi.org/10.3988/jcn.2006.2.3.194
https://doi.org/10.3988/jcn.2006.2.3.194
http://www.ncbi.nlm.nih.gov/pubmed/20396506
https://doi.org/10.1016/j.oooo.2011.11.022
http://www.ncbi.nlm.nih.gov/pubmed/22668715
https://doi.org/10.1371/journal.pone.0269594

