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Purpose: Trimethylamine N-oxide (TMAO) is a metabolite of phosphatidylcholine in red meat and other diets, which is associated
with cardiovascular and other diseases. The aim of this study is to evaluate the associations of serum TMAO with mild cognitive
impairment (MCI) in the Chinese type 2 diabetes mellitus (T2DM) population.

Materials and Methods: A total of 253 hospitalized T2DM patients and 150 healthy controls were included in this cross-sectional
study. Montreal Cognitive Assessment (MoCA) assessed the cognition function, and the 253 T2DM patients were divided into 74
subjects with MCI and 179 with non-MCI. Demographic data and biochemical test results were evaluated. Serum TMAO level was
measured by high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS).

Results: A higher serum TMAO level was observed in T2DM patients compared with the healthy controls (P < 0.001). Among all
T2DM patients, the MCI group (n = 74) showed higher serum TMAO levels than the non-MCI group. Spearman correlation test
showed that TMAO levels were significantly positively correlated with age (r = 0.147, P = 0.019), body mass index (BMI) (r = 0.153,
P =0.015), diabetes duration (r = 0.160, P = 0.011), HbAlc (r = 0.138, P = 0.029), triglyceride (TG) (r = 0.138, P = 0.029), creatinine
(r=0.184, p = 0.003), hs-CRP (r = 0.243, P < 0.001), and were negatively correlated with HDL-C (r = —0.144, P = 0.022), BDNF (r =
—0.165, p = 0.009), and MoCA (r = —0.386, P < 0.001) score (all P < 0.05). Multivariable Logistic regression identified high serum
TMAO level as a significant independent factor of MCI in the T2DM patients (OR = 1.404, 95% CI = 1.255-1.571; P < 0.001).
Conclusion: Our study showed that T2DM patients with MCI have elevated serum TMAO levels.

Keywords: trimethylamine N-oxide, type 2 diabetes mellitus, mild cognitive impairment, Montreal Cognitive Assessment, healthy
control

Introduction

Type 2 diabetes mellitus (DM) is one of the most common severe public health problems in the 21st century globally.'
China has the highest number of Type 2 diabetes mellitus (T2DM) patients, accounting for over 90% of all diabetes
mellitus patients locally.” T2DM is amalgamated with a potential risk of dementia, cognitive impairment, and
Alzheimer’s disease (AD).** Mild cognitive impairment (MCI) is a transitional state between normal aging and
dementia, and subjects have a gradual loss of memory and executive function. Consequently, different morphological
changes in the central nervous system (CNS) include decreased hippocampal size and neurogenesis, brain tissue atrophy,
and unusual neural electrical property changes.”® These disorders affect tremendous public health care and quality of

life. Therefore, there is an urgent need to reveal early diagnostic biomarkers for MCI in T2DM patients.
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Trimethylamine-N-oxide (TMAO) is a metabolite mainly generated from dietary choline and L-carnitine and its
precursor trimethylamine (TMA). Both choline and L-carnitine undergo metabolization by the gut microbiota into TMA,
which is further converted into TMAO by liver flavin-containing monooxygenase 3 (FMO3).” A major concern in
TMAUO levels could be the result of dietary differences, suggesting that intestinal microbiota may play a significant role
in the variation of TMAO levels.'® Several studies demonstrated that TMAO could be associated with cardio-renal
disorders, including atrial fibrillation, heart failure, chronic kidney disease, and acute myocardial infarction.'''*
A recent study reported plasma TMAO level as a novel prognostic consequence of cardiovascular diseases (CVD)."?
Previously, a meta-analysis showed a positive dose-dependent association of serum TMAO with the risk of diabetes.
A high TMAO level could reduce glucose homeostasis consequences to the worst clinical result of diabetic
complications.'®'” Thus, TMAO probably plays a significant role that was previously unrecognized in T2DM-
associated cognitive impairment. However, it remains unexplored about the relationship between TMAO and cognitive
function in diabetic patients. Therefore, we speculated that TMAO could influence the sensitivity to early cognitive
impairment in T2DM patients.

This study aims to explore the significant link between serum TMAO levels and cognition function in T2DM patients.

Materials and Methods
Study Population

This cross-sectional study was conducted in the Department of Endocrinology of Shanghai Pudong Hospital from
January 2018 to December 2020. We acquired written informed consent from participants or nearest relatives before
the commencement of our study. The Research Ethics Committee approved this study protocol of the Hospital.

In the present study, a total of 253 hospitalized T2DM patients and 150 healthy people were recruited. The included
T2DM patients had more than three years of diabetes history. All patients were diagnosed with T2DM based on the
criteria of the WHO 1999.'® MoCA evaluated cognitive function. The recruited 253 T2DM patients were classified into
74 patients with MCI and 179 with normal cognition. All recruited patients were capable of understanding and
cooperating with study procedures. The exclusion criteria were as follows: (1) severe diabetic complications; (2)
dementia or depression; (3) other diseases with cognitive dysfunction; (4) major illnesses, such as severe heart failure,
neoplasm, and severe infection; (4) use of cognition-impairing drugs in the previous 3 months. The control group came
from 150 cases of healthy volunteers who received health examinations; they were aged 50-75 years (mean age 60.3 +
7.3 year).

Data Collection

Clinical data were collected through inquiry with all subjects after admission, including name, age, gender, occupation,
education, history of smoking or alcohol intake, and the history of diabetes mellitus and complications, cardiovascular
disease (CVD), hypertension and hyperlipidemia. General biochemical indexes, including fasting blood glucose (FBG),
HemoglobinAlc (HbAlc), triglyceride (TG), total cholesterol (TC), LDL-C, HDL-C, and Creatinine. Hs-CRP (DCRP00)
and brain-derived neurotrophic factor (BDNF, DBDO00) in serum were determined by the enzyme-linked immunosorbent
assay (ELISA) method (R&D Systems, Minneapolis, MN, USA), and all protocols and steps were performed in strict
accordance with the instructions.

The Montreal Cognitive Assessment (MoCA)

The MoCA test was applied to evaluate the cognitive function.'” The test content of MoCA scale mainly includes visual
space and executive function (including alternate connection test, replication cube and clock drawing test), naming,
abstraction, delayed recall, attention (including anterograde and retrograde digit span test, 100 continuous minus 7
calculation and striking Hit test), language (including sentence repetition and language fluency test), and orientation
(including time orientation and place orientation). The MoCA score ranges from 0 to 30; a MoCA score is >26 for
subjects with normal cognition. The MoCA is used to detect MCI in T2DM patients.”® The diagnostic criteria of MCI
were based on the European MCI Working Group.?' We only included patients with a MoCA score of 20 and above to
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exclude dementia. After MoCA measurement, we divided subjects into MCI group and non-MCI group (normal
cognition).

Trimethylamine N-Oxide (TMAQO) Measurement

Overnight fasting blood was collected from 253 T2DM patients and 150 healthy controls. Blood was centrifuged
immediately to separate serum and stored in a —80°C. Serum levels of TMAO were detected with stable isotope dilution
high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS).?* Briefly, 80uL 10-pmol/L d9-
TMAO was added to 20puL plasma, and the sample was vortexed for 1 minute. The supernatant was then centrifuged for
25 minutes at 15,000 g and transferred to a clean sampling bottle for testing. A supernatant of 10 mL was injected into
the SiO2 column for analysis. The column temperature was 30°C; the flow rate was 0.8 mL/min, with mobile phase
A with 0.1% formic acid aqueous solution and mobile phase B with 0.1% acetic acid in methanol. The concentration of
TMAO and d9-TMAO was determined by positive multiple reaction monitoring mass spectrometry. Serum TMAO
concentrations were determined through comparison with an established standard curve.

Statistical Analysis

Quantitative data were presented as medians and inter-quartile ranges (IQR), and category data were presented as
numbers (percentage). All statistical analysis was performed using SPSS Software 20.0 (SPSS Inc., Chicago, Illinois,
USA). The comparison between groups was performed by Mann—Whitney U-test (quantitative data) or y2 test (category
data). Correlation analysis was performed using the Spearman rank test. The independent risk factors for MCI were
analyzed using multivariate Logistic regression. The receiver operator characteristic (ROC) curve was applied to obtain
the cut-off value of TMAO. P < 0.05 is regarded as statistical significance.

Results

The Baseline Characteristics of the Study Group

The demographic and clinical characteristics of all 253 T2DM patients are presented in Table 1. The y2 test results
demonstrated no significant differences between the MCI and non-MCI groups for males, smoking, and drinking.
Moreover, the Mann—Whitney U-test showed that MCI subjects were more likely to have hypertension, hyperlipidemia,
retinopathy, and nephropathy than patients without MCI. Furthermore, MCI subjects tended to be older, shorter education
time, higher BMI, more extended diabetes history, higher levels of TG, HDL-C, creatinine, hs-CRP, lower level of
BDNF, and lower MoCA score (all P < 0.05).

Serum TMAO Level in T2DM Patients

We performed the Mann—Whitney U-test to analyze the serum TMAO between different groups. Serum TMAO level was
significantly higher in T2DM patients [12.28 pmol/L (IQR 9.59-14.64)] compared to healthy controls [5.10 pmol/L (IQR
4.48-6.06)] (P <0.001; Figure 1A). Among all T2DM patients, serum TMAO level was significantly higher in the MCI group
[14.16 pmol/L (IQR 11.28-18.44)] than in the non-MCI group [11.75 pmol/L (IQR 9.27-13.8)] (P < 0.001; Figure 1B).

Correlation Analysis

Spearman rank correlation analyses were performed to uncover the associations of TMAO with other clinical variables
(Table 2). Remarkable positive correlations were found between serum TMAO level and Age (r = 0.147, P =0.019), BMI
(r=0.153, P =0.015), diabetes duration (r =0.160, P =0.011), HbAlc (r = 0.138, P = 0.029), TG (r = 0.138, P = 0.029),
creatinine (r = 0.184, p = 0.003), and hs-CRP (r = 0.243, P < 0.001). In addition, serum TMAO level showed negative
correlations with HDL-C (r = —0.144, P = 0.022), BDNF (r = —0.165, p = 0.009), and MoCA (r =—0.386, P < 0.001). No
statistically significant differences were found between serum TMAO and Education, FBG, TC and LDL-C.
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Table 1 Demographic and Clinical Characteristics of Type 2 Diabetic (T2DM) Patients

Variables Non-MCI (n = 179) MCI (n = 74) Z or 2 P value
Age (year) 59 (55-66) 64 (57.8-69) 2.930 0.003
Male [n (%)] 96 (53.6%) 35 (47.3%) 0.841 0.359
Education (years) 9 (9-12) 9 (9-9.75) 3.655 <0.001
BMI 24.7 (23.6-25.7) 25.1 (24.4-26.0) 2.289 0.022
Smoking 51 (28.5%) 26 (35.1%) 1.091 0.296
Drinking 39 (21.8%) 23 (31.1%) 2.444 0.118
Diabetes duration (years) 9.2 (8.4-9.9) 9.9 (9.1-10.5) 4.120 <0.001
CVD 74 (41.3%) 39 (52.7%) 2.735 0.098
Hypertension 44 (24.6%) 31 (41.9%) 7.523 0.006
Hyperlipidemia 43 (24.0%) 30 (40.5%) 6.959 0.008
Retinopathy 32 (17.9%) 22 (29.7%) 4.381 0.036
Nephropathy 39 (21.8%) 25 (33.8%) 3.987 0.046
Neuropathy 19 (10.6%) 13 (17.6%) 2.291 0.130
FBG (mmol/L) 8.3 (7.9-8.5) 8.3 (8.0-8.6) 0.733 0.464
HbAlc (%) 8.8 (8.5-9.2) 8.9 (8.6-9.3) 1.319 0.187
TG (mmol/L) 2.8 (2.4-3.0) 2.9 (2.6-3.2) 2.745 0.006
TC (mmol/L) 6.4 (6.1-6.7) 6.5 (6.3-6.8) 1.801 0.072
LDL-C (mmol/L) 3.7 (3.4-3.9) 3.8 (3.54.1) 1.944 0.052
HDL-C (mmol/L) 1.6 (1.6-2.1) 1.8 (1.6-1.9) 2.091 0.037
Creatinine (umol/L) 82.7 (75.1-88.0) 84.3 (81.3-88.1) 2.440 0.015
Hs-CRP (ng/mL) 2.5 (2.2-2.9) 2.8 (2.5-3.0) 3.966 <0.001
BDNF (ng/mL) 8.9 (7.8-10.1) 8.2 (7.7-9.0) 2.974 0.003
MoCA 28 (27-29) 23 (22-24) 12.616 <0.001

Notes: Data are expressed as medians and inter-quartile ranges (IQR) for quantitative variables, and expressed as cases and percentage for
category variables. Mann—Whitney U-test (Z), or %2 test was used to test for significant differences.

Abbreviations: BMI, body mass index; CVD, cardiovascular disease; FBG, fasting blood glucose; HbAlc, glycosylated hemoglobin; TG,
triglyceride; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; hs-CRP, high
sensitivity C-reactive protein; BDNF, brain-derived neurotrophic factor; MoCA, Montreal Cognitive Assessment.

Logistic Regression Models

Multivariate logistic regression was performed to investigate whether serum TMAO is an independent factor of MCI in
T2DM. MCI can be influenced by education year, diabetes duration, the presence of hyperlipidemia, hs-CRP, and TMAO
(OR = 1.404, 95% CI = 1.255-1.571; P < 0.001) (Table 3). ROC curve showed the optimal cutoff value of serum TMAO
is 14.14 pmol/L (sensitivity: 70.3%; specificity: 78.8%; AUC = 0.785, 95% CI 0.717-0.852; P < 0.001; Figure 2). T2DM
patients with high serum TMAO levels (>14.14 pmol/L) had a significantly higher risk of MCI.

Discussion
In our present study, we carried out an investigation to measure serum TMAO levels and their correlations with MCI in
T2DM patients. We found a significant relationship between TMAO levels in T2DM patients with MCI. Our study
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Figure | Serum levels of TMAQ in diabetic patients (a) without and (b) with MCI. All data are expressed as medians and inter-quartile ranges (IQR). Mann—Whitney U-tests
were performed to compare the differences between groups. ***P<0.001 vs healthy control group.
Abbreviation: MCI, mild cognitive impairment.

showed (1) serum TMAO levels were higher in the MCI group compared to the non-MCI group in T2DM patients; (2)
serum TMAO levels were positively associated with age, BMI, diabetes duration, HbAlc, TG, creatinine, and hs-CRP;
(3) higher levels of serum TMAO were associated with the significant potential risk of MCI. Our findings speculate that
higher serum TMAO levels may be associated with the deterioration of cognition in diabetes.

The previous study supports our results that diabetes could be a potential contributor to increased serum TMAO
levels. In this study, a higher serum TMAO level was found in T2DM patients and diabetes with MCI. Thus, TMAO was
considered a potential predictor for investigating reduced glucose tolerance and insulin resistance complications in the
prediabetic state of the animal model Macaca mulatta.”* It was shown in a high-fat-diet mouse model that dietary TMAO
elevates reduced glucose tolerance, inhibits the hepatic insulin signaling pathway, and consequently adipose tissue
inflammation.”* Moreover, TMAO treatment reduced peripheral nerve abnormalities in the streptozotocin-induced
diabetes model with no effect on diabetic hyperglycemia.”® It has also been shown that TMAO produces
a macrophage phenotype, which affects the metabolism of cholesterol and sterol in macrophages, liver, and
intestine.”® Previously, several studies demonstrated that higher serum TMAO levels were associated with cardiovascular
disease and other diseases, including worse renal outcomes and other independent risk factors for diabetes.?” Considering
these findings, our study found BMI, diabetes duration, HbAlc, TG, creatinine, and hs-CRP are associated with higher
levels of TMAO in T2DM patients than healthy controls, which suggests further investigation of TMAO concentrations
as a biomarker for cardiovascular diseases and in diabetes research.

We observed a positive relationship between serum TMAO levels with HbAlc. The HbAlc and diabetes duration
enhanced the complications of MCI in T2DM patients, and a high concentration of HbAlc was related to cognitive
impairment and less executive function in elderly adults.*®*° Our study confirmed these observations that patients with
MCI had distinctly higher diabetes duration and higher concentrations of serum HbAlc compared to patients with no
MCI. A recent study showed that diabetic and overweight people’s mean TMAO levels did not significantly change for 2
years, and due to TMAO levels, the authors noticed an intra-individual variability.*® The observed significant changes in
TMAO concentrations in 2 years might be too short. For example, another research group reported age-dependent
increase levels of TMAO for those below 40 years old and over 60 years old.*' Our study has also observed increased
levels of TMAO with age, which is consistent with previously reported studies.

Diabetes is a group of disorders whose pathological processes are correlated with chronic inflammatory responses.
However, hyperglycemia could activate through the inflammatory signal pathway NFkB and result in diabetic neuropathy
and cognitive impairment.*> The NF«B is related to pathological neuroinflammation and is associated with proinflam-
matory cytokine expression.>* These proinflammatory cytokines are raised in patients with T2DM, including neutrophil/
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Table 2 The Correlations of Serum TMAO Level with Clinical
Indicators in T2DM Patients

Variables TMAO (umol/L)
r P value

Age (year) 0.147 0.019
Education (years) -0.017 0.790
BMI 0.153 0.015
Diabetes duration (years) 0.160 0.011
FBG (mmol/L) 0.056 0.371
HbAlc (%) 0.138 0.029
TG (mmol/L) 0.138 0.029
TC (mmol/L) 0.109 0.084
LDL-C (mmol/L) 0.115 0.067
HDL-C (mmol/L) —0.144 0.022
Creatinine (umol/L) 0.184 0.003
Hs-CRP (ng/mL) 0.243 <0.001
BDNF (ng/mL) —0.165 0.009
MoCA —0.386 <0.001

Notes: Spearman correlation was performed in 253 patients.

Abbreviations: BMI, body mass index; FBG, fasting blood glucose; HbAlIc,
glycosylated hemoglobin; TG, triglyceride; TC, total cholesterol; LDL-C, low-
density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; hs-
CREP, high sensitivity C-reactive protein; BDNF, brain-derived neurotrophic fac-
tor; MoCA, Montreal Cognitive Assessment.

Table 3 Multivariate Logistic Regression Evaluates the Risk of MCl in T2DM Patients

Variables B SE of B P value OR 95% CI

Education (years) —0.282 0.087 0.001 0.754 0.636-0.895
Diabetes duration (years) 0.369 0.143 0.010 1.446 1.092-1.914
Hyperlipidemia 1.063 0.371 0.004 2.894 1.398-5.991
Hs-CRP (ng/mL) 1.072 0.399 0.007 2.920 1.336-6.384
TMAO (umol/L) 0.339 0.057 <0.001 1.404 1.255-1.571

Abbreviations: MCI, mild cognitive impairment; f, regression coefficient; SE, standard error; OR, odds ratio; Cl, confidence interval for
odds ratio; hs-CRP, high sensitivity C-reactive protein.

lymphocyte ratio, C-reactive protein, uric acid/HDL ratio, platelet/lymphocyte ratio, and mean platelet volume.**>* In

our study showed that the levels of hs-CRP were higher in MCI groups compared to non-MCI groups. A recent study
reported that higher levels of TMAO induced the activation of NFkB pathway and improved the expression of the
proinflammatory genes, such as inflammatory cytokines and chemokines.** Moreover, through oxidative stress and
NLRP3 inflammasome stimulation could be prompted by TMAO, whereas inflammatory cytokines (IL-18 and IL-1B)
secretions were increased.*” In addition, increased TMAO could contribute to association with platelet hyperactivity,
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Figure 2 Receiver operator characteristic (ROC) curve of serum TMAO. The ROC curve was plotted to determine the cut-off point for serum TMAO that distinguishes
the MCI and non-MCl in diabetic patients.
Abbreviation: MCI, mild cognitive impairment.

thrombosis, and cardiovascular disease.*' ™ In our study, Spearman correlation test showed negative correlations
between TMAO and HDL-C, BDNF. Thus, TMAO could be a potential therapeutic target to improve MCI through
alleviation of inflammatory responses.

Limitations

There were different limitations to our study. (1) we used only the MoCA analysis tool to assess subjects’ cognitive
cognition; more tools should be used to get more reliable and precise data. (2) The cognitive function was assessed
within 7 days after admission, and the score can be affected by the mood and mental state of patients, which may affect
the detection rate of cognitive impairment. (3) To define the correlation between TMAO levels and cognitive function
were evaluated among the T2DM patients. More detailed studies are needed to be carried out on T2DM patients with
MCI and no MCI groups. (4) A longitudinal investigation is required with this cross-sectional study to evaluate the
change in TMAO levels in the early stage of T2DM.

Conclusion

The TMAO concentration increases in MCI patients and positively correlates with age, BMI, diabetes duration, HbAlc,
TG, creatinine, hs-CRP, and is negatively associated with HDL-C and BDNF. Thus, the serum TMAO levels might be
a biomarker for cognitive function and could be a potential predictor of MCI patients with T2DM.
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