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Objective: Type 2 diabetes mellitus (T2DM) over time predisposes to

inflammatory responses and abnormalities in functional brain networks that

damage learning, memory, or executive function. The hippocampus is a key

region often reporting connectivity abnormalities in memory disorders. Here, we

investigated peripheral inflammatory responses and resting-state functional

connectivity (RSFC) changes characterized of hippocampal subregions in type

2 diabetes-associated cognitive decline (T2DACD).

Methods: The study included 16 patients with T2DM, 16 patients with T2DACD

and 25 healthy controls (HCs). Subjects were assessed for cognitive

performance, tested for the expression of inflammatory factors IL-6, IL-10 and

TNF-a in peripheral serum, underwent resting-state functional magnetic

resonance imaging scans, and analyzed for RSFC using the hippocampal

subregions as seeds. We also calculated the correlation between cognitive

performance and RSFC of hippocampal subregion, and analyzed the

significantly altered RSFC values of T2DACD for Receiver Operating

Characteristic (ROC) analysis.

Results: T2DACD patients showed a decline in their ability to complete cognitive

assessment scales and experimental paradigms, and T2DM did not show

abnormal cognitive performance. IL-6 expression was increased in peripheral

serum in both T2DACD and T2DM. Compared with HCs, T2DACD showed

abnormalities RSFC of the left anterior hippocampus with left precentral gyrus

and left angular gyrus. T2DM showed abnormalities RSFC of the left middle

hippocampus with right medial frontal gyrus, right anterior and middle

hippocampus with left precuneus, left anterior hippocampus with right

precuneus and right posterior middle temporal gyrus. Compared with T2DM,

T2DACD showed abnormalities RSFC of the left posterior hippocampus and right

middle hippocampus with left precuneus. In addition, RSFC in the left posterior
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hippocampus with left precuneus of T2DACD was positively correlated with

Flanker conflict response time (r=0.766, P=0.001). In the ROC analysis, the

significantly altered RSFC values of T2DACD achieved significant performance.

Conclusions: T2DACD showed a significant decrease in attentional inhibition

and working memory, peripheral pro-inflammatory response increased, and

abnormalities RSFC of the hippocampal subregions with default mode network

and sensory-motor network. T2DM did not show a significant cognitive decline,

but peripheral pro-inflammatory response increased and abnormalities RSFC of

the hippocampus subregions occurred in the brain. In addition, the left

precuneus may be a key brain region in the conversion of T2DM to T2DACD.

The results of this study may provide a basis for the preliminary diagnosis

of T2DACD.
KEYWORDS
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1 Introduction

Due to insufficient insulin secretion, type 2 diabetes mellitus

(T2DM) patients are in a state of hyperglycemia for a long time,

which predisposes them to chronic damage and dysfunction of

blood vessels, nerves and brain (1–3). Cognitive dysfunction is a

common complication of T2DM (4). Multiple meta-analyses of the

association between T2DM and dementia across all ages have

reported risk ratios between 1.43 and 1.62 (5–8). A longitudinal

cohort study showed that the younger age at onset of diabetes, the

greater risk of dementia (9). Type 2 diabetes mellitus-associated

cognitive decline (T2DACD) mainly affects learning and memory,

mental flexibility and mental speed (10). Without timely and

effective intervention, cognitive abilities may gradually deteriorate

and progress to dementia (11). Therefore, early identification and

detection of changes in T2DACD may help clinicians to prevent

severe cognitive decline.

Pathological changes in T2DACD include brain atrophy,

neurofibrillary tangles, senile plaques, neuroinflammation, and

local neuronal apoptosis (12, 13). Although T2DACD is a

complex central nervous system disease caused by multi-

component, multi-target and multi-channel effects, the functional

connectivity (FC) network abnormality of central system may be an

important pathological basis (14). In the central nervous system, the

hippocampus is the neurobiological basis of cognition, memory,

inhibition, emotion and other functions, and participates in a

variety of neural circuits (such as limbic system, neocortex, etc.)

(15). Clinical and animal studies have shown that the hippocampus

can be divided into three parts along its long axis: head, body and

tail (i.e. anterior, middle and posterior). There are some differences

in gene expression, anatomical structure and function of each part

(16–19). The research found that the posterior hippocampus is
02
primary FC with sensory-motor, middle with default mode network

(DMN), and anterior with limbic networks and prefrontal (20). The

anterior hippocampus is involved in emotion and affect, and the

middle/posterior involved in cognitive functions such as spatial and

episodic memory (17, 21, 22). During the development of

Alzheimer’s disease (AD), the hippocampus is one of the first

region of brain atrophy (23). In the brains of patients with

cognitive impairment, there are also extensive FC abnormalities

in the hippocampus. In patients with AD, there are FC

abnormalities between the hippocampus and several brain

regions, including medial prefrontal cortex, ventral anterior

cingulate cortex, posterior cingulate cortex, right inferior

temporal gyrus and right superior middle temporal gyrus (24). In

addition, research has found that there are abundant insulin

receptors in the hippocampus (25), which is more susceptible to

central insulin resistance than other brain regions (26, 27).

Hippocampal insulin resistance is an important mechanistic

mediator of cognitive impairment in T2DM and AD (26).

Previous MRI studies on diabetes patients have provided evidence

that cognitive impairment is related to changes in hippocampal

structure and function (28, 29). Therefore, some people believe that

hippocampal abnormalities in T2DM may disrupt the upstream

and downstream pathways responsible for memory signal

transmission and regulation, and explain the reasons for cognitive

impairment in T2DM (29). However, existing research mostly

focuses on FC analysis of the hippocampus as a whole, and there

is relatively little exploration of the anterior, middle, and posterior

zoning of the hippocampus as an interesting study of FC changes.

It is worth noting that peripheral inflammation has been

described as a potential risk factor for AD and vascular dementia

(30, 31). Several meta-analyses have found that compared to

individuals with normal neurological function, inflammatory
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proteins such as interleukin-1b(IL-1b), IL-6, IL-10, TNF-a, high-
sensitivity C-reactive protein are elevated in the blood of AD

patients (30, 32). Cognitive normal individuals with elevated

inflammatory markers in blood have a higher risk of developing

mild cognitive impairment (MCI), AD dementia, and all-cause

dementia in the future (33). Studies have shown that peripheral

inflammatory responses can promote a pro-inflammatory

environment in the central nervous system by signaling through

the blood-brain barrier, endothelial cells, or periventricular organs, and

stimulating thevagusnerve (which signals thedetectionof inflammatory

proteins through direct afferent connections to the brainstem), thereby

triggering or exacerbating neurodegenerative processes that ultimately

lead to cognitive decline and dementia (34). Although inflammatory

responses have been associated with the development of cognitive

dysfunction, little is known about whether peripheral inflammatory

signaling affects the connectivity of central networks. A review of studies

of this relationship in several clinical populations found that pro-

inflammatory cytokines, specifically IL-6 and CRP, were associated

with decreased white matter integrity and gray matter volume in

healthy older adults (35). Elevated blood inflammatory markers in

middle-aged adults are associated with accelerated cognitive aging

(36). These findings may speculate a possibility that peripheral

inflammatory signaling may cause abnormal neural activation and

abnormal functional connections between brain regions, leading to

cognitive impairment. However, there is currently limited research on

the changes in peripheral inflammation of T2ACD, and it is still in the

preliminary exploration stage.

Considering the structural complexity of the hippocampus and its

potential role in diseases related to cognitive decline, as well as the

impairment of cognitive ability caused by peripheral inflammation. In

this study, we used a seed-based resting-state functional connectivity

(RSFC) approach to explore the RSFC patterns of the hippocampus

and use high-sensitivity ELISA kits to measure the peripheral

inflammation of T2DACD for preliminary detection. Our primary

hypothesis is that in T2DCD, the hippocampal subregion and other

cortical regions exhibit abnormal RSFC patterns, accompanied by

heightened expression of peripheral inflammatory factors.

Furthermore, we aim to explore the association between RSFC

changes in hippocampal subregions and the clinical characteristics of

T2DCAD, and assess the predictive value of RSFC patterns in the

hippocampal subregions to other cortical regions, thereby garnering

crucial information with potential clinical implications.
2 Materials and methods

2.1 Participants

All subjects were recruited from the outpatient department,

inpatient department and community of acupuncture and Massage

Center of the Third affiliated hospital of Changchun University of

Chinese Medicine, and had signed an informed consent form. The

subjects include 16 patients with T2DM, 16 patients with T2DACD

and 25 healthy controls (HCs). All subjects are right-handed, aged

between 50 and 70 years, and possessed > 6 years of education.

T2DM diagnosis is based on the 2022 American Diabetes
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Association Standards for the Medical Care of Diabetes (37), and

the course of disease should be ≥ 2 years. Patients with cognitive

impairment were scored of <26 on the Montreal Cognitive

Assessment Scale (MoCA) (38, 39). Subjects in the T2DM group

reported using oral hypoglycemic medications and/or insulin for

glycemic control (eight with one oral hypoglycemic medication or

insulin, one with two or more hypoglycemic medications, three with

both medications and insulin, and four without hypoglycemic

medication or insulin). Subjects in the T2DACD group reported

using oral hypoglycemic medications and/or insulin for glycemic

control (three with one oral hypoglycemic medication or insulin,

five with two or more hypoglycemic medications, seven with both

medications and insulin, and four without hypoglycemic

medication or insulin).

This study was approved by the Medical Ethics Committee of

the third Affiliated Hospital of Changchun University of Chinese

Medicine (Ethics Committee Approval Document No.:

CZDSfYLL2020-001-01). All participants had signed an informed

consent form before enrollment.
2.2 Glycolipid metabolism indicators and
inflammation factors measures

Blood samples from T2DM, T2DACD, and HCs were obtained in

the morning under fasting conditions without alcohol consumption

for at least one day prior to testing. Through venipuncture, fasting

blood was drawn from each subject for the detection of glycolipid

metabolism indicators and inflammation factors. Glycolipid

metabolism indicators included blood glucose (fasting blood glucose

and glycated hemoglobin), and blood lipid(triglycerides, total

cholesterol, high-density lipoprotein cholesterol and low-density

lipoprotein cholesterol) were applied with a fully automated

biochemical analyzer. Concentrations of the inflammatory factors

IL-6 (Huangshi R&C Biotechnology Co., Ltd., Product No. SU-

B10377), IL-10 (Huangshi R&C Biotechnology Co., Ltd., Product

No. SU-B13626), and TNF-alpha (Huangshi R&C Biotechnology

Co., Ltd., Product No. SU-B11776) in the peripheral serum were

measured using high-sensitivity ELISA kits, which were used

according to the manufacturer’s instructions.
2.3 Cognitive and emotional assessment

Cognitive function assessment included MoCA, Lateral

Inhibition Task (Flanker paradigm), Cognitive Conflict Task

(Stroop paradigm) and Working Memory Task (N-back

paradigm). Emotional assessment included Self-Rating Anxiety

Scale (SAS), Self-rating depression scale (SDS) and Hamilton

Depression Scale (HAMD).
2.4 Image acquisition

A Siemens 3.0T high-field intensity MRI scanner (model:

3TMAGNETO Trio) was used to perform MRI scans on the
frontiersin.org

https://doi.org/10.3389/fpsyt.2024.1360623
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Yao et al. 10.3389/fpsyt.2024.1360623
subjects. All participants were instructed to remain awake and

eyes closed. ①3D-T1 high-resolution structural images were

acquired using MPRAGE sequence[Slices: 176; TR: 2300ms; TE:

3.33ms; Slice Thickness: 1.0mm; FOV: 256mm×256mm; Voxel

size: 1.0mm×1.0mm×1.0mm; Data acquisition time: 9:50s].

②BOLD image uses an echo EPI sequence[Slices:32;TR:3000ms;

TE:30ms;Slice Thickness:3.0mm;FOV:220mm×220mm;Voxel

size:3.4mm×3.4mm×3.0mm;Data acquisition time:6:23s]. Each

subject scanned at least 3 runs to ensure the stability of BOLD data.
2.5 Data Preprocessing

First, the DICOM format data is converted to NifTI (nii) format by

using MRIcroGL software. Then use FSL and SPM 12 for

preprocessing. Delete the first four time points of each run for

functional image data, time layer correction, head movement

correction, spatial standardization (using the MNI standard template

of FSL), smoothing filtering (using 6mm half-height full-width

Gaussian smoothing kernel to conduct convolution operation with

image data), linear drift removal, bandwidth filtering (0.01-0.08Hz).

The anterior, middle and posterior hippocampal subregions were taken

as regions of interest for whole brain functional connectivity analysis

(40) (Figure 1). Calculate the average time series of each seed, and the

correlation coefficient between each seed and the time series of other

voxels in the whole brain. Then, perform Fisher’s r-z transformation to

obtain the functional connectivity matrix of brain regions.
2.6 Statistical Analysis

2.6.1 Statistics of clinical indicator data
The statistical analysis of demographic data, glycolipid

metabolism indicators, cognitive and emotional ability were

conducted using IBM SPSS Statistics 26 software (IBM, Armonk,

NY, United States). For assessment whether T2DACD patients had

cognitive decline, the One-way ANOVA, post hoc test and online

software package MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/)

were used to assess the differences among the three groups during

the baseline period.
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2.6.2 Functional connectivity analysis
To observe the RSFC changes in hippocampal subregions of

T2DACD at baseline, SPM12 was used to conduct One-way ANOVA

and post hoc test for the three groups (HCs, T2DACD and T2DM).

The union template was used as a mask, and age and gender were

used as covariate regression. The initial statistical threshold was the

voxel level p<0.001 (uncorrected), and the multiple comparison

correction adopted the cluster level FWE, p<0.05 was considered

statistically significant, so as to obtain the F value plots with

significant differences between the three groups and the T value

plots with significant differences between the two groups.

2.6.3 Correlation analysis
We explored the relationships of T2DACD between RSFC value of

different brain regions and the scores of cognitive function assessment.

Pearson partial correlation analysis was conducted with age, gender,

and education level as control variables (p<0.05) to determine the

directly related brain areas of cognitive function decline.

2.6.4 Receiver operating characteristic analysis
The significantly altered RSFC z-values of hippocampal

subregion seeds compared T2DACD with HCs and T2DACD

with T2DM extracted and used for the Receiver Operating

Characteristic (ROC) analysis using GraphPad PRISM version 9.5

(GraphPad Software—San Diego, CA, USA). Sensitivity, specificity,

area under the curve (AUC), 95% confidence interval (CI), and

maximum Youden’s index (sensitivity+specificity -1) (41) were

calculated for the ROC curves for each changed brain region.
3 Results

3.1 Demographics, clinical, cognitive and
emotional characteristics

Table 1 summarizes the demographic and glycolipid

metabolism indicators of three groups. There were no differences

among the three groups in age, gender, and years of education. FPG

and HbA1c in T2DACD and T2DM were significantly higher than

HCs, and no differences in other lipid metabolism indicators.
FIGURE 1

Segmentation of hippocampal subregions. According to the results of Hu et al. [40], the hippocampus is divided segmented three subregions. Red is
the anterior hippocampus, green is the middle hippocampus, and blue is the posterior hippocampus.
frontiersin.org

https://www.metaboanalyst.ca/
https://doi.org/10.3389/fpsyt.2024.1360623
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Yao et al. 10.3389/fpsyt.2024.1360623
Table 2 summarizes the results of the peripheral serum

inflammation factors in the three groups. Peripheral IL-6 levels

were significantly higher in T2DM and T2DACD than HCs, but

there was no difference in IL-10 and TNF-a. Table 3 summarizes

the cognitive and emotional characteristics of three groups.

T2DACD patients had significantly lower MoCA scores than HCs

and T2DM. T2DACD also performed significantly worse than HCs

and T2DM on the lateral inhibition task (Flanker conflict response),

cognitive conflict task (Stroop neutrality response, Stroop conflict

response), and working memory task (1-back response). There were

no differences in emotional assessment indicators among three

groups. In Figure 2, the PLS-DA model diagram was used to

visualize the natural distribution of all cognitive assessment

indicators among three groups in a three-dimensional space,
Frontiers in Psychiatry 05
indicating that the T2DACD could be well separated from T2DM

and HCs, while the T2DM overlaps with HCs.
3.2 Resting-state functional connectivity

The results of the three groups analyses showed that the RSFC of

the left anterior hippocampus with bilateral angular gyrus and the

right anterior/middle hippocampus with left precuneus were

changed. The post hoc test showed that compared with HCs,

T2DACD showed increased RSFC of the left anterior hippocampus

with left precentral gyrus and decreased RSFC of the left anterior

hippocampus with left angular gyrus. Compared with HCs, T2DM

showed increased RSFC of the left middle hippocampus with right
TABLE 1 Demographic and glycolipid metabolism indicators data for T2DM, T2DACD and HCs.

Record Variable
Group

HCs
vs.T2DM

vs. T2DACD

HCs
vs.T2DM

HCs
vs.T2DACD

T2DM
vs.T2DACD

HCs
(n=25)

T2DM
(n=16)

T2DACD
(n=16)

p Value

Age (years) 55.96 ± 5.48 59.50 ± 7.07 58.75 ± 4.81 0.126 — — —

Gender (male/female)* 7/18 5/11 9/7 — — — —

Education (years) 11.56 ± 2.47 12.25 ± 3.00 11.81 ± 2.48 0.716 — — —

Duration of
diabetes (years)

— 11.00 ± 7.94 10.81 ± 7.08 — — — —

Height (m) 1.63 ± 0.06 1.65 ± 0.06 1.67 ± 0.07 0.209 — — —

Weight (kg) 63.34 ± 6.80 65.19 ± 7.55 68.00 ± 8.70 0.168 — — —

FPG 5.53 ± 0.24 7.70 ± 1.37 8.79 ± 3.63 <0.001 0.002 <0.001 0.137

HbA1c 5.58 ± 0.19 6.68 ± 0.58 7.68 ± 1.84 <0.001 0.001 <0.001 0.008

TC 4.87 ± 1.23 4.93 ± 0.97 5.21 ± 0.77 0.552 — — —

TG 1.83 ± 1.44 1.63 ± 0.61 2.12 ± 1.45 0.547 — — —

HDL-C 1.27 ± 0.22 1.22 ± 0.36 1.13 ± 0.17 0.252 — — —

LDL-C 3.10 ± 0.92 3.26 ± 1.05 3.58 ± 0.93 0.311 — — —
Data are mean ± SD unless otherwise stated. Statistically significant results (i.e., p<0.05) appear in boldface type. * P value for c2 test. HCs, health controls; T2DM, type 2 diabetes mellitus;
T2DACD, type 2 diabetes mellitus-associated cognitive decline; FPG, fasting plasma glucose/fasting blood glucose; HbA1c, Hemoglobin A1C; TC, total cholesterol; TG, triglyceride; HDL-C,
high-density lipoprotein; LDL-C, low-density lipoprotein.
TABLE 2 Inflammation factors data for T2DM, T2DACD and HCs (pg/mL).

Record
Variable

Group HCs vs.T2DM
vs. T2DACD

HCs
vs.T2DM

HCs
vs.T2DACD

T2DM
vs.T2DACD

HCs
(n=10)

T2DM
(n=8)

T2DACD
(n=10)

p Value

IL-6 0.160 ± 0.047 0.166 ± 0.003 0.168 ± 0.003 <0.001 0.005 <0.001 0.234

IL-10 0.087 ± 0.001 0.087 ± 0.002 0.087 ± 0.003 0.976 — — —

TNF-a 0.237 ± 0.004 0.237 ± 0.003 0.238 ± 0.009 0.866 — — —
Data are mean ± SD unless otherwise stated. Statistically significant results (i.e., p<0.05) appear in boldface type. * P value for c2 test. HCs, health controls; T2DM, type 2 diabetes mellitus;
T2DACD, type 2 diabetes mellitus-associated cognitive decline.
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medial frontal gyrus, right anterior hippocampus with left precuneus

and right middle hippocampus with left precuneus. T2DM showed

decreased RSFC of the left anterior hippocampus with right

precuneus and right posterior middle temporal gyrus. Compared

with T2DM, T2DACD showed increased RSFC of the left posterior

hippocampus with left precuneus and decreased RSFC of the right

middle hippocampus with left precuneus (Figures 3, 4, Tables 4, 5.

p<0.05, corrected with FWE).
Frontiers in Psychiatry 06
3.3 Relationship between cognitive
characteristics and RSFC

Flanker conflict condition response was positively correlated

with RSFC of the left posterior hippocampus with left precuneus

(r=0.766, p=0.002) in T2DACD (Figure 5). However, there was no

significant relationship between the results of the other cognitive

assessment and RSFC z-values of significantly altered brain clusters.
TABLE 3 cognitive and emotional assessment data.

Record
Variable

Group HCs vs.T2DM
vs. T2DACD

HCs
vs.T2DM

HCs
vs.T2DACD

T2DM
vs.T2DACD

HCs
(n=25)

T2DM
(n=16)

T2DACD
(n=16)

P Value

MoCA 27.32 ± 1.18 26.81 ± 0.91 23.38 ± 1.71 <0.001 0.224 <0.001 <0.001

Flanker-no conflict

reaction time (s) 0.62 ± 0.08 0.64 ± 0.10 0.70 ± 0.15 0.090 — — —

accuracy rate 0.97 ± 0.05 0.95 ± 0.04 0.94 ± 0.03 0.174 — — —

Flanker-conflict

reaction time (s) 0.67 ± 0.08 0.69 ± 0.09 0.76 ± 0.16 0.048 0.475 0.015 0.110

accuracy rate 0.93 ± 0.06 0.92 ± 0.11 0.89 ± 0.06 0.274 — — —

Stroop-neutrality

reaction time (s) 0.83 ± 0.12 0.88 ± 0.16 1.02 ± 0.25 0.006 0.457 0.002 0.025

accuracy rate 0.97 ± 0.05 0.93 ± 0.12 0.91 ± 0.16 0.266 — — —

Stroop-consistency

reaction time (s) 0.84 ± 0.13 0.88 ± 0.20 0.99 ± 0.21 0.051 — — —

accuracy rate 0.96 ± 0.08 0.92 ± 0.09 0.92 ± 0.11 0.243 0.167 0.156 0.971

Stroop-conflict

reaction time (s) 0.93 ± 0.12 0.94 ± 0.23 1.10 ± 0.23 0.025 0.920 0.011 0.026

accuracy rate 0.92 ± 0.08 0.89 ± 0.13 0.83 ± 0.13 0.075 — — —

1-back

reaction time (s) 0.75 ± 0.12 0.86 ± 0.18 0.94 ± 0.15 <0.001 0.052 <0.001 0.135

accuracy rate 0.90 ± 0.07 0.89 ± 0.09 0.84 ± 0.08 0.075 — — —

2-back

reaction time (s) 1.11 ± 0.29 1.17 ± 0.33 1.32 ± 0.38 0.178 — — —

accuracy rate 0.74 ± 0.07 0.76 ± 0.09 0.74 ± 0.08 0.718 — — —

SAS 28.36 ± 0.61 29.13 ± 0.61 30.31 ± 1.11 0.200 — — —

SDS 27.12 ± 0.48 26.63 ± 0.40 28.25 ± 1.21 0.324 — — —

HAMD 4.04 ± 0.28 4.25 ± 0.36 4.06 ± 0.31 0.882 — — —
Data are mean ± SD unless otherwise stated. Statistically significant results (i.e., p<0.05) appear in boldface type. HCs, health controls; T2DM, type 2 diabetes mellitus; T2DACD, type 2 diabetes
mellitus-associated cognitive decline; MoCA, Montreal Cognitive Assessment; SAS, Self-Rating Anxiety Scale; SDS, Self-rating depression scale; HAMD, Hamilton Depression Rating Scale.
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3.4 ROC curves results

Using the values of AUC and 95% CI, the RSFC z-values

determined between the left posterior hippocampus and left

precuneus showed the most accurate classification. Using the

AUC, it could be found that the RSFC z-values between the left

posterior hippocampus and left precuneus, left anterior

hippocampus with left precentral gyrus or left angular gyrus all

reached a significant level of p < 0.0001 (Table 6, Figure 6).
4 Discussion

The results of this study found that compared with HC,

T2DACD and T2DM both showed an enhanced peripheral
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inflammatory response, manifested by an increase in the

expression of IL-6 in the peripheral serum. T2DACD exhibits

cognitive decline and abnormalities RSFC in the left anterior

hippocampus, with different brain regions including the left

precentral gyrus and left angular gyrus. T2DM did not show a

significant cognitive decline, but abnormalities RSFC in the

bilaterally anterior and middle hippocampus had occurred, with

differential brain regions including the right medial frontal gyrus,

right middle temporal gyrus posterior and bilateral precuneus. In

addition, abnormalities RSFC in the left posterior hippocampus and

right middle hippocampus occurred in T2DACD compared with

T2DM, and differential brain regions were all in the left precuneus.

The RSFC in the left posterior hippocampus with left precuneus of

T2DACD was positively correlated with the completion time of the

Flanker conflict test. In the ROC analysis, the RSFC of T2DACD
FIGURE 2

(A) PLS-DA models of three groups; (B–D) pairwise grouping of the first two major components of the score chart was analyzed based on OPLS-
DA; (B) T2DACD vs. HCs: R2Y = 0.985, Q2 = 0.937, iterative permutation test p < 0.01; (C) T2D vs. HCs: R2Y = 0.442, Q2 = -0.177, iterative
permutation test p = 0.27; (D) T2DACD vs. T2D: R2Y = 0.968, Q2 = 0.901, iterative permutation test p < 0.01. HCs, health control; T2DM, type 2
diabetes mellitus; T2DACD, type 2 diabetes mellitus-associated cognitive decline.
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was significant between the left posterior hippocampus and left

precuneus, left anterior hippocampus with left precentral gyrus or

left angular gyrus. Based on these findings, T2DACD may have

underlying dysfunction in the hippocampal subregion with DMN

and sensory-motor network (SMN), and T2DM may have

dysfunction primarily in the hippocampal subregion with DMN.

The left precuneus may be an important brain region in the

pathological transition from T2DM to T2DACD, which may be

closely related to decreased attentional control in T2DACD

patients. The DMN and SMN are associated with cognition,

memory, emotion and sensory control (42, 43). Therefore,
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prospective studies with large samples and high quality should be

continued in the future to observe brain imaging, cognitive control,

and memory-emotion.

The results of the clinical cognitive assessment showed that the

MoCA scores of T2DACD were significantly lower than HCs and

T2DM, suggesting that patients with T2DACD had experienced

significant overall cognitive decline. MoCA is specifically developed

for screening MCI (38), in terms of detection of cognitive

impairment with good sensitivity and specificity (44). Specifically,

MoCA can assess the visual space executive function, named ability,

memory, attention, language features, abstraction and orientation
FIGURE 3

The RSFC network maps. HCs, healthy controls; T2DM, type 2 diabetes mellitus; T2DACD, type 2 diabetes mellitus-associated cognitive decline;
aHPC.L, left anterior hippocampus; aHPC.R, right anterior hippocampus; mHPC.L, left middle hippocampus; mHPC.R, right middle hippocampus;
pHPC.L, left posterior hippocampus; pHPC.R, right posterior hippocampus; PreCG.L, left precentral gyrus; ANG.L, left angular gyrus; PCUN.L, left
precuneus; PCUN.R, rightprecuneus; MFG.R, right medial frontal gyrus; pMTG.R, right posterior middle temporal gyrus.
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ability (38). A previous systematic review and meta-analysis found

the MoCA to be the most commonly used scale for examining the

state of cognitive impairment in patients with T2DM, and the

results of the study suggest that the global prevalence of T2DACD is

high and should be of concern to primary care clinicians (45). In
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addition, T2DACD showed a significant increase in response time

length for completing Flanker conflict, Stroop neutrality, Stroop

conflict and 1-back. The Flanker task is to evaluate the standard tool

for selective attention (46), selective attention both to focus on the

information related to the target, including inhibition of conflict has
FIGURE 4

The RSFC results of hippocampal subregions and different brain regions between T2DACD and HC, T2DM and HC, T2DACD and T2DM. The bar
chart shows the quantitative comparison of functional connectivity in these regions. HCs, healthy controls; T2DM, type 2 diabetes mellitus; T2DACD,
type 2 diabetes mellitus-associated cognitive decline; aHPC.L, left anterior hippocampus; aHPC.R, right anterior hippocampus; mHPC.L, left middle
hippocampus; mHPC.R, right middle hippocampus; pHPC.L, left posterior hippocampus; pHPC.R, right posterior hippocampus; PreCG.L, left
precentral gyrus; ANG.L, left angular gyrus; PCUN.L, left precuneus; PCUN.R, rightprecuneus; MFG.R, right medial frontal gyrus; pMTG.R, right
posterior middle temporal gyrus. **P < 0.01.
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nothing to do with the goal of information. Existing research has

indicated that MCI has more difficulties in resolving inconsistent

trials, and they show slower reaction times and lower accuracy than

the healthy control group (47). The Stroop test is regarded as one of

the gold standards in attention assessment, aimed at evaluating

executive control and linguistic abilities (48). Previous studies have

found, through the Stroop and Flanker tasks, that error rates are

higher in patients with mild AD than normal aging population, and

inhibitory control deficits occur more frequently in patients with

mild cognitive impairment (49). The N-back task is one of the most

frequently employed experimental paradigms for exploring the

neural underpinnings of working memory and executive control.

It serves as a critical method for assessing working memory deficits

in patients with AD and MCI (50). Research indicates that the N-

back task aids in the early diagnosis of MCI and offers an

assessment of the neuropsychology in MCI (51, 52). The results

of this study illustrate that attentional inhibition and working

memory capacity are significantly reduced in T2DACD.

The detection of inflammatory factors in peripheral serum

revealed elevated levels of IL-6 in both T2DACD and T2DM,

with a tendency for T2DACD to be higher than T2DM. Under

physiological conditions, IL-6 levels in the central nervous system
Frontiers in Psychiatry 10
are low, while their levels are elevated during brain injury,

inflammation, and disease. IL-6 from peripheral blood can also

flow into the brain parenchyma through the blood-brain barrier,

leading to increased production of central inflammatory cytokines

(53). However, there is evidence that IL-6 may also have anti-

inflammatory and immunosuppressive properties that regulate

neuronal survival and function at low levels (54). Several studies

have found elevated IL-6 concentrations in brain tissue and

peripheral blood in a variety of disorders, including AD, Lewy

body dementia, and vascular dementia (55–57), suggesting that

inflammatory mechanisms may be involved in the development of

cognitive impairment. One study found an inverse relationship

between blood IL-6 concentration and hippocampal gray matter

volume (58). The results of this study indicate that both T2DACD

and T2DM have peripheral inflammatory reactions, and T2DACD

tends to be more severe than T2DM, which may also be one of the

reasons affecting cognitive decline. In addition, IL-10 is an anti-

inflammatory mediator that has been noted to be one of the major

cytokines associated with the development of AD (59). TNF-a is

considered an inflammatory substrate for cognitive impairment in

the early clinical stages of dementia (60), and studies have found

that TNF-a-targeted therapies may be a biologically feasible way to
TABLE 4 Significant differences in seed-based resting-state functional connectivity among three groups.

Seed Brain area
Voxel

numbers

MNI(mm)
F value

x y z

Left aHPC
Left angular gyrus 169 -64 -54 30 14.15

Right angular gyrus 99 32 -76 50 15.40

Right mHPC Left precuneus 124 -14 -78 34 15.56

Right aHPC Left precuneus 82 -18 -72 34 16.62
All tests were corrected for multiple comparisons using cluster-level FWE corrected at p<0.05, voxel-level uncorrected at p<0.001, voxels size>50. HCs, healthy controls; T2DM, type 2 diabetes
mellitus; T2DACD, type 2 diabetes mellitus-associated cognitive decline; aHPC, anterior hippocampus; mHPC, middle hippocampus.
TABLE 5 Significant differences in seed-based resting-state functional connectivity between groups.

Comparison Seed Brain area
Voxel

numbers

MNI(mm)
T value

x y z

T2DACD>HCs Left aHPC Left precentral gyrus 139 -24 -16 72 4.92

T2DACD<HCs Left aHPC Left angular gyrus 207 -50 -60 34 -4.67

T2DM>HCs

Left mHPC
Right medial
frontal gyrus

167 6 -14 66 4.55

Right aHPC Left precuneus 202 -14 -78 34 4.86

Right mHPC Left precuneus 147 -18 -72 34 5.12

T2DM<HCs Left aHPC

Right precuneus 153 8 -58 38 -4.59

Right posterior
middle

temporal gyrus
137 56 -46 0 -4.83

T2DACD>T2DM Left pHPC Left precuneus 111 -30 -68 38 4.24

T2DACD<T2DM Right mHPC Left precuneus 216 -16 -80 34 -5.16
All tests were corrected for multiple comparisons using cluster-level FWE corrected at p<0.05, voxel-level uncorrected at p<0.001, voxels size>50. HCs, healthy controls; T2DM, type 2 diabetes
mellitus; T2DACD, type 2 diabetes mellitus-associated cognitive decline; aHPC, anterior hippocampus; mHPC, middle hippocampus; pHPC, posterior hippocampus.
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maintain cognitive ability (61). However, in the results of this study,

no significant abnormalities of IL-10 and TNF-a expression in the

peripheral serum of T2DACD and T2DM were detected, which

may require further observation by increasing the sample size to

validate the results. In addition, existing studies have found that

central inflammatory processes lead to hippocampal inhibition and

neuronal apoptosis (62). Therefore, it is still necessary to explore the

specific relationship between T2DACD and inflammatory cytokines

through basic research in the future.

RSFC analyses showed increased RSFC in the left anterior

hippocampus with left precentral gyrus and decreased RSFC in

the left anterior hippocampus with left angular gyrus in T2DACD

compared with HCs. The anterior hippocampus has extensive

connectivity related to emotional responses, spatial navigation,

and imagination (22, 63). The study confirms that the anterior

hippocampus is normally co-activated with brain regions associated

with the somatomotor network in the resting state (64). The

precentral gyrus is located in the frontal lobe and belongs to the

primary motor cortex, which is mainly associated with motor

learning, motor memory and motor control (65, 66). The primary

motor cortex is not only a structure that controls movement, but

also a dynamic substrate that may also contribute to motor learning

and cognitive processes (67). The angular gyrus is the visual

language center in the brain. Clinical impairment of the angular

gyrus results in dyslexia, where there is no visual impairment but
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the person is unable to read the original literate person (68). The

research findings may speculate that patients with T2DACD may

show abnormalities in the ability of recognize, interpret or

remember the words they see compared to normal individuals.

Previous studies have also found that decreased RSFC of the

hippocampal cognitive subregions with angular gyrus is

associated with decreased cognitive ability (69). In contrast,

perceptual-motor brain regions are compensatorily enhanced to

compensate vicariously for deficits in perceptual and cognitive

processing abilities. Compared with T2DM, RSFC was increased

in the left posterior hippocampus with left precuneus and decreased

in the right middle hippocampus with left precuneus in T2DACD.

Studies have shown that the middle/posterior hippocampus

primarily performs cognitive functions (17). In the resting state,

the middle/posterior hippocampus is usually co-activated with

brain regions associated with the DMN (64). The precuneus, as a

component of the DMN, is associated with a variety of cognitive

functions, including processes such as situational memory,

visuospatial, and information processing (64). One study found

that the precuneus often referred to as a remote association node of

the hippocampal intrinsic connectivity network (70, 71), which is a

key abnormal brain region in the episode memory deficits observed

early in AD (72, 73). Recent studies have found that precuneus

magnetic stimulation may slow down cognitive and functional

decline in AD (74). The results of this study may speculate that
FIGURE 5

Relationship between cognitive characteristics and altered RSFC values in T2DACD. Flanker conflict condition response was positively correlated
with RSFC of pHPC.L with PCUN.L in T2DACD. pHPC.L, left posterior hippocampus; PCUN.L, left precuneus; T2DACD, type 2 diabetes mellitus-
associated cognitive decline; color bar, z value.
TABLE 6 The ROC analysis for altered brain regions that distinguish T2DACD from HCs or T2DM.

Comparison Brain regions SEN SPE AUC 95% CI p value YI

T2DACD vs HCs left anterior hippocampus

zFC_left precentral gyrus 0.938 0.760 0.870 0.756-0.984 <0.0001 0.698

zFC_left angular gyrus 0.875 0.840 0.880 0.755-1.000 <0.0001 0.715

T2DACD vs T2DM left posterior hippocampus

zFC_left precuneus 0.8125 0.9375 0.918 0.807-1.000 <0.0001 0.75
SEN, sensitivity; SPE, specificity; AUC, area under the ROC curve; CI, confidence interval; YI, Youden’s index; T2DACD, type 2 diabetes mellitus-associated cognitive decline; T2DM, type 2
diabetes mellitus; HCs, healthy controls; zFC, functional connectivity z values. Statistically significant results (i.e., p<0.0001) appear in boldface type.
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the detection of abnormal precuneus activity may help in the early

clinical application of imaging to identify the possibility of cognitive

decline in patients with T2DM. In this study, the Flanker conflict

condition response patients was positively correlated with RSFC of

the left posterior hippocampus with left precuneus in T2DACD.

The longer Flanker conflict response time, the worse cognitive

control ability of T2DCD patients. These results indicated that

the worse cognitive control ability of T2DACD patients, the higher

RSFC connectivity strength of the left posterior hippocampus with

left precuneus. A recent study found that 2 weeks of rTMS

stimulation of the precuneus improved connectivity in the

posterior hippocampus, potentially resulting in an improvement

of cognitive memory in patients with cognitive decline (75). To

some extent, this finding is consistent with ours. The precuneus-

posterior hippocampus may be key to improving cognitive memory

and preventing the progression of cognitive disorders.

T2DM compared with HCs, RSFC was increased in the left

middle hippocampus with right medial frontal gyrus and right

anterior and middle hippocampus with left precuneus, decreased

RSFC in the left anterior hippocampus with right precuneus and right

posterior middle temporal gyrus. In this study the abnormal brain

regions of T2DM, precuneus, middle temporal gyrus, and medial

frontal gyrus were all important constituent brain regions of DMN.

Some studies have confirmed that DMN is closely related to a variety

of brain functions such as self-awareness, self-cognition, social

cognition and spatial perception. Abnormalities in DMN function

can mostly be seen in normal brain aging and cognitive disorders

related disorders, and it is considered to be the most promising factor

for neuroimaging (76–78). Recent studies have found that the change

of dynamic functional connectivity pattern in the hippocampal

subregions and default mode network, sensorimotor network or

visual function network may be related to the decline of cognitive

function (79). The present study demonstrates that the hippocampal

subregions of T2DM had RSFC with the DMN and that the

differences in the bilateral hippocampus manifest differently.
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Although patients with T2DM did not show significant differential

changes in cognitive-behavioral functioning, the RSFC of brain

regions has been abnormal, which further indicates that T2DM is

an important risk factor for MCI and AD.

Previous studies on diseases related to cognitive decline have

examined the hippocampus as a whole, ignoring its structural and

functional complexity and limiting the diversity of findings. This

study preliminarily explored a new pattern of RSFC in the

hippocampal subregion of T2DACD, which enhances the accuracy

of the findings and provides a new way of thinking to study the

pathogenetic features of T2DACD. However, there are still some

limitations of this study that need to be further addressed. First, the

sample size of this study was small, and there is a need to increase the

sample size to verify the generalizability of the current results. Second,

the relatively small amount of data used to assess the clinical

characteristics of the patients should be increased by looking at

multiple cognitive dimensions, such as memory, language,

visuospatial, executive, computational and comprehension

judgments, to make the findings more comprehensive. Third, the

present study only explored the abnormal alterations of the

functional networks in the hippocampal subregion of T2DACD,

and there is a need to further explore the characteristics of more

cognitively relevant brain network changes (DMN, cognitive control

network, dorsal attention network). Fourth, this study only initially

explored the brain abnormalities of T2DACD, and further basic

research is necessary to investigate the biological basis of the

alterations in brain regions.
5 Conclusion

In this study, we examined RSFC patterns in hippocampal

subregions of T2DACD and T2DM patients for the first time.

The findings showed that both T2DACD and T2DM exhibit

enhanced peripheral pro-inflammatory response. Patients with

T2DACD exhibit cognitive decline similar to MCI and AD, and

there may be underlying dysfunction of DMN and SMN in the

brain. T2DM did not show cognitive decline, but dysfunction of

DMN has occurred in the brain. The left precuneus may be an

important brain region in the pathologic transition from T2DM to

T2DACD. The results of this study may provide a new basis for the

clinical diagnosis of T2DACD. Future prospective studies with large

samples and high quality should be continued to observe brain

imaging, cognitive control, and memory-emotion.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The studies involving humans were approved by The third

Affiliated Hospital of Changchun University of Chinese Medicine.
FIGURE 6

ROC curve analysis. ROC curve for altered RSFC patterns based on
the left anterior hippocampus and left posterior hippocampus to
distinguish T2DACD from HCs or T2DM. T2DACD, type 2 diabetes
mellitus-associated cognitive decline; HCs, healthy controls; T2DM,
type 2 diabetes mellitus.
frontiersin.org

https://doi.org/10.3389/fpsyt.2024.1360623
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Yao et al. 10.3389/fpsyt.2024.1360623
The studies were conducted in accordance with the local legislation

and institutional requirements. The participants provided their

written informed consent to participate in this study.
Author contributions

LY: Writing – original draft. M-YL: Writing – review & editing.

K-CW:Writing – review&editing. Y-ZL:Writing – review&editing.

H-ZZ: Writing – review & editing. ZZ: Writing – review & editing.

S-QM: Writing – review & editing. H-MY: Writing – review &

editing. M-MS:Writing – review & editing. MH:Writing – review &

editing. H-PH: Writing – review & editing. H-FW:Writing – review

& editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by National Natural Science Foundation of China

(Grant No.82074548), Natural Science Foundation of Jilin Province

(Joint Funds) (Permit Number: YDZJ202101ZYTS103), Science

and Technology Program of Jilin Provincial Department of

Education (grant number. JJKH20241068KJ), Natural Science
Frontiers in Psychiatry 13
Foundation of Jilin Province (Free exploration of general projects)

(Permit Number: YDZJ202401680ZYTS).
Acknowledgments

The author thanks the nuclear magnetic resonance department

of the affiliated hospital for the technical support for this study. The

author also thanks all participants in this work.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
1. Geijselaers SLC, Sep SJS, Stehouwer CDA, Biessels GJ. Glucose regulation,
cognition, and brain MRI in type 2 diabetes: a systematic review. Lancet Diabetes
Endocrinol. (2015) 3:75–89. doi: 10.1016/S2213-8587(14)70148-2

2. Koekkoek PS, Kappelle LJ, van den Berg E, Rutten GEHM, Biessels GJ. Cognitive
function in patients with diabetes mellitus: guidance for daily care. Lancet Neurol.
(2015) 14:329–40. doi: 10.1016/S1474-4422(14)70249-2

3. Reijmer YD, Brundel M, de Bresser J, Kappelle LJ, Leemans A, Biessels GJ.
Microstructural white matter abnormalities and cognitive functioning in type 2
diabetes: a diffusion tensor imaging study. Diabetes Care. (2013) 36:137–44.
doi: 10.2337/dc12-0493

4. McCrimmon RJ, Ryan CM, Frier BM. Diabetes and cognitive dysfunction. Lancet.
(2012) 379:2291–9. doi: 10.1016/S0140-6736(12)60360-2

5. Chatterjee S, Peters SAE, Woodward M, Mejia Arango S, Batty GD, Beckett N,
et al. Type 2 diabetes as a risk factor for dementia in women compared with men: A
pooled analysis of 2.3 million people comprising more than 100,000 cases of dementia.
Diabetes Care. (2016) 39:300–7. doi: 10.2337/dc15-1588

6. Cheng G, Huang C, Deng H, Wang H. Diabetes as a risk factor for dementia and
mild cognitive impairment: a meta-analysis of longitudinal studies. Intern Med J.
(2012) 42:484–91. doi: 10.1111/j.1445-5994.2012.02758.x

7. Zhang J, Chen C, Hua S, Liao H, Wang M, Xiong Y, et al. An updated meta-
analysis of cohort studies: Diabetes and risk of Alzheimer’s disease. Diabetes Res Clin
Pract. (2017) 124:41–7. doi: 10.1016/j.diabres.2016.10.024

8. Kivimäki M, Singh-Manoux A, Pentti J, Sabia S, Nyberg ST, Alfredsson L, et al.
Physical inactivity, cardiometabolic disease, and risk of dementia: an individual-
participant meta-analysis. BMJ. (2019) 365:l1495. doi: 10.1136/bmj.l1495

9. Barbiellini Amidei C, Fayosse A, Dumurgier J, MaChado-Fragua MD, Tabak AG,
van Sloten T, et al. Association between age at diabetes onset and subsequent risk of
dementia. JAMA. (2021) 325:1640–9. doi: 10.1001/jama.2021.4001

10. Luo A, Xie Z, Wang Y, Wang X, Li S, Yan J, et al. Type 2 diabetes mellitus-
associated cognitive dysfunction: Advances in potential mechanisms and therapies.
Neurosci Biobehav Rev. (2022) 137:104642. doi: 10.1016/j.neubiorev.2022.104642

11. Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft S, Fagan AM, et al.
Toward defining the preclinical stages of Alzheimer’s disease: recommendations from
the National Institute on Aging-Alzheimer’s Association workgroups on diagnostic
guidelines for Alzheimer’s disease. Alzheimers Dement. (2011) 7:280–92. doi: 10.1016/
j.jalz.2011.03.003
12. Jash K, Gondaliya P, Kirave P, Kulkarni B, Sunkaria A, Kalia K. Cognitive
dysfunction: A growing link between diabetes and Alzheimer’s disease. Drug Dev Res.
(2020) 81:144–64. doi: 10.1002/ddr.21579

13. Moran C, Beare R, Wang W, Callisaya M, Srikanth V. Type 2 diabetes mellitus,
brain atrophy, and cognitive decline. Neurology. (2019) 92:e823–30. doi: 10.1212/
WNL.0000000000006955

14. Mansur RB, Cha DS, Woldeyohannes HO, Soczynska JK, Zugman A, Brietzke E,
et al. Diabetes mellitus and disturbances in brain connectivity: a bidirectional
relationship? Neuromolecular Med. (2014) 16:658–68. doi: 10.1007/s12017-014-8316-8

15. Bartsch T, Wulff P. The hippocampus in aging and disease: From plasticity to
vulnerability. Neuroscience. (2015) 309:1–16. doi: 10.1016/j.neuroscience.2015.07.084

16. Nobre AC, McCarthy G. Language-related field potentials in the anterior-medial
temporal lobe: II. Effects of word type and semantic priming. J Neurosci. (1995)
15:1090–8. doi: 10.1523/JNEUROSCI.15-02-01090.1995

17. Fanselow MS, Dong H-W. Are the dorsal and ventral hippocampus functionally
distinct structures? Neuron. (2010) 65:7–19. doi: 10.1016/j.neuron.2009.11.031

18. Moser MB, Moser EI. Functional differentiation in the hippocampus.
Hippocampus. (1998) 8:608–19. doi: 10.1002/(SICI)1098-1063(1998)8:6<608::AID-
HIPO3>3.0.CO;2-7

19. Ranganath C, Ritchey M. Two cortical systems for memory-guided behaviour.
Nat Rev Neurosci. (2012) 13:713–26. doi: 10.1038/nrn3338

20. Panitz DY, Berkovich-Ohana A, Mendelsohn A. Age-related functional
connectivity along the hippocampal longitudinal axis. Hippocampus. (2021) 31:1115–
27. doi: 10.1002/hipo.23377

21. Small SA, Schobel SA, Buxton RB, Witter MP, Barnes CA. A pathophysiological
framework of hippocampal dysfunction in ageing and disease. Nat Rev Neurosci. (2011)
12:585–601. doi: 10.1038/nrn3085

22. Zeidman P, Maguire EA. Anterior hippocampus: the anatomy of perception,
imagination and episodic memory. Nat Rev Neurosci. (2016) 17:173–82. doi: 10.1038/
nrn.2015.24

23. Mu Y, Gage FH. Adult hippocampal neurogenesis and its role in Alzheimer’s
disease. Mol Neurodegener. (2011) 6:85. doi: 10.1186/1750-1326-6-85

24. Wang L, Zang Y, He Y, Liang M, Zhang X, Tian L, et al. Changes in hippocampal
connectivity in the early stages of Alzheimer’s disease: evidence from resting state fMRI.
Neuroimage. (2006) 31:496–504. doi: 10.1016/j.neuroimage.2005.12.033
frontiersin.org

https://doi.org/10.1016/S2213-8587(14)70148-2
https://doi.org/10.1016/S1474-4422(14)70249-2
https://doi.org/10.2337/dc12-0493
https://doi.org/10.1016/S0140-6736(12)60360-2
https://doi.org/10.2337/dc15-1588
https://doi.org/10.1111/j.1445-5994.2012.02758.x
https://doi.org/10.1016/j.diabres.2016.10.024
https://doi.org/10.1136/bmj.l1495
https://doi.org/10.1001/jama.2021.4001
https://doi.org/10.1016/j.neubiorev.2022.104642
https://doi.org/10.1016/j.jalz.2011.03.003
https://doi.org/10.1016/j.jalz.2011.03.003
https://doi.org/10.1002/ddr.21579
https://doi.org/10.1212/WNL.0000000000006955
https://doi.org/10.1212/WNL.0000000000006955
https://doi.org/10.1007/s12017-014-8316-8
https://doi.org/10.1016/j.neuroscience.2015.07.084
https://doi.org/10.1523/JNEUROSCI.15-02-01090.1995
https://doi.org/10.1016/j.neuron.2009.11.031
https://doi.org/10.1002/(SICI)1098-1063(1998)8:6%3C608::AID-HIPO3%3E3.0.CO;2-7
https://doi.org/10.1002/(SICI)1098-1063(1998)8:6%3C608::AID-HIPO3%3E3.0.CO;2-7
https://doi.org/10.1038/nrn3338
https://doi.org/10.1002/hipo.23377
https://doi.org/10.1038/nrn3085
https://doi.org/10.1038/nrn.2015.24
https://doi.org/10.1038/nrn.2015.24
https://doi.org/10.1186/1750-1326-6-85
https://doi.org/10.1016/j.neuroimage.2005.12.033
https://doi.org/10.3389/fpsyt.2024.1360623
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Yao et al. 10.3389/fpsyt.2024.1360623
25. Schulingkamp RJ, Pagano TC, Hung D, Raffa RB. Insulin receptors and insulin
action in the brain: review and clinical implications. Neurosci Biobehav Rev. (2000)
24:855–72. doi: 10.1016/s0149-7634(00)00040-3

26. Biessels GJ, Reagan LP. Hippocampal insulin resistance and cognitive
dysfunction. Nat Rev Neurosci. (2015) 16:660–71. doi: 10.1038/nrn4019

27. Kullmann S, Kleinridders A, Small DM, Fritsche A, Häring H-U, Preissl H, et al.
Central nervous pathways of insulin action in the control of metabolism and food
intake. Lancet Diabetes Endocrinol. (2020) 8:524–34. doi: 10.1016/S2213-8587(20)
30113-3

28. Li M, Li Y, Zhao K, Tan X, Chen Y, Qin C, et al. Changes in the structure,
perfusion, and function of the hippocampus in type 2 diabetes mellitus. Front Neurosci.
(2022) 16:1070911. doi: 10.3389/fnins.2022.1070911

29. Liu T, Bai Y, Ma L, Ma X, Wei W, Zhang J, et al. Altered effective connectivity of
bilateral hippocampus in type 2 diabetes mellitus. Front Neurosci. (2020) 14:657.
doi: 10.3389/fnins.2020.00657

30. Shen X-N, Niu L-D, Wang Y-J, Cao X-P, Liu Q, Tan L, et al. Inflammatory
markers in Alzheimer’s disease and mild cognitive impairment: a meta-analysis and
systematic review of 170 studies. J Neurol Neurosurg Psychiatry. (2019) 90:590–8.
doi: 10.1136/jnnp-2018-319148

31. Brosseron F, Krauthausen M, Kummer M, Heneka MT. Body fluid cytokine
levels in mild cognitive impairment and Alzheimer’s disease: a comparative overview.
Mol Neurobiol. (2014) 50:534–44. doi: 10.1007/s12035-014-8657-1

32. Lai KSP, Liu CS, Rau A, Lanctôt KL, Köhler CA, Pakosh M, et al. Peripheral
inflammatory markers in Alzheimer’s disease: a systematic review and meta-analysis of
175 studies. J Neurol Neurosurg Psychiatry. (2017) 88:876–82. doi: 10.1136/jnnp-2017-
316201

33. Walker KA, Le Page LM, Terrando N, Duggan MR, Heneka MT, Bettcher BM.
The role of peripheral inflammatory insults in Alzheimer’s disease: a review and
research roadmap. Mol Neurodegener. (2023) 18:37. doi: 10.1186/s13024-023-00627-2

34. Walker KA, Ficek BN, Westbrook R. Understanding the role of systemic
inflammation in alzheimer’s disease. ACS Chem Neurosci. (2019) 10:3340–2.
doi: 10.1021/acschemneuro.9b00333

35. Frodl T, Amico F. Is there an association between peripheral immune markers
and structural/functional neuroimaging findings? Prog Neuropsychopharmacol Biol
Psychiatry. (2014) 48:295–303. doi: 10.1016/j.pnpbp.2012.12.013

36. Walker KA, Hoogeveen RC, Folsom AR, Ballantyne CM, Knopman DS,
Windham BG, et al. Midlife systemic inflammatory markers are associated with late-
life brain volume: the ARIC study. Neurology. (2017) 89:2262–70. doi: 10.1212/
WNL.0000000000004688

37. American Diabetes Association Professional Practice Committee. 2.
Classification and diagnosis of diabetes: standards of medical care in diabetes-2022.
Diabetes Care. (2022) 45:S17–38. doi: 10.2337/dc22-S002
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