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Abstract

BACKGROUND

Type 2 diabetes mellitus (T2DM) has been strongly associated with an increased
risk of developing cognitive dysfunction and dementia. The mechanisms of
diabetes-associated cognitive dysfunction (DACD) have not been fully elucidated
to date. Some studies proved lower cerebral blood flow (CBF) in the hippocampus
was associated with poor executive function and memory in T2DM. Increasing
evidence showed that diabetes leads to abnormal vascular endothelial growth
factor (VEGF) expression and CBF changes in humans and animal models. In this
study, we hypothesized that DACD was correlated with CBF alteration as
measured by three-dimensional (3D) arterial spin labeling (3D-ASL) and VEGF
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expression in the hippocampus.

AIM
To assess the correlation between CBF (measured by 3D-ASL and VEGF
expression) and DACD in a rat model of T2DM.

METHODS

Forty Sprague-Dawley male rats were divided into control and T2DM groups.
The T2DM group was established by feeding rats a high-fat diet and glucose to
induce impaired glucose tolerance and then injecting them with streptozotocin to
induce T2DM. Cognitive function was assessed using the Morris water maze
experiment. The CBF changes were measured by 3D-ASL magnetic resonance
imaging. VEGF expression was determined using immunofluorescence.

RESULTS

The escape latency time significantly reduced 15 wk after streptozotocin injection
in the T2DM group. The total distance traveled was longer in the T2DM group;
also, the platform was crossed fewer times. The percentage of distance in the
target zone significantly decreased. CBF decreased in the bilateral hippocampus
in the T2DM group. No difference was found between the right CBF value and
the left CBF value in the T2DM group. The VEGF expression level in the
hippocampus was lower in the T2DM group and correlated with the CBF value.
The escape latency negatively correlated with the CBF value. The number of rats
crossing the platform positively correlated with the CBF value.

CONCLUSION

Low CBF in the hippocampus and decreased VEGF expression might be crucial in
DACD. CBF measured by 3D-ASL might serve as a noninvasive imaging
biomarker for cognitive impairment associated with T2DM.

Key Words: Diabetes-associated cognitive dysfunction; Diabetes mellitus; Type 2;
Perfusion imaging; Receptors; Vascular endothelial growth factor; Hippocampus; Three-
dimensional pseudo-continuous arterial spin labeling

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This study aimed to assess the correlation between cerebral blood flow
measured by three-dimensional arterial spin labeling, vascular endothelial growth
factor expression, and diabetes-associated cognitive dysfunction in a rat model of type
2 diabetes (T2D). Our results showed low cerebral blood flow in the hippocampus and
decreased vascular endothelial growth factor expression might be crucial in diabetes-
associated cognitive dysfunction. Cerebral blood flow measured by three-dimensional
arterial spin labeling might serve as a noninvasive imaging biomarker for cognitive
impairment associated with T2D. This study would help in the early detection of
diabetes-associated cognitive dysfunction and guide treatment.

Citation: Shao JW, Wang JD, He Q, Yang Y, Zou YY, Su W, Xiang ST, Li JB, Fang J. Three-
dimensional-arterial spin labeling perfusion correlation with diabetes-associated cognitive
dysfunction and vascular endothelial growth factor in type 2 diabetes mellitus rat. World J
Diabetes 2021; 12(4): 499-513

URL: https://www.wjgnet.com/1948-9358/full/v12/i4/499 .htm

DOI: https://dx.doi.org/10.4239/wjd.v12.i4.499

INTRODUCTION

Type 2 diabetes mellitus (T2DM) is an endocrine and chronic metabolic disorder
characterized by insulin resistance and insulin deficiency caused by pancreatic b-cell
dysfunction!l. The number of people with diagnosed or undiagnosed diabetes, aged
20-64 years, was 351.7 million in 2019, and T2DM accounted for more than 90% of all
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cases. Approximately 116.4 million adults aged 20-79 years have diabetes in China,
which ranked first worldwide. The United States has the third most affected adults
(31.0 million)”. T2DM is one of the largest public health problems and represents a
global public health challenge due to a gradual increase in its incidence.

The major complications of T2DM are stroke, dementia, and depression. It is
associated with a 1.5 times increased risk of demential”. Dementia is a complex
condition marked by diminished cognitive performance (i.e. language, memory,
visuospatial, and executive functions), affecting the quality of patients” everyday
livest”l. T2DM has been strongly associated with an increased risk of developing
Alzheimer’s disease and vascular dementia, accounting for 95% of all dementia
cases!®’l. The mechanisms of diabetes-associated cognitive dysfunction (DACD) have
not been fully elucidated to date. The white matter disease of vascular origin,
inflammation, cerebral insulin resistance, axonal loss, and vascular endothelial
dysfunction may be the mechanisms underlying the dementia risk in diabetes!**‘.

Vascular endothelial growth factor (VEGF; also known as VEGF-A) is involved in
microvascular structure and function and the development of axon branching!'*?l.
Many studies have shown that enhancing VEGF signaling or VEGF restoration can
ameliorate cognitive function!"'"l. Most of these studies have focused on the
relationship between serum VEGF level and cognitive performance. Few studies
explored how the differences in VEGF expression in the hippocampus influenced
cognitive ability.

The hippocampus is a part of the limbic system. It has multimodal roles in the
integration of information from short-term memory with that from long-term
memory!*"l. Perception and memory impairment have resulted from damage to the
hippocampus, in turn contributing to cognitive dysfunction'”l. Most previous brain
studies on T2DM have revealed the whole brain and hippocampal macrostructural
changes in diabetes using magnetic resonance imaging (MRI), including cerebral
perfusion changes, atrophy, and decreased white matter fiber connection linked to
poor cognitive performance!’*. Previous findings showed that lower cerebral blood
flow (CBF) in the hippocampus was associated with poor executive function and
memory in T2DM®21,

Three-dimensional pseudo-continuous arterial spin labeling (3D-ASL) provides an
intrinsically high signal-to-noise ratio and precise detection of CBF™!. It is noninvasive
MRI technique that involves no contrast agent or ionizing radiation. In this study, the
3D-ASL approach was applied to analyze CBF in the hippocampus. Despite increasing
evidence that diabetes leads to abnormal VEGF expression and CBF changes in
humans and animal models, no study explored whether VEGF signaling in the
hippocampus in the T2DM animal model was related to CBF measured by 3D-ASL or
aimed to assess the relationship between VEGF expression in the hippocampus and
DACD, which became the objectives of the present study.

Sprague-Dawley rats have been used as a model of type 2 diabetes in many
experiments. In this study, T2DM Sprague-Dawley rats were used to conduct the
experiments. The study found that diabetes led to a reduction of VEGF expression in
the hippocampus of rats with T2DM. Decreased VEGF expression in the hippocampus
and reduction of hippocampal CBF positively correlated with poor cognitive function.

MATERIALS AND METHODS

Animals

The experimental procedures were carried out according to the National Institutes of
Health guidelines for the care of experimental animals with approval from the
institutional animal ethics committee of the Kunming Medical University. All efforts
were made to minimize suffering or animal discomfort and the number of animals
used.

An online power and sample size calculator (Power and Sample Size.com) was used
to calculate the sample size. Forty specific-pathogen-free grade Sprague-Dawley male
rats (aged 4-5 wk and weighing 200-220 g) from the Experimental Animal Centre of
Kunming Medical University (certificate 0. SCXK 2015-0002; Kunming, China) were
used in this study. Before initiating the protocol, all animals were acclimatized in the
institutional animal house for 2 wk. The animals were randomly divided into two
groups: normal control (n = 20) and T2DM (n = 20). Weight and fasting blood glucose
(FBG) were measured before the beginning of the experimental procedure. All animals
were allowed free access to water with a normal day/night cycle (12 h/12 h), a relative
humidity of 40%-50%, and a temperature of 20-25 °C. The normal control group was
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fed standard chow, whereas the T2DM group was kept on a high-fat diet (41%
carbohydrate, 24% protein, and 24% fat; 4.73 kcal/ g; Beijing HFK Bioscience Co., Ltd.
Beijing, China) for 3 wk (certificate no. SCXK 2019-0008; Beijing, China).

Streptozotocin (STZ) was purchased from Sigma (MO, United States). After
overnight fasting, STZ was administered by intraperitoneal injections on the first,
third, and fifth days in the first round, which was repeated with the same dose of STZ
on the 21, 23", and 25" days in the second round™!. The elevated glucose levels in
T2DM were evaluated on day 7 (24 h after the last administration). The blood glucose
level was measured using an Accu-Chek glucometer (Roche, Mannheim, Germany) in
tail-tip blood samples from overnight fasted animals. The rats with FBG > 16.7
mmol/L were considered as the T2DM model®".

Cognitive behavioral testing

The spatial learning and reference memory of each rat were tested in a Morris water
maze (MWM) after the model was successfully established (15 wk after STZ injection).
MWM testing was conducted for 6 d, including place navigation for 5 d and spatial
probe for 1 d*. All behavioral tests were performed under controlled environmental
conditions; the water temperature was kept at 22 °C with silence and dim
illumination™. MWM testing was conducted in a black circular pool, 2 m in diameter
and 0.2 m deep filled with water. The water was made opaque with black ink. The
position of the hidden platform was kept constant during all the trials involving
spatial navigation, and the amount of water exceeded 1 cm of the platform. Each rat
was placed at a fixed starting position in every quadrant in spatial navigation and was
allowed to swim until the rat reached the platform. The swimming time was 60 s. If it
exceeded this time, the rat was guided to the platform. In this procedure, the escape
latency and traveled distance were recorded using a video tracking system (ANY-
Maze, San Diego Instrument, CA, United States). The interval for each rat between the
same tests was 15 min. The platform was removed in the spatial probe test to assess
memory consolidation (Figure 1). The swimming trajectory within 60 s and the
number of crossings of the platform location were recorded.

MRI scanning

After MWM experiment, the rats were anesthetized with 3.6% chloral hydrate (360
mg/kg, intraperitoneal injection). MRI was performed using a 1.5T scanner (Signa
Excite TwinSpeed HDx, GE Healthcare, WI, United States) with a special coil for rats
(Shanghai Chenguang Medical Technologies Co., Shanghai, China). The MRI protocol
included T1-weighted imaging, T2-weighted imaging, and 3D-ASL. T1-weighted
imaging included brain sagittal images, whereas T2-weighted imaging and 3D-ASL
included brain coronal images of the hippocampus. MRI scans were acquired in the
supine position of the rat. The parameters used were as follows: T1-weighted imaging:
time of repetition/time of echo = 260 ms/10.4 ms; scanning time = 138 s; field of view
=100 mm % 100 mm; slice thickness = 2.0 mm; and interslice gap = 0. T2-weighted
imaging: time of repetition/time of echo = 2200 ms/85 ms; slice thickness = 1.0 mm;
interslice gap = 0; number of excitations = 4; number of slices = 16; matrix size = 224 x
192; field of view = 100 mm % 100 mm; and scanning time = 331 s. 3D-ASL: time of
repetition/time of echo = 4132 ms/11 ms; slice thickness = 2.0 mm; no interslice gap;
number of excitations = 5; field of view = 80 mm x 80 mm; bandwidth = 62.5 kHz;
matrix = 512 point x 12 arms; post-label delay = 1025 ms; and scanning time = 595 s.

3D-ASL image preprocessing

3D-ASL image preprocessing and analysis were implemented using the Advantage
Workstation (Advantage Workstation version 4.7, GE Medical Systems, United States),
with the Function Tool software package. The threshold was adjusted, and the region
of imaging in the bilateral hippocampal area of rats was chosen to measure CBF. Every
position was repeated three times and averaged.

Tissue harvesting and immunofluorescence

The rats were sacrificed with an overdose of chloral hydrate. They were given
intracardial perfusion of 4% paraformaldehyde, and the brain tissues (hippocampus)
of the mice were harvested. The hippocampal tissue samples were frozen in liquid
nitrogen and stored at -80 °C prior to proteomic analysis. The hippocampus was
dehydrated and then embedded in paraffin. One 10-pm-thick and four 20-pm-thick
sections were cut, and 4’, 6-diamidino-2-phenylindole staining was applied for
morphological assessment and immunofluorescence staining. All examinations were
performed on the bilateral hippocampus. Paraffin sections of the hippocampal tissues
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Figure 1 Representative swimming trajectories of rats. A: Control group; B: Comparison with the control group, the swimming trajectory of the rats in the
type 2 diabetes mellitus group was more chaotic.

Jaishideng®

were rehydrated and boiled in ethylene diamine tetraacetic acid buffer for 10 min to
induce antigen retrieval. Immunofluorescence of VEGF was performed using
commercial kits following the manufacturer’s protocols. The sections (40 pm) were
incubated with the primary VEGF antibody (Abcam Biotech Co., Ltd., MA, United
States). Subsequently, the mixture was incubated with secondary antibodies (Beyotime
Biotech Co., Ltd., Nanjing, China). Immunofluorescence-stained sections were
observed under a Zeiss Pascal laser scanning confocal microscope (Carl Zeiss
International, Jena, Germany).

Quantitative real-time PCR

Total RNA was isolated from the hippocampal tissue of rats in the control and T2DM
groups using RNAiso Plus reagent (Takara, Dalian, China) and then reverse
transcribed into cDNA using HiScript III RT SuperMix for quantitative PCR (qPCR)
(+g DNA wiper) (Vazyme Biotech Co., Ltd., Nanjing, China). Real-time qPCR was
performed using miRNA Universal SYBR qPCR Master Mix (Vazyme Biotech Co.,
Ltd.) on a BioRad qPCR system with the following primer pair: 5-
TGCATGGTGACTGCTACCTTCTC-3’, 5-AAATCACAGCAGCCTACCCACTC-3".
The PCR conditions started with a denaturation step at 94 °C for 5 min, followed by 30
cycles of denaturation at 94°C for 25 s, annealing at 50.5 °C for 40 s, and extension at 72
°C for 30 s, ending with a final extension step at 72 °C for 5 min. RNA relative
expression was calculated by the 2**“*method with reduced glyceraldehyde-
phosphate dehydrogenase as the control.

Statistical analysis

The data were analyzed using the SPSS version 23.0 statistical package (IBM Corp.,
NY, United States). Normal distribution within samples was assessed using the
Kolmogorov-Smirnov test for normal distribution. Normally distributed data were
presented as the mean + SD. CBF value-derived 3D-ASL, target crossing times, distant
in zone (%) platform, and total distance traveled were analyzed using the unpaired-
sample Student f test between the normal and T2DM groups. Correlation coefficients
between CBF and VEGF expression were calculated with the Spearman rank test.
Multivariate analysis of variance was conducted for the time of escape latency for each
group of rats. For behavior data, Sidak’s multiple comparisons test was conducted to
correct multiple comparisons using a two-way ANOVA. For behavioral parameters
and to compare VEGF levels, statistical analyses were carried out using GraphPad
Prism 8.0 (GraphPad Software, Inc., CA, United States). In addition, a P value < 0.05
was considered significant.

RESULTS

Rats with T2DM performed neurobehavioral abnormality
The MWM test was conducted to explore the learning performance and spatial
memory ability of experimental rats. The positioning cruise experiments showed that
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the swimming trajectory of the rats in the T2DM group was more chaotic (Figure 1). It
was reflected as a significant increase in the time of escape latency compared with the
normal group (F = 21.07, P < 0.0001) (Table 1). The total distance traveled was longer
in the T2DM group than in the control group (¢ = 2.053, P = 0.003), and the platform
was crossed fewer times (t = 2.491, P = 0.006). The percentage of distance in the zone
target significantly decreased (t = 1.447, P = 0.020) (Figure 2). In the present study,
greater time spent in the T2DM group was also reflected in the probe testing on day 5
of the experiment. These data indicated that the spatial learning memory ability in the
T2DM group significantly decreased (Table 2).

Obvious reduction in CBF of rats with T2DM in the bilateral hippocampal area

CBF decreased in the bilateral hippocampal area in rats in the T2DM group. The left
CBF value in the control and T2DM groups was 33.58 £ 2.91 mL/100 g/min and 27.20
+0.87 mL/100 g/min (f = 2.772, P = 0.0093), respectively. The right CBF value in the
control and T2DM groups was 38.62 + 3.76 mL/100 g/min and 29.0 £ 0.98
mL/100g/min (¢ = 3.373, P = 0.0020), respectively (Figure 3). No difference was
observed between the right CBF value and the left CBF value in the T2DM group (P =
0.173).

Decreased CBF in rats with T2DM might be due to VEGF expression in the

hippocampus

The expression of VEGF was lower in the T2DM group than in the control group (¢ =
2.768, P = 0.0325) (Figures 4 and 5). VEGF expression positively correlated with the left
CBF value (rho = 0.776, P < 0.01) and the right CBF value (rho = 0.790, P < 0.01)
(Figure 6). These data suggested that CBF in rats with T2DM might develop, at least
partially, due to the decreased expression of VEGF.

CBF is an imaging biomarker of DACD

The escape latency negatively correlated with the CBF value (rho = -0.909, P < 0.01).
The number of rats crossing the platform positively correlated with the CBF value (rho
= 0.702, P < 0.05). A significant positive correlation was found between CBF and
distance in the zone target (rho = 0.587, P < 0.05) (Figure 7).

DISCUSSION

Behavioral methods, including the MWM test, were used in this study to detect the
changes in cognitive function. The changes in CBF in a rat model of T2DM were
observed compared with those in the control group. In addition, the relationship
between VEGF expression, CBF, and DACD was further explored. Several studies
confirmed that T2DM led to cognitive impairment!*"’, but the mechanisms were
unclear. The present study showed that the spatial memory and the reference memory
in the MWM test were impaired in the T2DM group compared with the control group.
CBF in the hippocampus of rats in the T2DM group was significantly reduced and was
positively correlated with the data obtained from MWM, suggesting that low
perfusion in the hippocampus was indeed associated with DACD. The correlation
analysis also supported the conclusion that hypoperfusion in the hippocampus was
indeed a risk factor for DACDP'*. However, no difference was found between the
right CBF value and the left CBF value in the T2DM group. The study confirmed that
decreased CBF in the hippocampus could be considered as an imaging biomarker to
predict the risk of DACD, which was consistent with previous findings®***.

The hippocampus is an important anatomical structure related to cognition,
particularly memory function. The hippocampal region is prone to suffer from cerebral
microvascular disease due to its thin blood vessels and the relative lack of capillary
anastomoses!">*. Therefore, it was speculated that the pathological changes in small
vessels caused by a hyperglycemic environment could easily lead to a reduction of
hippocampal CBF. Decreases in regional blood flow in the hippocampus can
contribute to an ischemic and hypoxic environment, leading to neuronal damage in
the hippocampus and cognitive impairment™l. Previous studies focused mainly on
the effect of hypoperfusion on cognition. No experimental study explored how VEGF
expression in the hippocampus affected CBF based on 3D-ASL under the influence of
long-term hyperglycemia in a T2DM rat model. In this study, the effect of VEGF on
hippocampal perfusion in diabetes was studied by immunofluorescence detection of
VEGEF. The results showed that the expression of VEGF in the hippocampus was
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Table 1 Results of the Morris water maze escape latency time in rats

Time interval Control group, s T2DM group, s sD P value
Day 1 58.32 53.66 4.655 0.9543
Day 2 34.45 44.44 -9.987 0.4580
Day 3 20.91 40.82 -19.91 0.0104°
Day 4 15.45 3453 -19.07 0.0155°
Day 5 12.58 29.98 -17.41 0.0334°

2P < 0.05. SD: Standard deviation; T2DM: Type 2 diabetes mellitus.

Table 2 Results of the Morris water maze test in rats

Behavior parameter Control group T2DM group Test value, t P value
Target crossing times 2.50+0.29 1.05+0.21 2.491 0.006"
Distant in zone platform, % 0.95+0.12 0.54 £0.10 1.447 0.020"
Total distance traveled in cm 137.30 + 17.87 227.30 +16.89 2.053 0.003"

2P < 0.05.

PP < 0.01. T2DM: Type 2 diabetes mellitus.

JBaishideng®

significantly lower in the T2DM group compared with the control group, and
positively correlated with CBF. Nevertheless, previous experimental findings on the
changes in VEGF expression in the hippocampus in diabetes were controversiall”..

Previous data indicated that different VEGF levels might be due to the different
stages of diabetes. High VEGF expression mainly existed in the early stage of diabetes,
while low levels were seen in the late stagel*l. In the present study, the T2DM rat
model (15 wk after STZ injection) already developed diabetic complications, which
usually occurred in the late stagel”'l. Thus, it was speculated that the low level of VEGF
expression might be related to long-term hyperglycemia and late stage of the disease.
However, this needs further investigation. A positive correlation was observed
between decreased VEGF signaling and low CBF in the present study. Abnormal
VEGEF signaling caused by diabetes can lead to vascular dysfunction and pathological
vessel remodeling, leading to vascular occlusion and insufficient blood supplyt*.
Meanwhile, some studies found that the inhibition of VEGF signaling affected
hippocampal dentate gyrus microvasculature and caused impairment in spatial
memory!*l. Therefore, the decreased expression of VEGF in the late stage of diabetes
led to hypoperfusion in the hippocampus, as found in the present study, leading to
cognitive abnormalities.

This study was novel in investigating the correlation between CBF based on 3D-
ASL, VEGF expression, and cognition in a T2DM rat model. However, it had certain
limitations: (1) Previous studies revealed that the effect of VEGF expression on
memory was primarily a result of axonal loss, demyelination, or changing plasticity of
mature neurons>¥1. The possibility that the decreased VEGF level might cause
DACD via hippocampal neural injury was not examined in the present study; and (2)
Previous findings indicated that each division of the hippocampus had different
functions!"”l. In the present study, CBF and VEGF expression in each hippocampal
region were not examined. Thus, future studies are needed for detailed investigation.

CONCLUSION

Low perfusion of the hippocampus was associated with DACD. VEGF expression
decreased in the hippocampal area of rats in the T2DM group in long-term
hyperglycemia. Positive correlations were observed between CBF and VEGF
expression in the hippocampus of rats with T2DM. Decreased CBF and low VEGF
levels in the hippocampus might be risk factors of DACD. CBF measured by 3D-ASL
might serve as a noninvasive imaging biomarker for detecting cognitive impairment
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Figure 2 Results of the Morris water maze test of each group. A: Latency time on the third, fourth, and fifth day (3P < 0.05); B: The total distance reach
the platform was recorded in the hidden platform tests on the fifth day (P < 0.01); C: Number of crossing times of the target platform within 2 min (P < 0.01); D: Effects
of different groups on the distance in zone-platform (P < 0.05). T2DM: Type 2 diabetes mellitus.
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Figure 3 Comparison of cerebral blood flow in hippocampal area between type 2 diabetes mellitus group and control group. A:
Representative cerebral blood flow (CBF) images of the bilateral hippocampus area (orange arrow) in the control group; B: Representative CBF images of the
bilateral hippocampus area (orange arrow) in type 2 diabetes mellitus (T2DM) group; C: Significantly different CBF values between the control and T2DM groups in
the left hippocampus (P < 0.01); D: Significantly different CBF between the control and T2DM groups in the right hippocampus (P < 0.01).
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Figure 4 Images of vascular endothelial growth factor immunofluorescence staining of the hippocampus in each group. A: Nucleus in the
type 2 diabetes mellitus group (blue); B: Vascular endothelial growth factor levels in the type 2 diabetes mellitus group (green); C: Merged image for the type 2
diabetes mellitus group; D: Nucleus in the control group (blue); E: Vascular endothelial growth factor levels in the control group (green); F: Merged image for the
control group. Scale bar, 100 um.
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Figure 5 Expression of vascular endothelial growth factor was lower in the type 2 diabetes mellitus group than in the control group (P <
0.05). T2DM: Type 2 diabetes mellitus; VEGF: Vascular endothelial growth factor.
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ARTICLE HIGHLIGHTS

Research background
The mechanisms of diabetes-associated cognitive dysfunction (DACD) have not been
fully elucidated to date. Some studies proved that lower cerebral blood flow (CBF) in
the hippocampus was associated with poor executive function and memory in type 2
diabetes mellitus (T2DM). Increasing evidence showed that diabetes leads to abnormal
vascular endothelial growth factor (VEGF) expression and CBF changes in humans
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and animal models. This study explored whether DACD was correlated with CBF
alteration and VEGF expression in the hippocampus.

Research motivation

Our study aimed to assess the relationship among CBF alteration, VEGF expression in
the hippocampus, and DACD. Our findings may help reveal the mechanisms of
DACD. This study would help in the detection of DACD and guide treatment.

Research objectives

This study aimed to explore whether VEGF signaling in the hippocampus in the T2DM
rat model was related to CBF (measured by three dimensional arterial spin labeling)
and DACD.

Research methods

Forty specific-pathogen-free grade Sprague-Dawley male rats were randomly divided
into normal control and T2DM groups. The T2DM group was kept on a high-fat diet
and then streptozotocin was administered by intraperitoneal injections to induce
diabetes. The Morris water maze test was conducted to explore the learning
performance and spatial memory ability of experimental rats. CBF measured by three
dimensional arterial spin labeling was detected in the bilateral hippocampus.
Immunofluorescence of VEGF in the bilateral hippocampus was performed, and VEGF
expression was quantified with quantitative real-time PCR.

Research results

Our data indicated that the spatial learning memory ability in the T2DM group
significantly decreased. An obvious reduction in CBF in rats with T2DM in the
bilateral hippocampal area was observed. The expression of VEGF was lower in the
T2DM group than in the control group. VEGF expression positively correlated with
the CBF value in the hippocampus. A significant correlation was found between CBF
and the spatial learning memory ability in the T2DM group.

Research conclusions

The new theories of this study was low perfusion of the hippocampus was associated
with DACD and decreased VEGF expression in the hippocampal area of rats in the
T2DM group in long-term hyperglycemia. To the best of our knowledge, this was the
first study to explore the relationship of DACD, VEGF expression, and CBF of the
hippocampus.

Research perspectives
Decreased CBF and low VEGF levels in the hippocampus might be risk factors for
DACD. CBF measured by three dimensional arterial spin labeling might serve as a

noninvasive imaging biomarker for detecting cognitive impairment associated with
T2DM.
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