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Abstract 

Prostaglandin D2 (PGD2) is the most abundant prostaglandin in the brain, but its involvement in brain 
damage caused by type 2 diabetes (T2D) has not been reported. In the present study, we found that 
increased PGD2 content is related to the inhibition of autophagy, which aggravates brain damage in T2D, 
and may be involved in the imbalanced expression of the corresponding PGD2 receptors DP1 and DP2. 
We demonstrated that DP2 inhibited autophagy and promotedT2D-induced brain damage by activating 
the PI3K/AKT/mTOR pathway, whereas DP1enhanced autophagy and amelioratedT2D brain damage by 
activating the cAMP/PKA pathway. In a T2D rat model, DP1 expression was decreased, and DP2 
expression was increased; therefore, the imbalance in PGD2-DPs may be involved in T2D brain damage 
through the regulation of autophagy. However, there have been no reports on whether PKA can directly 
inhibit mTOR. The PKA catalytic subunit (PKA-C) has three subtypes (α, β and γ), and γ is not expressed 
in the brain. Subsequently, we suggested that PKA could directly interact with mTOR through PKA-C(α) 
and PKA-C(β). Our results suggest that the imbalance in PGD2-DPs is related to changes in autophagy 
levels in T2D brain damage, and PGD2 is involved in T2D brain damage by promoting autophagy via 
DP1-PKA/mTOR and inhibiting autophagy via DP2-PI3K/AKT/mTOR. 
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Introduction 
Diabetes mellitus is a common metabolic 

disorder. The prevalence of type 2 diabetes (T2D) is 
increasing as lifestyles change. T2D has become the 
main cause of disability and death in recent years [1] 
and was responsible for 1.5 million deaths in 2012. 
One of the most concerning problems of T2D is long- 
term neurological complications [2]. As many as 60% 
to 70% of diabetic patients develop neuropathy [3], 
and T2D patients have a greater risk of developing 
brain atrophy and cognitive impairments [4]. 
Cognitive deficits significantly affect quality of life 
and greatly increase the economic burden of diabetic 
patients [3]. Although many factors involved in 

T2D-induced brain injury have been identified, the 
mechanism is still unclear. 

Autophagy plays an important role in stabilizing 
the function of the central nervous system [5]. The 
decrease in autophagy caused by the chronic 
deterioration of the autophagic lysosomal system of 
nerve cells might be one of the important 
pathophysiological mechanisms of AD [6], and the 
activation of autophagy reduced Alzheimer’s disease- 
like pathology and cognitive decline in a murine 
model [7]. Some studies [8] have indicated a decrease 
in LC3BII and increase in p62 in autism-induced 
hippocampal injury. Autophagy can be regulated by 
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hyperglycaemia in diabetes, and dysfunctional 
autophagy is responsible for glucotoxicity [9, 10]. 
However, how autophagy is regulated in T2D is not 
clear. 

Cyclooxygenase (COX) is a rate-limiting enzyme 
involved in the synthesis of prostaglandins and in the 
regulation of the functions of the central nervous 
system (CNS) [11]. Prostaglandin D2 (PGD2) is the 
most abundant prostaglandin in the brain and has 
been shown to be involved in many processes, 
including the regulation of sleep [12]. Epidemiological 
investigations have shown that sleep disorders are 
common in T2D patients, and sleep disorders also 
promote brain damage caused by T2D [13, 14]. Our 
previous results indicated that decreased autophagy 
may be related to PGD2 [15]. However, the 
mechanism of autophagy inhibition by PGD2 is 
unclear. PGD2 may participate in the regulation of 
autophagy through its receptors. PGD2 has two 
corresponding receptors, DP1 and DP2. However, 
DP1 and DP2 have not been reported in T2D brain 
injury, and it is unclear whether PGD2-DPs are 
involved in the regulation of autophagy. Activation of 
protein kinase A(PKA) occurs downstream of DP1, 
but there is no relevant report on whether PKA is 
directly involved in mTOR regulation.PKA plays 
various regulatory roles, mainly through its catalytic 
subunits (PKA-C subtypes, α, β, and γ), but whether 
they are all involved in mTOR regulation has not been 
studied. 

Therefore, the present study was designed to 
investigate the effects of PGD2-DPs on brain injury 
and explore the mechanisms that may influence 
autophagy in T2D. These results may help clarify the 
mechanism of brain damage caused by T2D and aid 
the discovery of new therapeutic targets for 
T2D-induced brain damage. 

Materials and Methods 
Animals 

Sprague-Dawley (SD) rats were housed in the 
barrier housing facility, and it has in keeping with 
national standard “Laboratory Animal-Requirements 
of Environment and Housing Facilities”. The care of 
laboratory animal and the animal experimental 
operation have conforming to “Chongqing 
Administration Rule of Laboratory Animal”. The 
experimental procedures were approved by the 
animal laboratory administrative center and the 
institutional ethics committee of Chongqing Medical 
University (License number: SYXK YU 2012-0001) and 
also in accordance with the National Institutes of 
Health guidelines. The rats were kept in controlled 
conditions of temperature (24 ± 2 °C), relative 

humidity (60 ± 10%) and 12/12 h light/dark cycle 
(light from 08:00 am to 08:00 pm). 

The modeling method is based on our published 
article [15-17]. To establish the rat model of T2D, 20 
male rats (80-100 g, 4-week old) were fed high fat diet 
(HFD) (20% sugar, 10% lard, 10% egg yolk and 60% 
basal feed) after a week of normal diet. After 4 weeks, 
rats were injected once with low-dose streptozotocin 
(Solarbio, China) (STZ, 30 mg/kg i.p) to induce partial 
insulin deficiency, and then continuously fed HFD for 
4 weeks after injection of STZ.10 male rats were lived 
after the completion of modeling. After the 
completion of modeling, 10 male rats were reared for 
another 12 weeks as a model group. There were 9 rats 
remaining in each group when the administration was 
completed. The rats of control group were fed normal 
diet. 

Morris water maze test 
Morris water maze was used to evaluate spatial 

learning and memory function of rat in each group. 
Rats were given four trials per day for four 
consecutive days. A different entry site was used for 
each daily session. During each trial, the rats were 
introduced into the water where a hidden platform 
was submerged under the water. If rats failed to reach 
the platform within 90 sec, they were gently guided to 
it and allowed to remain for 10 sec on top of the 
platform. On the 5th day, following the last day of 
training, rats were introduced into the pool from the 
entry site where the last training was performed in 
order to assess retention of the platform location. 
During this probe trial, the platform was removed 
from the maze. The latency for rat to find the hidden 
platform and the number of times to cross the 
platform were recorded, with a maximum of 90 sec. 

Histopathological and Tunel observation 
After the Morris water maze test, 3 rats from 

each group were perfused with heparinized saline (30 
ml) to remove blood from the vasculature, and then 
with 4% paraformaldehyde in phosphate buffered 
saline (50 ml). The whole brain was then removed and 
stored in the same fixative. After paraffin embedding, 
5-μm sections were obtained and stained with 
hematoxylin-eosin (H & E). Morphologic changes of 
hippocampus and cortical neurons were examined 
using light microscopy. Cells with a distinct nucleus 
and nucleolus were regarded as intact neurons. Tunel 
experiment is carried out according to the 
experimental procedure of the kit. 

Biochemical assays 
A plasma level of insulin was measured by 

ELISA kits (YuanYe, PRC) according to the 
manufacturer’s recommendation. The levels of 
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Triglycerides (TG), Total Cholesterol (T-CHO) and 
Low-Density Lipoprotein Cholesterol (LDL-C) in 
bloodsamples were measured by commercial assay 
kits (JianCheng, PRC) according to the manufacturer’s 
directions. 

Cell culture and treatments 
Immortalized murine hippocampal HT22 cell 

lines were obtained from BNCC, China. HT22 cells 
were cultured in DME/F12 medium (Hyclone, United 
States) supplemented with 10% fetal bovine serum 
(FBS; Hyclone, United States) and 1% 100× penicillin- 
streptomycin (Gibco, United States) at 37 ◦ C and 5% 
CO 2.To establish the cell model, HT22 cells were 
cultured in high-glucose (HG, glucose reached 75 
mM) medium for 36 h [18]. The cells were divided 
into the control group, high-glucose overloaded 
group (HG group, the glucose reached 13.5 mg/mL in 
medium), HG+BW245C (DP1 agonist, 10-5 M, 
CAYMAN, USA) group, HG+BWA868C(DP1 
antagonist, 10-5 M, CAYMAN, USA) group, HG+DK- 
PGD2 (DP2 agonist, 10-5 M, CAYMAN, USA) group, 
HG+CAY10471 (DP1 antagonist, 10-5 M, CAYMAN, 
USA) group, HG+DK-PGD2+Rapamycin (10-11 M, 
SELLECK, USA) group, HG+CAY10471+Wortmannin 
(10-9 M, SELLECK, USA) group. 

Enzyme-linked immunosorbent assay (ELISA) 
After treatment, the content of PGD2 in rats 

cortex and hippocampus were detected with ELISA 
kits (Meibiao, Jiangsu, China). After treatment, the 
content of PGD2 and camp in HT22 cells were 
detected with ELISA kits (Meibiao, Jiangsu, China). 

MTT Assay 
HT22 cells were cultured in the 96-well plates at 

10×104 cells/ml and subjected to HG and intervention 
for 36h. After the intervention, MTT (20 µL, 5 mg/ml; 
Sigma, United States, M2128) was added per well. 
After 2h of incubation, the medium was removed, and 
150 µL DMSO was added to solubilize the purple 
formazan. Then, the plate shook slowly on the 
horizontal shaking table free from light for 10 min at 
room temperature. Finally, optical density (OD) was 
detected at 490 nm using a microplate reader (BioTek, 
United States; Lobner, 2000). 

LDH Leakage Rate Detection 
Cell death was evaluated using the lactate LDH 

Assay Kit (Beyotime, China, C0017). HT22 cells were 
cultured in 96-well plates at 5 × 104 cells/ml. After HG 
and intervention treatment for 36h, the LDH leakage 
rate in the cell culture supernatant was measured 
according to the manufacturer’s instruction. 

Flow Cytometry Analysis 
HT22 cells were seeded in six-well plates at 8 × 

104 cells/mL and exposed to HG and intervention for 
36h. Afte the incubation period, cells were trypsinized 
without EDTA, collected and suspended in 1 ml PBS. 
Apoptosis was determined by flow cytometry using 
the Annexin V-FITC/propidium iodide (annexin 
V/PI) apoptosis detection kits according to the 
manufacturer’s protocol. Three separate experiments 
were performed. 

Transmission Electron Microscopy 
Observation 

The numbers of autolysosome were confirmed 
by transmission electron microscopy (TEM) 
examination. After treatment, HT22 cells were 
collected in glutaraldehyde at 4 °C. 

Co-Immunoprecipitation 
IP lysates buffer were added to cells and tissues. 

1.0 μg IgG and 20 μL A/G-beads were added to the cell 
lysis or tissue lysis, incubate at 4 °C for 1 h. The lysates 
were clarified by centrifugation at 2000 g for 5 min at 4 
°C, and take the supernatant. The 10 μL mTOR 
antibodies were added to the supernatant. Then 
incubate overnight at 4 °C. Add 20 μL of A/G-beads 
and incubate for 2 h at 4 °C. Centrifuge at 1000 g for 5 
min at 4 °C, remove the supernatant, and collect the 
immunoprecipitated complex. The immuno-
precipitated complex was washed 4 times with 1 ml of 
ice-cold IP lysate, centrifuged at 1000 g for 5 min at 4 ° 
C each time, and the supernatant was carefully 
discarded for each wash. After the last wash, carefully 
discard the supernatant, add 40 μL of 1×SDS 
thioglycol-containing loading buffer, boiled for 10 
min. At last, take 20 μL of supernatant sample for WB 
detection. 

The lentivirus infection 
The lentivirus was bought from company 

(CyagenBiosciences, Guangzhou, China). When the HT22 
cells were attached, the culture medium containing 
lentivirus and polybrene (5 ug/ml) was added it for 8 
h. After 8 hours, the medium containing virus and 
polybrene was removed, and then a new virus-free 
and polybrene-free medium was added it. By 
observation, it was found that over 80 to 90% cells had 
fluorescence expression, which proved that lentivirus 
infection was successful and could be used in 
experiments (it can be screened with antibiotics). 

Western Blot Analysis 
After treatment, HT22 cells were washed in ice- 

cold PBS and lysed by RIPA lysis buffer containing 
phosphatase and protease inhibitors. The samples 
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were collected and centrifuged at 12,000 × g and 4 °C 
for 15 min, after incubated for 20 min on ice. The 
supernatant was collected and the total protein 
concentrations were measured with a BCA protein 
assay kit (Beyotime, China, P0010S). Loading buffer 
(Beyotime, China, P0015L) was added into the 
remaining supernatant and boiled at 100 °C for 15 
min. Ultimately, samples were stored at -20 °C for 
further research. Fifty mg of rat cortex and 
hippocampus (n=4) were added to 0.5 ml of tissue 
lysate solution for protein extraction and 
centrifugation at 12,000 × g for 10 min at 4 °C, and the 
supernatant was used for detection of protein 
concentrations with a BCA protein assay kit (Beyotime, 
China). A 10 μL sample of protein was separated by 
sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred to PVDF 
membranes (Millipore, USA). The membranes were 
blocked with 5% BSA for 1 h at room temperature and 
then probed with specific primary antibodies, 
including DP1 (1:1000; Abcam, UK), DP2 (1:500; 
SANTA, USA), LC3BII (1:1000; Abcam, UK), p62 
(1:1000; Abcam, UK), AKT (1:1000; Abcam, UK), p-AKT 
(1:500; SANTA, USA), mTOR (1:1000; Abcam, UK), 
p-mTOR (1:1000; Abcam, UK), PKA-C (α/β) (1:500; 
SANTA, USA) and β-actin (1:4000; Proteintech, USA) 
overnight at 4 °C. The membranes were washed three 
times in TBST and incubated with HRP-conjugated 
secondary antibodies at room temperature for one 
hour. Following four washes in TBST, protein signals 
were visualized by ECL (Bio-Rad, USA). 

Statistical Analysis 
Data are presented as mean±standard deviation 

(SD). Statistical analysis was carried out using SPSS 
statistics software (Version 20.0) and data were 
analyzed by performing one-way analysis of variance 
(ANOVA) followed by post hoc Tukey’s test (≥ three 
groups). Two-group variances were compared using 
Student's t test. P-value less than 0.05 were considered 
statistically significant. 

Results 
Changes in blood glucose, LDL-C, T-CHO, TG, 
body weight and insulin in T2D rats 

To determine whether our model was an 
effective T2DM model, we measured various 
biochemical indicators. Compared with the control 
group, the contents of blood glucose, T-CHO and TG 
were significantly increased; the body weight and the 
content of insulin were significantly decreased; and 
the content of LDL-C was not significantly changed in 
the model group (Figure 1A). The above indexes were 

combined with our previously published articles 
[15-17] about T2D modelling by this method. We 
successfully established a T2D model. 

Changes in spatial learning and memory 
abilities in T2D rats 

To determine whether rats had neurological 
impairment, we used the Morris water maze to test 
their learning and memory abilities. The Morris water 
maze results showed that the rats in all groups 
exhibited a rapid reduction in their escape latencies to 
find the platform over the 4 training days. Compared 
with those in the control group, rats in the model 
group showed significantly prolonged escape latency 
and a decrease in the number of platform crossings on 
the 4th and 5th days (Figure 1B). These results 
indicated that T2Drats had learning and memory 
defects. 

Changes in neuronal pathomorphology inT2D 
rats 

To determine whether the rat brain had 
pathological changes, we used HE and Tunel to test 
the changes in neuronalpathomorphology in the 
hippocampus and cortex. In the control group, the 
morphological neuronal structure of the 
hippocampus and cortex was intact and clear. 
Compared with the control group, the neurons in the 
model group showed remarkable karyopyknosis 
(Figure 2A). Tunel experiment showed that the 
numbers of apoptosis cells were significantly 
increased in the model cortex and hippocampus. 
These results indicated that T2D rats’ neuronal 
damage was significantly increased. 

Changes inPGD2, DP1, DP2, LC3BII, and p62 
expression in the hippocampus and cortex of 
T2D rats 

To determine whether the change in PGD2-DPs 
and autophagy induced T2DM brain injury, we used 
ELISA and WB analyses to detect PGD2 and related 
protein expression in the rat cortex and hippocampus. 
LC3BII reflected the intensity of autophagy, while p62 
reflected a decrease in degradation activity. 
Compared with the control group, the content of 
PGD2 was significantly increased, the expression of 
DP2 and p62 was significantly increased, and the 
expression ofDP1 and LC3BII was significantly 
decreased in the model group (Figure 2B, C). The 
above findings suggested that the imbalance of 
PGD2-DPs may be closely related to the decrease in 
autophagy levels in the hippocampus and cortex of 
T2D rats. 
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Figure 1. Changes inbiochemical indicators andspatial learning and memory, neuronal pathomorphology, PGD2 content, and related protein in T2D rat. 
(A) Biochemical indicators; (B) Morris Water Maze. Rats in the model group showed a significant increase of blood glucose, T-CHO and TG, a significant decrease of body 
weight and plasma insulin, there is no change of LDL-C; a significant increase of escape latency and a significant decrease of the number of platform cross times. Data are 
expressed as mean ± SD of nine individual rats in each group.*P<0.05 and **P<0.01 compared with control group, respectively. 

 
Figure 2. Change inneuronal pathomorphology, PGD2 content, and related protein in T2D rats cortex and hippocampus. (A) HE and Tunel (400×); (B) PGD2 
content; (C) DP1, DP2, LC3BII and p62 expression. The number of apoptosis cells were significantly increased; the content of PGD2 was significantly increased; the DP1 
andLC3BII expression were significantly decreased, the DP2 and p62 expression were significantly increased. Data are expressed as mean ± SD of nine individual rats in each 
group.*P<0.05 and **P<0.01 compared with control group, respectively. 

 

The effect of HG on HT22 cells 
To determine the changes in the PGD2-DP 

pathway and autophagy levels in HT22 cells damaged 
by HG, we used electron microscopy, MTT, ELISA 
and WB analyses to measure the related targets. An 
increase in autolysosomes may reflect a reduction in 
degradative activity [19]. Combined with the increase 
in LC3BII expression and the decrease in p62 
expression, these results indicated that the autophagy 
level of the HG group was decreased. Wortmannin 
significantly aggravated HG damage, and rapamycin 
significantly improved HG damage. Our results also 
showed that the PGD2 content, DP1 expression and 
DP2 expression were significantly increased in the 
HG group. The above findings suggested that the 
imbalance of PGD2-DPs may be closely related to the 
decrease in autophagy levels in HT22 cells damaged 
by HG (Figure 3). 

The effect of DP2 on the injury of HT22 caused 
by HG 

To determine the effect of DP2on HG-induced 
HT22 damage, we used the MTT, LDH, ELISA, flow 
cytometry and WB methods to measure related 
targets. Our results showed that the PI3K/AKT/ 
mTOR pathway was activated in the HG group. 
DK-PGD2 could further activate the PI3K/AKT/ 
mTOR pathway and downregulate autophagy to 
improve the HT22 damage caused by HG. CAY10471 
could inhibit the PI3K/AKT/mTOR pathway and 
upregulate autophagy to improve the HT22 damage 
caused by HG. Moreover, the effects of DK-PGD2 and 
CAY10471 were partially reversed by rapamycin and 
wortmannin, respectively. The above results indicated 
that PGD2 inhibited autophagy through DP2-PI3K/ 
AKT/mTOR to aggravate HT22 cell damage by HG 
(Figure 4). 
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Figure 3. The effect of HG on the HT22. (A) The change of autophagolysosome was detected by electron microscopy (the arrow points to the autophagy lysosome). (B) 
The effect of autophagy agonist in HG HT22 survival. (C) The effect of autophagy inhibitor in HG HT22 survival. (D) Change of PGD2 in HG HT22. (E) Change of protein in 
HG HT22. Compare with the control, the autophagolysosome was significantly increased in HG HT22. The autophagy agonist significantly improved the HT22 injury in HG HT22, 
and the autophagy inhibitor significantly aggravated the HT22 injury in HG HT22. Compare with the control, the content of PGD2 was significantly increased in HG HT22. 
Compare with the control, the expression of DP1, DP2 and p62 was significantly increased in the HG HT22; and the expression of LC3BII was significantly decreased in the HG 
HT22. Data are expressed as mean ± SD of nine individual rats in each group.*P<0.05 and **P<0.01 compared with control group, respectively. 

 

The effect of DP1 in HT22 injury caused by HG 
To determine the effect of DP1 on HG-induced 

HT22 damage, we used the MTT, LDH, flow 
cytometry and WB methods to measure the related 
targets. MTT measures the cell survival rate, while 
LDH measures the cell death rate. Our results showed 
that the cAMP/PKA/mTOR pathway was activated 
in the HG group. BW245C could further activate the 
cAMP/PKA/mTOR pathway and upregulate 
autophagy to improve HT22 damage caused by HG. 
However, BWA868C could further inhibit the cAMP/ 
PKA/mTOR pathway and downregulate autophagy 
to aggravate the HT22 damage caused by HG. The 

above results indicated that PGD2 promotes 
autophagy through DP1-cAMP/PKA/mTOR to 
protect HT22 cell damage by HG (Figure 5). 

Protein interaction test 
To determine whether PKA-C(α/β) and mTOR 

directly interact, we used a Co-IP experiment to 
investigate the binding between the two proteins. The 
Co-IP results proved that mTOR and PKA-C(α/β) 
directly interact in the hippocampus. We did not 
observe this in the cells. The reason for this result may 
be that cell protein levels were too low (Figure 6A). 
These results indicated that PKA-C(α/β) may be 
directly related to mTOR. 
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Figure 4. The effect of DP2 agonistand inhibitor on the HG HT22. (A) The effects of DP2 agonist and inhibitor on HG HT22 survival. (B) The effects of DP2 agonist 
and inhibitor on apoptosis and necrosis in HG HT22. (C) The effects of DP2 agonist and inhibitor on change of PI3K, AKT, p-AKT, mTOR, p-mTOR, LC3BII and p62 expression 
in HG HT22. Data are expressed as mean ± SD of nine individual rats in each group.*P<0.05 and **P<0.01, respectively. 

 

The effect of PKA-C(α/β) shRNA on HT22 
injury caused by HG 

To determine whether PKA-C(α) and PKA-C(β) 
were involved in the regulation of mTOR, we 
knocked down PKA-C(α) and PKA-C(β) to explore 
their relationship with mTOR. Our experimental 
results showed that the expression of mTOR was 
significantly decreased in the HG group when shRNA 
was used to knock down PKA-C(α) and PKA-C(β). 
BW245C partially reversed the effect of PKA-C(α) 
shRNA and PKA-C(β) shRNA. The reason for the 
increase in PKA-C(α/β) expression was that BW245C 
increases the expression of another PKA subtype to 
decrease the expression of mTOR when PKA-C(α) or 
PKA-C(β) is knocked down. The above results 
indicated that both the α and β catalytic subunits of 
PKA are directly involved in the regulation of mTOR 
(Figure 6C,D). 

Discussion 
Diabetes has become a serious social problem, 

and T2D accounts for the majority of the cases of 
diabetes. The brain damage caused by T2D has 
consistently received attention because T2D can 
significantly increase the risk of cognitive impairment 
[4]. The reasons for T2D brain injury remain 
unknown. 

We all know that insulin resistance is an 
important reason of diabetes complications. But, 
patients with type 2 diabetes are not necessarily 
insulin resistance. Some studies have found that brain 
had the ability to secrete insulin locally, and insulin 
resistance in the Central Nervous System is also 
considered to be directly related to neuro-
degeneration, which also involves autophagy 
inhibition [20]. However, there is unequivocal 
evidence for selective, regulated, time dependent, 
temperature sensitive, carrier mediated, and saturable 
insulin transport to the brain [21]. Some studies also 
have proved that insulin levels in the cerebrospinal 
fluid of patients with AD are significantly reduced 
[22]. Therefore, even though the brain can secrete 
some insulin by itself, it is not enough to maintain 
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normal or higher levels for long time when the insulin 
level was significantly decreased in the blood. Insulin 
resistance, the blood insulin level should be normal or 
elevated. However, our modeling method is to 
directly partially destroy part of the pancreatic islet β 
cells and the content of insulin is significantly 
decreased in blood. Insulin resistance does not exist or 
the time is very short, so its effect on autophagy is 
limited. Moreover, the duration of insulin resistance 
varies from person to person, some are long and some 
are short, and not everyone has insulin resistance. We 
should also note that some people do not have insulin 
resistance, and some people have insulin resistance 
for a very short time. The American Diabetes 
Association (ADA) “Standards of Medical Care in 
Diabetes” indicated that insulin resistance ultimately 
leads to insufficient insulin levels in T2D [23]. Our 
animal model is more in line with the middle and late 

stages of T2D. Our research results may provide a 
new possible therapeutic target for patients who have 
developed T2DM in the late stages with brain 
damage. 

In our study, we found that blood glucose, 
T-CHO, and TG were significantly increased; body 
weight and insulin were significantly decreased; and 
LDL-C was not significantly altered in the T2D model 
group. These changes are consistent with the 
characteristics of T2D. The Morris water maze results 
showed that the rats in all the groups exhibited a 
rapid reduction in their escape latencies to find the 
platform over the 4 training days. Compared with 
those in the control group, rats in the model group 
showed significantly prolonged escape latency and 
exhibited a decrease in the number of platform 
crossings at 5 days. In the control group, the 
morphological neuronal structure of the 

 

 
Figure 5. The effect of DP1 agonistand inhibitor on the HG HT22. (A) The effects of DP1 agonist and inhibitor on HG HT22 survival. (B) The effects of DP1 agonist 
and inhibitor on the change of cAMP in HG HT22. (C) The effects of DP1 agonist and inhibitor on apoptosis and necrosis in HG HT22. (D)The effects of DP1 agonist and 
inhibitor on change of PKA-C(α/β), mTOR, LC3BII and p62 expression in HG HT22. Data are expressed as mean ± SD of nine individual rats in each group. *P<0.05 and **P<0.01, 
respectively. 
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hippocampus and cortex was intact and clear. 
Compared with those of the control rats, the neurons 
of the T2D model rats showed significantly apoptosis 
in the hippocampus and cortex, and in these regions, 
PGD2 was significantly increased; DP2 and p62 
expression was significantly increased; and DP1 and 
LC3BII expression was significantly decreased. We 
also found that the numbers of autolysosomes were 
significantly increased in HG cells. Many studies have 
indicated that greater numbers of autolysosomes are 
associated with lower levels of autophagy [19]. In HG 
cells, PGD2 was significantly increased, DP1, DP2, 
and p62 expression was significantly increased, and 
LC3BII expression was significantly decreased 
compared with that in control cells. The expression of 
DP1 in the cell was significantly increased, and the 
expression of DP1 in the cortex and hippocampus was 
significantly decreased. The receptor may be 
desensitized and endocytosis if it is activated for a 
long time, resulting in a decrease in expression [24, 
25]. Our animal model takes up 5 months to build, 
while the cell model only takes 36 hours. In the animal 
model, PGD2 acts on the receptor for several months, 
while in the cell model it only acts for 36 hours. 
Therefore, the long-term action of PGD2 leads to the 
desensitization and endocytosis of the receptor and 
the decrease in expression. DP1 expression may be 

elevated to protect against acute injury. Our previous 
studies found that DP1 expression was significantly 
increased and had a protective effect on primary 
cultured rat hippocampal neurons injured by 
aluminium overload [26]. We also found that 
autophagy inhibitors could promote HG damage, 
whereas autophagy agonists could reduce HG 
damage. These results indicated that T2D could cause 
brain damage and is associated with changes in 
PGD2-DPs and decreases in autophagy. 

Recently, PGD2 has received increased research 
attention. The effect of PGD2 on the central nervous 
system is still controversial. Decreased PGD2 in 
depression is associated with depressive behaviour 
[27], but other studies have indicated that PGD2 
promotes apoptosis in APP/PS1 mice [28]. The 
controversy may stem from the effects and expression 
of PGD2’s corresponding receptors, DP1 and DP2. 
The main effect of DP2 is to cause damage, including 
hypoxic-ischaemic brain damage [29] and AD [28]. 
However, the effect of DP1 is different. DP1 
knockdown has an obvious protective effect on 
intracerebral haemorrhage [30] and can significantly 
aggravate cerebral ischaemia-reperfusion [31]. 
Therefore, the effect of DP1 and DP2 needs to be 
verified. 

 

 
Figure 6. The direct link between PKA-C and mTOR, and the effect of knockout PKA catalytic subunits α and β on HT22 in HG group. (A) The interaction 
between PKA-C and mTOR. (B) The effects of non-loading virus on HG HT22. (C) The effect of knockout PKA catalytic subunits α and βon change of PKA-C(α/β), mTOR and 
p-mTOR expression in HG HT22.Data are expressed as mean ± SD of nine individual rats in each group. *P<0.05 and **P<0.01, respectively. 
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Figure 7. Proposed model of regulation of autophagy by PGD2 in neurons. 

 
Our results showed that the DP2 agonist 

DK-PGD2 significantly decreased cell survival and 
increased cell death, necrosis, and apoptosis; the DP2 
inhibitor CAY10471 significantly increased cell 
survival and decreased cell death, necrosis, and 
apoptosis in the HG group. These results suggested 
that DP2 promotes brain damage in T2D. Similar 
results have been found in other studies.DP2 
inhibition can play a significant neuroprotective role 
in PD [32], andDP2 mediates depression-like 
behaviour in a mouse model of depression [33]. 

DP2 is a G-protein-coupled receptor and can 
activate cGMP/PKC and PI3K/AKT [34-36]. DP2 
involves the activation of multiple neuronal damage 
pathways, and the classic autophagy inhibitory PI3K/ 
AKT/mTOR pathway may be one of them.To confirm 
that DP2 is involved in T2D brain injury by activating 
PI3K/AKT/mTOR to inhibit autophagy, rapamycin 
and wortmannin were administered to DK-PGD2 and 
CAY10471, respectively. Our results showed that the 
PI3K/AKT/mTOR pathway was activated in the HG 
group. DK-PGD2 could further activatethe PI3K/ 
AKT/mTOR pathway and downregulate autophagy 
to improve HT22 damage caused by HG. CAY10471 
could inhibit the PI3K/AKT/mTOR pathway and 
upregulate autophagy to improve the HT22 damage 
caused by HG. Moreover, the effects of DK-PGD2 and 
CAY10471 were partially reversed by rapamycin and 
wortmannin, respectively. The above results indicated 
that PGD2 inhibited autophagy through DP2-PI3K/ 
AKT/mTOR to aggravate the HT22 cell damage by 
HG. 

DP1 is another receptor for PGD2. In the HG 
group, the DP1 agonist BW245C significantly 
increased cell survival and decreased cell death, 
necrosis, and apoptosis; the DP1 inhibitor BWA868C 
significantly decreased cell survival and increased cell 
death, necrosis, and apoptosis. These results suggest 
that DP1 protects against brain damage in T2D. Some 
studies had similar results [31]; for example, one 
group found that DP1 gene knockout could 
significantly aggravate cerebral ischaemia- 
reperfusion injury. However, some studies [34] 
produced results different from ours; for example, one 
study found that DP1 gene knockout had an obvious 
protective effect against cerebral haemorrhage. These 
results suggest that the effect of DP1 is different in 
different models. 

DP1 is also a G-protein-coupled receptor and can 
increase cAMP. cAMP is a key factor in the activation 
of PKA [37] and can release PKA-Cs to exert effects by 
binding to the PKA regulatory subunit (PKA-R) [38]. 
Some researchers believe that PKA has a regulatory 
effect on autophagy [39], and PKA-regulated 
autophagy may be related to mTOR [40]. BW245C 
could further activate the cAMP/PKA/mTOR 
pathway and upregulate autophagy to improve HT22 
damage caused by HG. However, BWA868C could 
further inhibit the cAMP/PKA/mTOR pathway and 
downregulate autophagy to aggravate the HT22 
damage caused by HG. The above results indicated 
that PGD2 promotes autophagy through DP1-cAMP/ 
PKA/mTOR to protect against the HT22 celldamage 
by HG. 
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The above studies do not show whether 
PKA-C(α/β) and mTOR have a direct relationship. 
Therefore, we used Co-IP experiments to determine 
whether mTOR and PKA-C interact directly. Our 
Co-IP results suggested that PKA-C(α/β) and mTOR 
interact directly. There are three subtypes of PKA-C:α 
is widely distributed in all tissues, β is highly 
expressed in brain tissue, and γis only expressed in 
testicular tissue [41-43]. The above experiment did not 
indicate which subtype decreases mTOR expression. 
Therefore, we used shRNA to silence PKA-C(α) and 
PKA-C(β). Our results showed that the expression of 
mTOR was significantly increased when PKA-C(α) 
orPKA-C(β) was silenced. The effect of BW245C on 
increasing PKA-C(α/β) was also significantly 
attenuated when PKA-C(α)or PKA-C(β)was silenced, 
and the expression of mTOR and p-mTOR (s2448) was 
significantly increased. Some studies [44] have also 
found that PKA not only decreases the expression of 
mTOR and p-mTOR (S2448) but also decreases the 
expression of p-mTOR (S2481). The above studies 
combined with our research indicate that mTOR 
could be degraded by PKA as its substrate. The 
significant decrease in mTOR expression may be 
related to the ubiquitination of mTOR. Studies have 
found that mTOR can be degraded by ubiquitin [45]. 
PKA-C promotes the ubiquitin-mediated degradation 
of NLRP3 by phosphorylating its s291 site [46]. 
Therefore, we hypothesize that PKA phosphorylates a 
site in mTOR, which leads to the enhancement of 
mTOR ubiquitination and accelerates mTOR 
degradation, but subsequent experiments are needed 
to prove this hypothesis. 

In the HG group, we found that the content of 
cAMP and the expression of mTOR and p-mTOR 
(s2448) were significantly increased. However, 
compared with the HG group, BW245C significantly 
increased the content of cAMP and significantly 
decreased the expression of mTOR and p-mTOR 
(s2448). Some studies have indicated that PGE2 and 
cAMP increase mTOR activation in some 
experimental systems [47, 48]; the suppressive actions 
observed in our system are consistent with other 
reports of mTOR inhibition by cAMP [49] and by PKA 
[50]. The reason for this phenomenon may be that the 
cAMP increase is not enough to activate sufficient 
PKA to decrease mTOR; therefore, the increase in 
cAMP decreases mTOR when DP1 is stimulated. 
PKA-R hasfour subtypes, RIα, RIβ, RIIα, and RIIβ. 
Some studies have indicated that PKA containing RIα 
or RIβ could be activated at low levels of cAMP, but 
PKA containing RIIα or RIIβ requires higher levels of 
cAMP for activation [51]. Our results showed that the 
expression of mTOR was significantly increased when 
PKA-C(α) or PKA-C(β) was silenced in the HG group. 

This result indicated that PKA also had this effect on 
the cAMP concentration of the HG group, but this 
concentration of cAMP was not enough to activate 
PKA containing RIIα or RIIβ. Therefore, the 
expression of mTOR was significantly decreased 
when BW245C continued to increase the cAMP 
concentration and activate more PKA. 

Our results indicate that the imbalance of 
PGD2-DPs might be related to changes in autophagy 
levels, and PGD2 is involved in T2D brain damage by 
regulating autophagy via the DP1-PKA/mTOR and 
DP2-PI3K/AKT/mTOR pathways. PGD2 may 
promote autophagy through DP1-PKA/mTOR to 
protect against T2D brain damage and may inhibit 
autophagy through DP2-PI3K/AKT/mTOR to 
aggravate T2D brain damage. Therefore, DP1 
stimulation or DP2 inhibition can be used as 
therapeutic targets for T2D brain injury. 
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