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Objective

Type 2 diabetes is a risk factor for dementia. We investigated whether serum levels of soluble triggering receptor expressed on myeloid cell 2 (sTREM2), a soluble form of the cell surface receptor TREM2, were predictive of cognitive impairment in type 2 diabetes without obesity.



Methods

A total of 166 Japanese patients with type 2 diabetes without obesity were followed-up for 2 years. We measured clinical parameters, assessed cognitive function using the mini-mental state examination (MMSE), quantified and divided serum sTREM2 levels into quartiles, and examined the longitudinal associations.



Results

During the follow-up, HbA1c levels were elevated in 98 patients and decreased in 68 patients. In the HbA1c-elevated group, higher sTREM2 levels at baseline showed a significant association with a greater tendency for reduction in MMSE scores (P for trend = 0.015), whereas they were not significantly associated with other examined parameters. In the HbA1c-decreased group, there was no significant association between sTREM2 levels at baseline and changes in MMSE scores, but higher sTREM2 levels at baseline were significantly associated with a greater tendency for reduction in waist circumference (P for trend = 0.027), homeostasis model assessment of insulin resistance (P for trend = 0.039), and sTREM2 levels (P for trend = 0.023).



Conclusions

Glycemic control is suggested to be important in preventing cognitive impairment in patients with type 2 diabetes without obesity. Higher serum sTREM2 levels would be a predictive marker for cognitive impairment in inadequately controlled type 2 diabetes without obesity.
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Introduction

Type 2 diabetes is an epidemiological risk factor for dementia (1–3). Furthermore, the incidence of dementia (4, 5) and the prevalence of diabetes in the global aging populations are expanding worldwide (6). Therefore, there is an urgent need to improve the pathological relationship between type 2 diabetes and dementia, as well as to develop predictive markers and effective treatments for dementia in patients with type 2 diabetes.

Triggering receptor expressed on myeloid cells 2 (TREM2) is a cell surface receptor mainly expressed on myeloid cells such as monocytes, macrophages, and microglia (7, 8). TREM2 binds to various ligands (e.g., amyloid-β and apolipoprotein E) and activates the downstream signaling that modulates cellular functions, including phagocytosis and inflammation (7, 9). Although TREM2 has been closely implicated in the pathogenesis of neurodegenerative diseases, it has not been fully determined whether TREM2 exhibits a protective or detrimental role in the development and progression of the diseases (7–9).

A remarkable characteristic of TREM2 is its ability to release its ectodomain as a soluble form (sTREM2) into the extracellular space upon proteolytic cleavage (7–9). Elevation of sTREM2 in cerebrospinal fluid (CSF) has been suggested to reflect microglial activation (10–12) and associated with faster cognitive decline in individuals at the preclinical stage of Alzheimer’s disease (AD) (13). In addition, sTREM2 levels in serum were also negatively associated with cognitive function in patients with AD (14). Furthermore, our research group recently demonstrated longitudinally that higher levels of serum sTREM2 at baseline were associated with a higher risk of dementia development in a general elderly population in the Hisayama study (15). Therefore, it is suggested that serum sTREM2 as well as CSF sTREM2 would be a predictive marker for dementia.

Although type 2 diabetes is a risk factor for dementia, only a limited number of studies have ever addressed the pathophysiological significance of TREM2 in diabetes in both animal models and humans. In adipose tissue in mice, TREM2 was expressed on mature adipocyte and promoted adipogenesis which caused high-fat diet-induced obesity and insulin resistance (16), whereas another study reported a protective effect of TREM2 on insulin resistance (17). Thus, the roles of TREM2 in glucose metabolism remain controversial. Conversely, type 2 diabetes-related metabolic dysfunction altered microglial TREM2 signaling and resulted in microglial dysfunction, which in turn led to cognitive impairment (18), thereby suggesting pathological implications of TREM2 in the development of diabetes-related cognitive impairment.

In humans, TREM2 expression has also been observed in adipose tissue (19), which would suggest the potential roles of TREM2 in glucose metabolism. We recently demonstrated in the Hisayama cross-sectional study that the elevation of serum sTREM2 levels was associated with an increase in homeostasis model assessment of insulin resistance (HOMA-R) in the general population (20). Furthermore, in patients with type 2 diabetes without obesity, we found that the elevation of serum sTREM2 levels was cross-sectionally associated with cognitive impairment risk in a National Hospital Organization cohort to study obesity and diabetes (21). Since insulin resistance is implicated in cognitive impairment (22–24), these findings suggest that sTREM2 is a pathological mediator between exacerbation of glucose metabolism and cognitive impairment. Therefore, serum sTREM2 levels may be a novel marker for predicting future cognitive impairment in diabetic conditions.

Based on the evidence that type 2 diabetes is a risk factor for dementia (1–3), it is possible that the progression of cognitive impairment differs between patients with adequately and inadequately controlled type 2 diabetes. In particular in patients with type 2 diabetes without obesity, our cross-sectional study previously showed a significant association between the elevation of serum sTREM2 levels and a higher risk of cognitive impairment (21). To further address this issue, in the present study, we longitudinally investigated the association of serum sTREM2 with clinical parameters including cognitive function in patients with type 2 diabetes without obesity, in whom levels of hemoglobin A1c (HbA1c) were elevated or decreased during the 2-year follow-up period, using a database of a cohort comprising patients with obesity and/or diabetes.



Methods


Study Population and Study Design

This study was conducted in an ongoing longitudinal multicenter prospective observational cohort study (Japan Obesity & Metabolic Syndrome Study [JOMS]/Japan Diabetes and Obesity Study2 [J-DOS2]), consisting of 11 National Hospital Organization hospitals (Kyoto, Chiba, Gunma, Aichi, Mie, Fukuoka, Ishikawa, Tokushima, Hokkaido, and Saitama), under the framework of Diabetes and Obesity Registry Kyoto in Japan (DOR-KyotoJ). A total of 635 Japanese patients with type 2 diabetes aged 20–79 years were enrolled from February 2015 to January 2017. Of these, 166 subjects without obesity underwent measurement of serum sTREM2 levels and were included in this study (Figure 1). Type 2 diabetes was diagnosed based on the guidelines of the Japan Diabetes Society, and obesity was defined as a BMI of ≥25 kg/m2, according to the Japan Society for the Study of Obesity guidelines. All the patients received diet and exercise therapies for type 2 diabetes. Candidates were not predetermined by cognition and mentation. Subjects were excluded at baseline if they had a previous history of cardiovascular diseases, other vascular diseases, severe liver dysfunction, severe renal disease (serum creatinine ≥ 265.2 μmol/L), and secondary obesity due to endocrine disorders.




Figure 1 | Flow chart of the study. J-DOS2, Japan Diabetes and Obesity Study2; T2DM, type 2 diabetes mellitus; MMSE, mini-mental state examination; HbA1c, hemoglobin A1c.



This study was designed to investigate the relationship between serum sTREM2 levels and cognitive function, a primary outcome assessed by the mini-mental state examination (MMSE) longitudinally in patients with type 2 diabetes without obesity who were followed-up for 2 years. Data comprising both males and females were analyzed. Approval for the study was obtained from the Central Ethics Committee for Clinical Research at the National Hospital Organization headquarters (approval number 14-034) (21). The study was conducted in accordance with the Declaration of Helsinki and Ethical Guidelines for Medical and Health Research Involving Human Subjects. All participants provided written informed consent. This study is registered in the University Hospital Medical Information Network Clinical Trial Registry (UMIN-CTR) System (ID: UMIN000017929) (21).



Assessment of Cognitive Function

We assessed cognitive function using MMSE-Japanese version (Nihon Bunka Kagakusha Co. Ltd., Tokyo [provided by Psychological Assessment Resources, Inc., FL, USA]), which consists of questions related to cognition (score range, 0–30; higher scores, better function) as described previously (21, 25, 26). MMSE scores of ≤26 were a cognitively impaired group (mild cognitive impairment and dementia) (21, 27), and those of ≤23 corresponded to dementia, according to the guidelines of relevant societies (the Japanese Society of Neurology, the Japanese Society of Psychiatry and Neurology, the Japan Society for Dementia Research, the Japanese Psychogeriatric Society, the Japan Geriatrics Society, and the Japanese Society of Neurological Therapeutics) (21).



Data Collection and Measurements

We measured anthropometric and metabolic parameters in all patients at baseline and 1- and 2-year follow-up using standard procedures (21). These parameters included body weight, BMI, waist circumference (WC), systolic and diastolic blood pressures, fasting plasma glucose (FPG), HbA1c, serum immunoreactive insulin (IRI), HOMA-R, triglycerides, total cholesterol, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, leptin, adiponectin, and high-sensitivity C-reactive protein (hsCRP) levels.

Serum sTREM2 levels were quantified at Health Science West Japan (Kyoto, Japan) using a RayBio Human TREM-2 ELISA Kit (RayBiotech, Norcross, GA, USA), according to the manufacturer’s instructions as described previously (15, 20, 21). The patients were divided into four categories according to the serum levels of sTREM2.



Statistical Analysis

The sample size for this study was all cases of diabetes without obesity from the database of the underlying J-DOS2 study.

The results were described as mean ± standard deviation, median [interquartile range], or the number and percentage of patients. The normality of continuous variables was checked by histograms. When the distribution was normal, the parametric method was used. However, a nonparametric method was used if the distribution was not normal. To measure the amount of change over the 2 years, we used parametric methods and determined all data to be normative.

We defined groups as “elevated” groups if the 2-year HbA1c change was >0 or “decreased” groups if the 2-year HbA1c change was ≤0 (decreased). In the comparison between baseline parameters in the previous two groups, we used Fisher’s exact test, unpaired t-test, or Mann–Whitney U test. Analysis of covariance with age and gender as covariates was used for intergroup comparison of the change in clinical parameters over 2 years by the increased and decreased groups of the change in HbA1c or by quartiles of baseline sTREM2 values. A linear contrast test was used as a trend test. A two-sided P-value <0.05 was considered to show statistical significance. The statistical software was SPSS version 24.0 for Windows (IBM Japan Ltd., Tokyo, Japan).




Results


Baseline Characteristics

This study included 166 patients with type 2 diabetes whose HbA1c levels were elevated (n = 98) or decreased (n = 68) after a 2-year follow-up, of whom 38 patients (20 [20.4%] with elevated and 18 patients [26.5%] with decreased HbA1c levels) exhibited MMSE scores of ≤26. Their clinical and baseline characteristics are shown in Table 1. We found no significant differences in anthropometric parameters and lipid metabolism-related parameters, with the exception of triglyceride levels (lower in the HbA1c-elevated group than in the HbA1c-decreased group, P = 0.031) between the HbA1c-elevated and -decreased groups. Serum sTREM2 levels and MMSE scores did not differ significantly between the two patient groups, which was the same for glucose metabolism-related profiles except for HbA1c levels (lower in the HbA1c-elevated group compared with those in the HbA1c-decreased group, P = 0.003). There was no significant difference in medications for type 2 diabetes (total: 84.9%) between the HbA1c-decreased (83.8%) and -elevated (85.7%) groups (P = 0.826).


Table 1 | Baseline characteristics of patients with decreased- or elevated-HbA1c after 2-year follow-up.





Comparison of Changes in Parameters From Baseline to the 1-Year and 2-Year Follow-up Between HbA1c-Elevated and -Decreased Groups

Type 2 diabetes plays a pathological role in cognitive impairment (22–24). Therefore, we examined whether differences exist between the HbA1c-elevated and -decreased groups, regarding changes in parameters from baseline until 1-year and 2-year follow-up. We focused on the glucose metabolism-related profiles, levels of inflammation, serum sTREM2 levels, and MMSE scores (Supplementary Table S1). There was a significant difference in changes in the levels of FPG (P = 0.009) and HOMA-R (P = 0.013) between the two groups after 2 years of follow-up after adjusting for age and gender, which indicates the role of glycemic control in the HbA1c-decreased group compared with the HbA1c-elevated group. Conversely, changes in the levels of IRI (P = 0.467), hsCRP (P = 0.897), and sTREM2 (P = 0.975) showed no significant difference between the two patient groups. There was also no significant difference between the groups in the changes in MMSE scores (P = 0.099) at 2-year follow-up, although the decrease in MMSE scores had a tendency to be suppressed in the HbA1c-decreased group compared with the HbA1c-elevated group after adjusting for age and gender.



Relationships Between sTREM2 Levels at Baseline and Changes in Parameters at 1 and 2 Years of Follow-up in HbA1c-Elevated and -Decreased Groups

We next investigated whether serum sTREM2 levels at baseline were associated with changes in parameters of interest from baseline to the 1-year and 2-year follow-up.

In the HbA1c-elevated group (Table 2), the levels of serum sTREM2 at baseline were divided into four categories (the median value [interquartile range] in the entire group = 244.8 [141.6-441.4] pg/mL; Q1, 10.7–141.5 pg/mL; Q2, 141.6–244.7 pg/mL; Q3, 244.8–441.3 pg/mL; Q4, 441.4–1728.4 pg/mL). However, there were no significant association with changes in BMI, WC, FPG, HbA1c, IRI, HOMA-R, hsCRP, and sTREM2 levels after 2 years of follow-up. Conversely, higher sTREM2 levels at baseline were significantly associated with a greater tendency for reduction in MMSE scores at the 2-year follow-up after adjusting for age and gender (P for trend = 0.015) (Table 2 and Figure 2).


Table 2 | Relationships between sTREM2 levels at baseline and changes in parameters at 1 and 2 years of follow-up in HbA1c-elevated group.






Figure 2 | Effects of serum sTREM2 levels at baseline on cognitive impairment at 2-year follow-up in patients with adequately and inadequately controlled type 2 diabetes. The serum sTREM2 levels at baseline were divided into four categories for the HbA1c-decreased group (Q1, 16.2–121.0 pg/mL; Q2, 121.1–218.3 pg/mL; Q3, 218.4–407.7 pg/mL; Q4, 407.8–1223.5 pg/mL) and the HbA1c-elevated group (Q1, 10.7–141.5 pg/mL; Q2, 141.6–244.7 pg/mL; Q3, 244.8–441.3 pg/mL; Q4, 441.4–1728.4 pg/mL). Data are expressed as mean ± standard error. HbA1c, hemoglobin A1c; MMSE, mini-mental state examination; sTREM2, a soluble form of triggering receptor expressed on myeloid cells 2. P-values for trend tests were adjusted for age and gender.



In the HbA1c-decreased group (Table 3), the patients were divided into quartiles according to serum sTREM2 levels at baseline (the median value [interquartile range] in the entire group = 218.4 [121.1-407.8] pg/mL; Q1, 16.2–121.0 pg/mL; Q2, 121.1–218.3 pg/mL; Q3, 218.4–407.7 pg/mL; Q4, 407.8–1223.5 pg/mL). After adjusting for age and gender, 2-year follow-up showed no significant association between sTREM2 levels at baseline and changes in BMI, FPG, HbA1c, IRI, and hsCRP. Conversely, higher sTREM2 levels at baseline were significantly associated with a greater tendency for reductions in WC (P for trend = 0.027), HOMA-R (P for trend = 0.039), and sTREM2 levels (P for trend = 0.023) after adjusting for age and gender. On the contrary, no significant P-value was observed between sTREM2 levels at baseline and changes in MMSE scores at the 2-year follow-up (Table 3 and Figure 2).


Table 3 | Relationships between sTREM2 levels at baseline and changes in parameters at 1 and 2 years of follow-up in HbA1c-decreased group.






Discussion

This is the first study to show that higher levels of serum sTREM2 at baseline are significantly associated with a greater tendency for reduction in MMSE scores after 2 years of follow-up in patients with type 2 diabetes without obesity in whom HbA1c levels were elevated during the 2-year follow-up period. Conversely, sTREM2 levels showed no significant association with changes in MMSE scores in patients in the HbA1c-decreased group. Accordingly, these results suggest that hyperglycemia and high levels of sTREM2 are closely implicated in cognitive impairment in patients with type 2 diabetes without obesity. These findings could further highlight the significance of sTREM2, as well as hyperglycemia, as an effective target to prevent cognitive impairment in patients with type 2 diabetes without obesity.

The potential mechanisms underlying the diabetes-related cognitive impairment include multifactorial pathways implicated in hyperglycemia-induced oxidative stress, neuroinflammation, vascular diseases, central insulin resistance, amyloid-β accumulation, and the consequent development of neurodegeneration (22–24, 28). Our findings based on the HbA1c-elevated and -decreased groups also corroborate the possibility that hyperglycemia would be an effective target to reduce the risk of cognitive impairment in type 2 diabetes. In this respect, there are increasingly sophisticated therapeutic approaches for glycemic control in recent years (29), thereby supporting the implementation of strategies to prevent cognitive impairment in type 2 diabetes. Conversely, there are patients with inadequately controlled type 2 diabetes, like those in the HbA1c-elevated group in this study, so additional studies are needed to address this issue and develop effective treatment strategies for type 2 diabetes.

According to our results, it is possible that serum sTREM2 is a novel predictive marker for cognitive impairment in patients with inadequately controlled type 2 diabetes. Although the mechanisms underlying the relationship between sTREM2 and cognitive impairment still remain unclear, our findings suggest potential implications of adipose tissue remodeling in the relationship. Since adipose tissue expresses TREM2 (19), higher levels of sTREM2 would reflect a greater amount of adipose tissue. Thus, a greater reduction of adipose tissue would result in a greater reduction in sTREM2 levels. In this respect, it is possible that the effects of diabetes management on reducing WC and sTREM2 levels were more evident in patients with a greater amount of adipose tissue in the HbA1c-decreased group in this study. Accordingly, higher sTREM2 levels at baseline were associated with a greater tendency for reduction in WC and sTREM2 levels at the 2-year follow-up in this group. In conjunction with a reduction in WC, our results further showed that higher sTREM2 levels at baseline were also associated with a greater tendency for reduction in HOMA-R, an indicator of insulin resistance which is a risk factor for cognitive impairment (22–24). Overall, these findings suggest that 2 years of diabetes management were effective in improving adipose tissue, sTREM2 levels, and insulin resistance, thereby exhibiting potential preventive effects on cognitive impairment in the HbA1c-decreased group. In contrast, these orchestrated improvements were not observed in the HbA1c-elevated group. Therefore, in addition to glycemic control, reducing adipose tissue could contribute to preventing cognitive impairment in type 2 diabetes; sTREM2 and its producing tissue, adipose tissue, could be novel targets for reducing the risk of cognitive impairment in type 2 diabetes (Figure 3).




Figure 3 | Hypothetical pathological relationships exist between sTREM2 levels, diabetes-related parameters, and cognitive impairment in patients with type 2 diabetes without obesity. Effective therapy for diabetes will allow the orchestrated improvement of risk factors for cognitive impairment. Conversely, in inadequately controlled type 2 diabetes without obesity, sTREM2 derived from the adipose tissue as well as hyperglycemia will activate microglia. The activated microglia can subsequently produce sTREM2, leading to an increased risk of cognitive impairment.



Importantly, it still remains controversial whether sTREM2, as well as TREM2-expressing microglia, exhibits beneficial or detrimental effects on cognitive function (9, 10, 30–33); sTREM2 activates microglia to produce proinflammatory cytokines, but it also reduces amyloid-β deposition (33). However, sTREM2 levels in the blood have been suggested to reflect microglial activation (15). It has also been reported that sTREM2 in the blood would pass through the damaged blood–brain barrier and enter the brain, and vice versa, in patients with AD (34), and that there is a positive association between sTREM2 levels in the blood and those in CSF in patients with AD (35). Furthermore, diabetes reportedly reduces the integrity of the blood–brain barrier (22). Therefore, it is possible that sTREM2 produced in adipose tissue might enter the brain from the blood and activate microglia, thereby leading to cognitive impairment in diabetic conditions. In this respect, our findings suggest that the sTREM2-mediated brain–adipose tissue axis might have a novel pathological implication in cognitive impairment in type 2 diabetes.

Regarding the time course of the changes in AD-related markers, it has been hypothesized that CSF sTREM2 levels do not begin to increase before the elevation of CSF Aβ levels, rather they begin increasing prior to the onset of clinical symptoms from cognitively normal stages to preclinical AD (13). Nevertheless, although the pathological significance of serum sTREM2 levels in the continuum of cognitive impairment in type 2 diabetes remains unclear, an in vitro study showed that high levels of glucose activated microglia to up-regulate TREM2 expression and induce an inflammatory response (36). Furthermore, another study reported that diabetic conditions impaired microglial function in both mice and humans (18). Hence, as a possibility that serum sTREM2 are derived from adipose tissue (19) and activated microglia (15) exists, we speculate that hyperglycemia and/or insulin resistance first triggers the elevation of sTREM2, even in a cognitively normal stage in diabetic conditions, ultimately leading to microglial dysfunction and cognitive impairment if diabetic conditions are not improved. Therefore, future studies should address these issues by identifying the main cells and tissue that produce sTREM2 during the disease course and elucidating the pathological roles of sTREM2.

This study has some limitations. First, the follow-up period in this study was 2 years. Although sTREM2 levels at baseline showed a significant association with changes in MMSE scores in the HbA1c-elevated group and with those in WC, HOMA-R, and sTREM2 levels in the HbA1c-decreased group at the 2-year follow-up, significant associations were not manifested at the 1-year follow-up. Further longitudinal prospective studies with longer follow-up periods and larger sample size would be required to support the findings of this study. Second, WC was measured, but the amount of visceral and subcutaneous adipose tissue was not examined in the patients in this study. Gene expression levels of TREM2 and amount of sTREM2 in these tissues were also not investigated. However, the invasive procedure for adipose tissue collection would be difficult in the light of primary care and clinical office-based practice. Another important issue is the potential relationship between serum sTREM2 levels, metabolic markers, and biomarkers involved in neurodegenerative diseases, such as the amyloid-β42/amyloid-β40 ratios, p-tau181 levels, and levels of the neurofilament light chain. Therefore, future research to elucidate these relationships may lead to novel insights into the pathological significance of sTREM2 in cognitive impairment in type 2 diabetes. In addition, as an index of glycemic control, HbA1c levels at baseline were compared with those at 2-year follow-up in this study. Measurement of more continuous fluctuations of blood glucose would be helpful for corroborating the findings of this study. Finally, the function of sTREM2 in cognitive impairment in type 2 diabetes still remains unclear. Future basic and clinical studies to address these issues would provide a deeper understanding of the significance of targeting sTREM2 and/or adipose tissue for the prevention of cognitive impairment in type 2 diabetes.

In conclusion, the present study provided the first evidence that higher levels of serum sTREM2 would be a potential novel marker for predicting cognitive impairment in patients with inadequately controlled type 2 diabetes without obesity. Accordingly, measuring serum sTREM2 levels would allow the identification of patients with increased risk of cognitive impairment, thereby reducing the risk of cognitive impairment by intensifying diabetes therapy in these patients. Our findings further suggest that sTREM2, as well as hyperglycemia, are effective targets for the prevention of cognitive impairment in type 2 diabetes without obesity. Further experimental and cohort studies to elucidate the pathophysiological significance of sTREM2 will contribute in developing novel effective strategies to prevent cognitive impairment in type 2 diabetes.
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Data are expressed as mean + standard deviation. WC, waist circumference; FPG, fasting plasma glucose; HbA;c, hemoglobin A+, IRI, immunoreactive insulin; HOMA-R, homeostasis
model assessment ratio; hsCRP, high-sensitive C-reactive protein; STREMZ2, a soluble form of triggering receptor expressed on myeloid cells 2; MMSE, mini-mental state examination.

A represents the difference between the 1- or 2-year and baseline values. P-values for trend tests were adjusted for age and gender.
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Fisher's exact test, unpaired t-test, or Mann-Whitney U test (Decreased vs. Elevated groups).
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