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Objective: Aberrant O-GlcNAc modification has been implicated in type 2 diabetes
mellitus (T2DM) and the pathogenesis of neurodegenerative diseases via competition
with tau phosphorylation. We aimed to investigate the association between global
O-GlcNAcylation, tau phosphorylation levels and mild cognitive impairment (MCI) in the
whole blood of patients with T2DM.

Methods: Sociodemographic, clinical characteristics and cognitive performances of the
enrolled T2DM subjects were extensively assessed. Global O-GlcNAcylation and tau
phosphorylation levels in the whole blood were also determined using Western blot.

Results: Forty-eight T2DM subjects, including 24 with MCI and 24 with normal
cognition, were enrolled in this study. Compared with cognitively normal controls, T2DM
with MCI subjects displayed decreased global O-GlcNAcylation level, but increased
tau phosphorylation levels (all p < 0.05). To reflect the combined effect, the ratios
of global O-GlcNAcylation to tau phosphorylation levels, including specific sites, such
as Ser396, Ser404, Thr212, and Thr231, were all significantly decreased in MCI
subjects (all p < 0.05). Further multivariable logistic regression analysis revealed that
high glycated hemoglobin A1c was an independent risk factor, whereas increased
O-GlcNAc/p-T212 was an independent protective factor for MCI in patients with T2DM
(odds ratio [OR] = 2.452, 95% confidence interval [CI] 1.061–5.668, p = 0.036;
OR = 0.028, 95%CI 0.002–0.388, p = 0.008, respectively). With regard to each cognitive
domain, O-GlcNAc/p-T212 was positively correlated with the score of Auditory Verbal
Learning Test-delayed recall (r = 0.377, p = 0.010).

Conclusion: Our study suggests that increased ratio of global O-GlcNAcylation to tau
phosphorylation at Thr212 site in the whole blood is associated with decreased risk of
MCI, especially with better memory function in T2DM subjects.

Clinical Trial Registration: www.ClinicalTrials.gov, identifier ChiCTR-OCC-15006060.
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INTRODUCTION

Current estimates indicated that 415 million adults are diagnosed
with diabetes worldwide in 2015 (Ogurtsova et al., 2017).
Among these adults, 90% manifested type 2 diabetes mellitus
(T2DM). T2DM is a multifactorial metabolic disorder that
can cause several acute and chronic complications, mainly
including diabetic ketoacidosis, diabetic hyperosmotic coma,
cardiovascular and cerebrovascular diseases, and microvascular
diseases (Zheng et al., 2018). Previous studies suggested that
T2DM is an independent risk factor for mild cognitive
impairment (MCI) and dementia (Cheng et al., 2012; Gao et al.,
2016), and also progression from MCI to dementia (Li et al., 2016;
Ciudin et al., 2017). Moreover, the annual conversion rate of MCI
to Alzheimer’s disease (AD) is 10–15%, and 80% of MCI patients
are converted to AD within 6 years, which will cause huge family
and social burdens (Tiermey et al., 1996). Therefore, it is urgent to
provide early prevention and intervention of MCI in patients of
T2DM. The underlying mechanisms of T2DM-related cognitive
dysfunction are complex and include chronic hyperglycemia
(Kim D. J. et al., 2016), recurrent hypoglycemia (Sheen and Sheu,
2016; Mehta et al., 2017), insulin resistance (IR) (Ma et al., 2015),
β-amyloid aggregation, and tau protein hyperphosphorylation
(Baglietto-Vargas et al., 2016; Mittal and Katare, 2016). However,
the exact mechanisms require further studies.

O-N-acetylglucosaminylation (O-GlcNAcylation) is a ubiqui-
tous and dynamic posttranslational modification regulated
by only two known enzymes, namely, O-linked β-N-acetyl-
glucosamine transferase (OGT) and O-linked β-N-acetylglucos-
aminidase (O-GlcNAcase, OGA) (Yang and Qian, 2017). OGT
transfers O-linked N-acetylglucosamine (O-GlcNAc) to the
hydroxyl group of serine (Ser) or threonine (Thr) residues
of certain cytoplasmic, nuclear and mitochondrial proteins,
whereas OGA removes it from proteins. To date, thousands of
O-GlcNAc-modified proteins reportedly regulate many cellular
pathways, such as epigenetics, gene expression, translation,
protein degradation, signal transduction, mitochondrial
bioenergetics, cell cycle, and protein localization (Zachara
et al., 2015). O-GlcNAc pathway utilizes uridine diphosphate
N-acetylglucosamine (UDP-GlcNAc) from the hexosamine
biosynthetic pathway. Thus, previous studies linked it to
circulating glucose levels. For example, aberrant protein
O-GlcNAc modification has been associated with hyperglycemia
and IR (Park et al., 2010; Myslicki et al., 2014). Moreover,
increased expression of O-GlcNAcylation in erythrocyte or
leukocyte proteins (particularly granulocyte) is considered as
a unique marker for early and efficient detection of T2DM
(Wang et al., 2009; Springhorn et al., 2012). In addition,
O-GlcNAcylation has been also implicated in the pathogenesis of
diabetic complications, such as but not limited to retinopathy,
nephropathy, and vascular disease (Peterson and Hart, 2016).

O-GlcNAcylation and phosphorylation modify Ser and/or Thr
side chains of substrate proteins. Consequently,O-GlcNAcylation
can compete with phosphorylation at certain sites of various
proteins, including microtubule-associated protein tau (Hart
et al., 2011). Studies demonstrated that the formation of
neurofibrillary tangles, in which the major components are

abnormally hyperphosphorylation tau proteins, is one of the
defining pathological features of AD (Grundke-Iqbal et al.,
1986). As a consequence, aberrant tau O-GlcNAcylation
has been implicated in the pathogenesis of Alzheimer and
neurodegenerative diseases. In human postmortem brain
tissues, tau protein was demonstrated to be modified by
O-GlcNAcylation, and protein O-GlcNAcylation level in AD
brain was lower than that in healthy controls (Liu F. et al.,
2004). Evidence from an animal study indicated an imbalance
between tau phosphorylation and O-GlcNAcylation in the
hippocampus of 3xTg-AD mice (Gatta et al., 2016). Intervention
studies also suggested that increased O-GlcNAcylation may
prevent (β-amyloid plaque formation and pathological
tau aggregation, thereby rescuing cognitive impairment in
transgenic mouse models (Kim et al., 2013; Graham et al., 2014;
Yuzwa et al., 2014).

However, knowledge is lacking on the relationships
among O-GlcNAcylation, tau phosphorylation level and
cognitive functions in peripheral blood samples from patients
with T2DM. Given the researches that suggested a link of
O-GlcNAcylation with phosphorylation modification and
cognition, as well as IR and diabetes, we hypothesized that the
imbalance between O-GlcNAcylation and tau phosphorylation
may be involved in diabetes-associated cognitive decline.
Herein, we aimed to investigate the association among global
O-GlcNAcylation, tau phosphorylation levels, MCI, and the
different cognitive domain performances in the whole blood of
patients with T2DM.

MATERIALS AND METHODS

Ethics Statement
This study was conducted in the Department of Endocrinology,
Affiliated Zhongda Hospital of Southeast University. The study
protocol and informed consent documents were approved by the
Research Ethics Committee of the Affiliated Zhongda Hospital of
Southeast University. All enrolled subjects were informed about
the study and gave written consent.

Subject Recruitment
Subjects were recruited from the Department of Endocrinology,
Affiliated Zhongda Hospital of Southeast University from
January 2017 to October 2017. All patients with T2DM were
diagnosed according to the World Health Organization (1999)
criteria (Alberti and Zimmet, 1998). They were aged between
45 and 75 years with a history of diabetes > 3 years. Patients
with any of the following criteria were excluded: (1) presence
of acute diabetic complications, including diabetic ketoacidosis,
hyperosmolar non-ketotic diabetic coma, diabetic lacatocidosis,
and severe hypoglycemia; (2) presence of acute cardiovascular
or cerebrovascular accident, such as acute myocardial infarction,
and acute cerebral hemorrhage; (3) any known history of
central nervous system diseases that could affect cognition,
including stroke (Hachinski ischemic score [HIS] ≥ 4), head
trauma, epilepsy, major anxiety and depression; (4) history of
alcoholism or drug abuse within 2 months; (5) the presence
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of thyroid dysfunction or other severe medical illness, such as
cancer, anemia and serious infection; and (6) history of severe
visual or hearing loss. MCI was diagnosed based on criteria
established by the National Institute on Aging-Alzheimer’s
Association workgroups (Albert et al., 2011). The criteria
included the following: (1) a reported decline in cognitive
function (self/informant/clinician report); (2) objective evidence
of impairment in one or more cognitive domains, which were
assessed by the Montreal Cognitive Assessment (MoCA) in
this study; (3) preservation of normal activities of daily living
(ADL), measured by ADL questionnaire; and (4) the absence
of dementia (based on the Diagnostic and Statistical Manual of
Mental Disorders-IV criteria).

Sociodemographic and Clinical
Characteristic Collection
Standard sociodemographic and clinical characteristics of the
enrolled subjects were collected at study entry, including age,
gender, educational level, weight, height, blood pressure (BP),
and diabetes duration. Body mass index (BMI) was calculated
as body weight (kg) divided by the square of body height (m2).
Hypertension was defined as BP ≥ 140/90 mmHg and/or use
of antihypertensive medication. Lifestyle risk factors such as
smoking and alcohol history were also included. The laboratory
data comprised fasting blood glucose (FBG), fasting C-peptide
(FCP), glycated hemoglobin A1c (HbA1c), triglycerides, total
cholesterol, high density lipoprotein cholesterol, low density
lipoprotein cholesterol, serum creatinine (SCr), blood urea
nitrogen (BUN), and uric acid (UA). IR was evaluated
according to the modified homeostatic model assessment of
insulin resistance (HOMA-IR) formula based on FCP: FBG
(mmol/L) × FCP (ng/mL)/22.5 (Kim J. D. et al., 2016). Data on
antidiabetic drug usage, including metformin and insulin, were
also collected in this study.

Cognitive Performance Assessment
Cognitive performances were assessed through a battery of
neuropsychological scales designed to evaluate the performance
in approximately 60 min across an array of cognitive domains
including memory, executive function, visual spatial processing,
attention, and information processing speed. The MoCA test
was used to assess overall cognitive function ranging from 0
to 30 score and also regarded as a highly sensitive screening
tool of MCI in patients with T2DM (Alagiakrishnan et al.,
2013). The normal MoCA score was ≥26, with one point
added if the subject had less than 12 years of formal education
(Nasreddine et al., 2005). Other tests included Digit Span
Test, Verbal Fluency Test, Clock Drawing Test (CDT), Trail
Making Test-A and B, and Auditory Verbal Learning Test
(AVLT). HIS, clinical dementia rating (CDR), and self-rating
depression scale were also obtained. All neuropsychological
tests were performed by a skilled neuropsychiatrist from the
Department of Neurology, Affiliated Zhongda Hospital of
Southeast University, and all the subjects were blinded to the
study design.

Western Blot
Whole blood samples were collected from the enrolled subjects by
venipuncture in anticoagulant-free tubes, and then immediately
stored at −80◦C. In preparation for Western blot, blood
samples were homogenized in a lysis buffer, which consists
of 50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100,
1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS),
and various protease and phosphatase inhibitors, including
phenylmethanesulfonyl fluoride, sodium pyrophosphate, and
β-glycerophosphate. The samples were then centrifuged at
12,000 g at 4◦C for 10 min, and the lysate was recovered and
diluted 20 times. Protein concentrations were determined by
the bicinchoninic acid assay according to the manufacturer’s
protocol (NanJing KeyGen Biotech Co., Ltd.). 20 µg total protein
was resolved on SDS-polyacrylamide gel electrophoresis gels
and blotted to polyvinylidene fluoride (PVDF) membranes.
PVDF membranes were then blocked by 5% non-fat milk
in Tris-buffered saline with 0.1% Tween 20 (TBST) at room
temperature for 1 h, and incubated overnight at 4◦C with
appropriate primary antibodies. Primary antibodies included
anti-O-linked N-acetylglucosamine [RL2] (1:1000; Abcam,
ab2739), anti-OGT/O-linked N-acetylglucosamine transferase
(1:5000; Abcam, ab177941), anti-MGEA5 (1:5000; Abcam,
ab124807), anti-Tau [Tau-5] (1:800; Abcam, ab80579), anti-
Tau (phosphor S396) (1:10000; Abcam, ab109390), anti-Tau
(phosphor S404) (1:1000; Abcam, ab92676), anti-Tau (phosphor
T212) (1:1000; Abcam, ab4842), and anti-Tau (phosphor T231)
(1:5000; Abcam, ab151559) with glyceraldehyde 3-phosphate
dehydrogenase (anti-GAPDH) (1:3000; CMCTAG, AT0002)
serving as the control. Secondary antibodies were as follows:
goat anti-mouse IgG horseradish peroxidase (HRP) (1:50000;
MyBioScience, MKA001A) and goat anti-rabbit IgG HRP
(1:25000; MyBioScience, MKA003A). Signals were detected with
chemiluminescence (Millipore, WBKLS0500) and then exposed
using MiniChemiTM610 Imaging and Analysis System (Beijing
Sage Creation Science Co., Ltd.).

Statistical Analyses
Densitometry data of global O-GlcNAc, OGT, OGA, and tau
phosphorylation levels were analyzed by the Image J program.
Data are presented as mean ± standard deviation/standard
error of mean (SEM), median (interquartile range) or n
(percentage). Student’s t-test, non-parametric Mann–Whitney
U test or Chi-square test was used to determine differences
of clinical parameters, global O-GlcNAcylation level, its key
enzyme levels, and tau phosphorylation levels, as well as
ratios of global O-GlcNAcylation to tau phosphorylation
levels between T2DM with MCI patients and those with
normal cognition subjects. A simple logistic regression model
was first used to explore so-called independent risk or
protective factors for MCI in patients with MCI. Then,
forward stepwise multivariable regression analysis was used
to explore the “strongest” factors affecting the MCI presence.
Spearman correlation analyses were performed to explore the
relationships of the ratio of global O-GlcNAcylation to tau
phosphorylation levels with other sociodemographic and clinical
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characteristics. Furthermore, we conducted partial correlation
analyses to assess the relationships between the ratio of global
O-GlcNAcylation to tau phosphorylation levels and different
cognitive domain performances. All statistical analyses were
performed using SPSS version 22.0 (SPSS Inc., Chicago, IL,
United States), and p-value < 0.05 (two-tailed) was considered
statistically significant.

RESULTS

Sociodemographic, Clinical
Characteristics and Cognitive
Performances
This study enrolled a total of 48 T2DM subjects, including
24 persons with MCI and 24 cognitively normal controls. The
detailed sociodemographic, clinical characteristics and cognitive
performances of the participants are summarized in Table 1. The
MCI and control group were well matched in age, gender and
education levels, as well as the prevalence of smoking, alcohol,
hypertension and metformin and insulin usage (all p > 0.050).
Compared with cognitively normal controls, T2DM with MCI
subjects displayed elevated HbA1c and FBG, while decreased FCP
and UA (all p < 0.05). No significant differences were observed
including BMI, diabetes duration, HOMA-IR (FCP), blood lipids,
SCr and BUN (all p> 0.05). Moreover, T2DM with MCI patients
showed significantly poorer overall and different domains of
cognitive performances than control subjects (all p< 0.05, except
the p-value for CDT).

Global O-GlcNAcylation and Tau
Phosphorylation Levels Between
the MCI and Control Subjects
Global O-GlcNAcylation and tau phosphorylation levels were
determined by western blot and analyzed by densitometry
(Figure 1). Compared to T2DM with cognitively normal
controls, global O-GlcNAcylation level was lower in MCI
subjects (p = 0.012) (Figures 1A,B). Moreover, there was a
significant decrease in OGT expression, but an increase in OGA
expression in the MCI group (both p < 0.05) (Figures 1A,B).
Results also showed that the decrease in global O-GlcNAcylation
level was accompanied by an increase in total tau level, as
well as hyperphosphorylation of tau protein at specific sites
including Ser396, Ser404, Thr212 and Thr231 (all p < 0.05)
(Figures 1C,D). In order to reflect the combined effect and
to magnify the effect, we performed relative ratios of global
O-GlcNAcylation to tau phosphorylation levels, and found
that O-GlcNAc/Tau-5, O-GlcNAc/p-S396, O-GlcNAc/p-S404,
O-GlcNAc/p-T212, and O-GlcNAc/p-T231 were all decreased
in T2DM with MCI subjects in comparison to control subjects
(all p< 0.05) (Figure 2).

Exploration of Risk Factors for
MCI in T2DM Patients
To explore risk factors for MCI in T2DM patients, we first
conducted a simple logistic regression analysis via entering

TABLE 1 | Sociodemographic, clinical characteristics and cognitive performances.

MCI group Control group

Characteristic (n = 24) (n = 24) p-value

Age (years) 60.67 ± 6.92 61.25 ± 6.77 0.769a

Female, n (%) 14 (58.33) 9 (37.50) 0.149c

Education Levels (years) 9.50 (9.00–12.00) 11.50 (8.25–12.00) 0.800b

Smoking, n (%) 11 (45.83) 9 (37.50) 0.558c

Alcohol, n (%) 8 (33.33) 5 (20.83) 0.330c

BMI (kg/m2 ) 25.19 ± 3.45 26.01 ± 3.36 0.409a

Hypertension, n (%) 17 (70.83) 12 (50.00) 0.140c

Diabetes duration (years) 10.00 (8.25–15.75) 10.00 (7.00–13.00) 0.367b

Metformin usage, n (%) 21 (87.50) 16 (66.67) 0.086c

Insulin usage, n (%) 17 (70.83) 13 (54.17) 0.233c

HbA1c (%) 9.25 ± 1.27 7.95 ± 0.90 <0.001a

FBG (mmol/L) 9.68 ± 2.11 7.83 ± 1.62 0.001a

FCP (ng/mL) 0.46 (0.33–0.55) 0.58 (0.43–0.83) 0.021b

HOMA-IR (FCP) 0.20 (0.13–0.27) 0.21 (0.15–0.28) 0.353b

TG (mmol/L) 1.62 (0.89–2.33) 1.34 (0.97–1.98) 0.688b

TC (mmol/L) 4.87 ± 1.03 4.38 ± 1.24 0.149a

HDL (mmol/L) 1.22 ± 0.27 1.09 ± 0.27 0.102a

LDL (mmol/L) 3.04 ± 0.93 2.70 ± 0.88 0.206a

SCr (µmol/L) 68.96 ± 19.60 70.28 ± 20.09 0.819a

BUN (mmol/L) 5.70 ± 1.15 5.95 ± 1.26 0.469a

UA (µmol/L) 282.33 ± 65.91 336.92 ± 98.24 0.029a

Neuropsychological tests

MoCA 24.00 (22.00–25.00) 28.00 (27.00–29.00) <0.001b

DST 11.00 (10.00–11.75) 12.00 (11.00–13.00) 0.023b

VFT 14.50 (13.00–18.00) 18.00 (15.25–20.00) 0.012b

CDT 4.00 (3.00–4.00) 4.00 (3.00–4.00) 0.596b

TMT-A 68.50 (56.50–87.50) 55.00 (45.50–71.00) 0.020b

TMT-B 171.50 (116.50–215.00) 123.00 (90.25–159.75) 0.042b

AVLT-immediate recall 16.00 (14.00–18.75) 19.00 (15.25–23.50) 0.041b

AVLT-delayed recall 5.00 (3.00–6.00) 6.00 (5.00–8.75) 0.016b

Data are presented as n (%), mean ± standard deviation, or median (interquartile
range) as appropriate.
aStudent’s t-test for comparison of normally distributed quantitative variables
between MCI group and control group.
bMann–Whitney U test for comparison of asymmetrically distributed quantitative
variables between MCI group and control group.
cχ2 test for comparison of qualitative variables between MCI group and control
group.
MCI, mild cognitive impairment; BMI, body mass index; HbA1c, glycosylated
hemoglobin; FBG, fasting blood glucose; FCP, fasting C-peptide; HOMA-IR(FCP):
replacing fasting insulin with FCP in the homeostasis model assessment of
insulin resistance formula; TG, triglyceride; TC, total cholesterol; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; SCr, serum creatinine; BUN, blood urea
nitrogen; UA, uric acid; MoCA, Montreal Cognitive Assessment; DST, Digit Span
Test; VFT, Verbal Fluency Test; CDT, Clock Drawing Test; TMT, Trail Making Test;
AVLT, Auditory Verbal Learning Test.

all sociodemographic and clinical characteristics. The results
showed that T2DM subjects with higher HbA1c and FBG were
associated with increased risk of MCI, while increased FCP,
UA, O-GlcNAc/Tau-5, O-GlcNAc/p-S396, O-GlcNAc/p-S404,
O-GlcNAc/p-T212, and O-GlcNAc/p-T231 were associated with
decreased risk of MCI (all p < 0.05) (Table 2). Further forward
stepwise multivariable logistic regression analysis revealed that
high HbA1c was an independent risk factor for MCI, while
increased O-GlcNAc/p-T212 was an independent protective
factor for MCI in T2DM patients (OR = 2.452, 95%CI
1.061–5.668, p = 0.036; OR = 0.028, 95%CI 0.002–0.388,
p = 0.008, respectively).
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FIGURE 1 | Global O-GlcNAcylation and tau phosphorylation levels in the whole blood of T2DM subjects. (A) Representative Western blot analysis showing that
global O-GlcNAcylation and OGT expression are decreased, while OGA expression are increased in T2DM with MCI compared to those with normal cognition.
(B) Quantitation of Western blot analysis (A). (C) Representative Western blot analysis showing that total tau level, as well as phosphorylation of tau protein at
specific sites including Ser396, Ser404, Thr212, and Thr231 are increased in T2DM with MCI compared to those with normal cognition. (D) Quantitation of Western
blot analysis (C). All data represents n = 48, and are means ± standard error of mean. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

Relationships of O-GlcNAc/p-T212 With
Different Cognitive Domain
Performances in T2DM Patients
The Spearman correlation analyses revealed that O-GlcNAc/p-
T212 was negatively associated with HbA1c and FBG (r =−0.346,
p = 0.016; r = −0.329, p = 0.023, respectively). No significant

FIGURE 2 | Relative ratio of global O-GlcNAcylation to tau phosphorylation
levels in T2DM subjects. O-GlcNAc/Tau-5, O-GlcNAc/p-S396,
O-GlcNAc/p-S404, O-GlcNAc/p-T212, and O-GlcNAc/p-T231 were all
decreased in T2DM with MCI subjects in comparison to control subjects. All
data represents n = 48, and are median (interquartile range). ∗∗∗p < 0.001.

associations were found between O-GlcNAc/p-T212 and other
sociodemographic and clinical characteristics (all p > 0.05).
Further partial correlation analyses showed that O-GlcNAc/
p-T212 was positively associated with MoCA after adjustment
for HbA1c and FBG (r = 0.397, p = 0.006). With regard
to each cognitive domain, O-GlcNAc/p-T212 was positively
correlated with the score of AVLT-delayed recall, which represent
delayed verbal learning and memory functions (r = 0.377,
p = 0.010) (Table 3).

TABLE 2 | Exploration of risk factors for MCI in T2DM patients.

β SE of β p-value OR 95%CI

HbA1c (%) 1.106 0.358 0.002 3.023 1.500–6.092

FBG (mmol/L) 0.568 0.205 0.006 1.765 1.181–2.637

FCP (ng/mL) −2.714 1.280 0.034 0.066 0.005–0.814

UA (umol/L) −0.010 0.005 0.042 0.990 0.981–1.000

O-GlcNAc/Tau-5 −3.325 1.100 0.003 0.036 0.004–0.311

O-GlcNAc/p-S396 −3.752 1.260 0.003 0.023 0.002–0.277

O-GlcNAc/p-S404 −2.173 0.877 0.013 0.114 0.020–0.635

O-GlcNAc/p-T212 −4.209 1.301 0.001 0.015 0.001–0.190

O-GlcNAc/p-T231 −2.103 0.813 0.010 0.122 0.025–0.601

MCI, mild cognitive impairment; β, regression coefficient; SE, standard error; OR,
odds ratio; CI, confidence interval for odds ratio; HbA1c, glycosylated hemoglobin;
FBG, fasting blood glucose; FCP, fasting C-peptide; UA, uric acid.
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TABLE 3 | Relationships of O-GlcNAc/p-T212 with other clinical characteristics
and different cognitive domains performances in T2DM patients.

O-GlcNAc/p-T212

r p-value

Age (years) 0.077 0.604a

Education levels (years) −0.019 0.897a

BMI (kg/m2) 0.239 0.102a

Diabetes duration (years) −0.065 0.659a

HbA1c (%) −0.346 0.016a

FBG (mmol/L) −0.329 0.023a

FCP (ng/mL) 0.127 0.389a

HOMA-IR (FCP) −0.050 0.734a

TG (mmol/L) 0.112 0.450a

TC (mmol/L) −0.143 0.334a

HDL (mmol/L) −0.245 0.094a

LDL (mmol/L) −0.194 0.187a

SCr (µmol/L) 0.265 0.069a

BUN (mmol/L) −0.062 0.674a

UA (µmol/L) 0.185 0.207a

MoCA 0.397 0.006b

DST 0.038 0.803b

VFT 0.197 0.189b

CDT 0.104 0.491b

TMT-A 0.053 0.725b

TMT-B 0.053 0.729b

AVLT-immediate recall 0.215 0.152b

AVLT-delayed recall 0.377 0.010b

aSpearman correlation.
bPartial correlation after adjustment for HbA1c and FBG.
MCI, mild cognitive impairment; BMI, body mass index; HbA1c, glycosylated
hemoglobin; FBG, fasting blood glucose; FCP, fasting C-peptide; HOMA-IR(FCP):
replacing fasting insulin with FCP in the homeostasis model assessment of
insulin resistance formula; TG, triglyceride; TC, total cholesterol; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; SCr, serum creatinine; BUN, blood urea
nitrogen; UA, uric acid; MoCA, Montreal Cognitive Assessment; DST, Digit Span
Test; VFT, Verbal Fluency Test; CDT, Clock Drawing Test; TMT, Trail Making Test;
AVLT, Auditory Verbal Learning Test.

DISCUSSION

Several key findings were obtained from this case-control study
which assessed the relationships among global O-GlcNAcylation,
tau phosphorylation levels and MCI in T2DM subjects. (1) Global
O-GlcNAcylation level was significantly decreased, whereas tau
phosphorylation levels were increased in T2DM with MCI
subjects compared with those with normal cognition. (2) High
HbA1c was an independent risk factor for MCI, whereas
increased O-GlcNAc/p-T212 was an independent protective
factor for MCI in patients with T2DM; (3) O-GlcNAc/p-T212 was
positively associated with overall cognitive function, especially
with delayed learning and memory functions.

In the current study, we first performed a correlation study
between global O-GlcNAcylation level, tau phosphorylation
levels and cognitive functions in the whole blood of patients of
T2DM and observed a decreased global O-GlcNAcylation level

but increased tau phosphorylation levels in T2DM with MCI
subjects. These findings were consistent with those obtained
in human postmortem brain tissues, which demonstrated that
protein O-GlcNAcylation level in AD brain was lower than that
in controls (Liu F. et al., 2004). Previous study also revealed an
imbalance between tau O-GlcNAcylation and phosphorylation in
the hippocampus of a mouse model of AD (Gatta et al., 2016).
In addition, O-GlcNAcylation elevation via the OGA inhibitor
can lead to a significant reduction of pathological tau and
then provides protection against neuron loss in animal studies
(Yuzwa et al., 2012; Graham et al., 2014; Hastings et al., 2017).
Furthermore, in accordance with our study, plasma tau levels
were found higher in MCI subjects compared with cognitively
normal controls in the population-based Mayo Clinic Study of
Aging (Dage et al., 2016). However, our data were contradictory
with the results of several studies performed on patients with
AD and MCI. The plasma levels of total tau decreased among
subjects with MCI and AD compared with cognitively normal
controls (Sparks et al., 2012). In another study exploring the
utility of plasma tau as diagnostic markers for MCI and AD,
Zetterberg et al. reported that plasma tau levels were significantly
elevated in AD but not in MCI compared with CN subjects
(Zetterberg et al., 2013). The inconsistency in these findings
may be attributed to differences in disease populations (T2DM
with MCI or MCI), sample source (whole blood or plasma) and
detection method of tau protein (Western blot or enzyme-linked
immunosorbent assay).

High HbA1c was an independent risk factor for MCI in our
T2DM subjects, which was consistent with the result reported in
the action to control cardiovascular risk in diabetes-memory in
diabetes (ACCORD-MIND) trial. The study indicated that higher
HbA1c levels were associated with lower cognitive function in
individuals with diabetes (Tali et al., 2009). When adjusted for
age, sex and education, a 1% higher HbA1c level was associated
with a 0.09-point lower MoCA score in non-demented elderly
patients with type 2 diabetes (Huang et al., 2015). In patients
with newly diagnosed T2DM, higher HbA1c was also associated
with worse cognitive performances assessed by the modified
13-item version of the telephone interview for cognitive status
(TICS-M) (Moulton et al., 2016). On the contrary, increased
O-GlcNAc/p-T212 was an independent protective factor for
MCI in patients with T2DM. Furthermore, O-GlcNAc/p-T212
was positively associated with overall cognitive performances,
especially with learning and memory functions. The exact
mechanisms for these relationships are not fully understood.
One possible reason is that O-GlcNAcylation level was shown to
correlate negatively with tau phosphorylation levels, which are
a primary regulator of neuronal functions, including regulating
long-term synaptic plasticity and learning and memory
(Anggono and Huganir, 2012; Luscher and Malenka, 2012).
With regard to specific phosphorylation sites of tau protein,
Alonso et al. (2010) suggested that a single phosphorylation
site alone had little influence on the biological activity of
tau protein, while phosphorylation at Thr212 along with a
modification on the C-terminal of the protein could facilitate
tau aggregation. In addition, O-GlcNAc modification is highly
abundant in the mammalian brain, especially with markedly
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dense expression in the hippocampus (Liu K. et al., 2004),
whereas the hippocampus is mainly responsible for learning
and memory function in rodents (Lazarov and Hollands, 2016).
Moreover, O-GlcNAcylation has been linked to regulate protein
homeostasis, which is essential to maintain synaptic contacts and
memory (Akan et al., 2018). Xie et al. (2016) also reported that
O-GlcNAcylation downregulation suppresses protein kinase A
(PKA)-cAMP-response element binding protein signaling and
consequently causes learning and memory deficits in AD. By
contrast, increasing the levels of O-GlcNAcylation by caloric
restriction can lessen learning impairment associated with
diabetes (Jeon et al., 2016). Therefore, all the above explanations
supported our finding that increased O-GlcNAc/p-T212 was a
protective factor and associated with lower MCI incidence in
T2DM subjects.

Our study was the first to investigate the association among
O-GlcNAcylation level, tau phosphorylation levels, and cognitive
performances in T2DM patients with MCI. Moreover, the
samples used in our study were peripheral blood cells other than
cerebrospinal fluid (CSF) or brain tissues, which were easier to
obtain and generalize to the clinic. However, certain limitations
should be noted in this study. First, due to the lack of specific
O-GlcNAcylation antibody for tau protein, we couldn’t obtain
tau O-GlcNAcylation level. We are also unable to obtain the level
of UDP-GlcNAc because of the difficulties of detection methods
(High-performance liquid chromatography/Quadrupole-Time of
flight-Mass spectrometry) (Oikari et al., 2018), which could
directly reflect the associations among blood glucose, key
enzymes and tau O-GlcNAcylation level. Moreover, the relatively
small sample size and sample composition of this study limited
the interpretation of our results to a certain degree. In addition,
this is a case-control study, and findings derived from this work
cannot elucidate the direction of the relationship and it is not
possible to determine the causality.

CONCLUSION

Our study suggests that increased ratio of global
O-GlcNAcylation to tau phosphorylation at Thr212 site in the
whole blood is associated with decreased risk of MCI, especially
with better learning and memory function in T2DM subjects.
Further prospective studies with a substantial sample size should
be conducted to validate these observations.
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