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ARTICLE INFO ABSTRACT

Aims: Obstructive sleep apnea (OSA) combined with type 2 diabetes (T2DM) may lead to cognitive dysfunction.
We previously reported that cognitive impairment is exacerbated in KKAy mice exposed to intermittent hypoxia
(IH), during which the DNA binding protein HMGB1 mediates hippocampal neuronal apoptosis by maintaining
microglia-associated neuroinflammation, but the underlying mechanism remains largely unknown.

Materials and methods: We performed immunofluorescence, Western blotting, and immunohistochemistry ex-
periments in mouse hippocampal tissues and HT22 cells. KKAy type 2 diabetes model mice and normal C57BL/
6J mice were exposed to IH or intermittent normoxia. HT22 cells were cultured in high glucose medium and
exposed to IH or intermittent normoxia. We transfected HMGB1 siRNA into HT22 cells and then treated them
with high glucose combined with intermittent hypoxia.

Key findings: In conclusion, IH aggravated apoptosis and autophagy defects in T2DM mice, and increased the
protein expression of HMGB1 and TLR4. This was also confirmed in HG + IH-treated hippocampal HT22 cells.
HMGBI siRNA can significantly reduce the protein expression of HMGB1 and TLR4, reverse neuronal apoptosis
and enhance autophagy.

Significance: We believe that HMGBI1 is a key factor in the regulation of hippocampal neuronal apoptosis and
autophagy defects in T2DM combined with OSA. Targeting HMGB1/TLR4 signaling as a novel approach may
delay or prevent the increased apoptosis and decreased autophagy induced by T2DM combined with OSA, and
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may ultimately improve cognitive dysfunction.

1. Introduction

The incidence of type 2 diabetes (T2DM) is increasing globally and
has become a large burden on public health. T2DM has many co-
morbidities; one of the most common comorbidities is obstructive sleep
apnea (OSA), which is mainly caused by recurrent partial or complete
upper airway obstruction [1,2]. It is characterized by intermittent hy-
poxia (IH) during sleep, which leads to the loss of hippocampal neurons
and cognitive dysfunction [3,4]. Studies have shown that chronic IH
induces neuronal apoptosis in the hippocampal CA1l region, and
apoptotic neuronal death contributes to IH-induced cognitive dysfunc-
tion [5]. It has been reported that OSA affects the dentate gyrus (DG)
and further affects children's cognitive function [6]. Meanwhile, re-
searchers have confirmed the occurrence of neuronal apoptosis in the
hippocampal CA1l region of diabetes [7]. In addition, T2DM
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significantly reduces neurogenesis and cell proliferation in the mouse
DG [8]. Hippocampal autophagy in diabetic GK rats with hypergly-
cemia is inhibited, and exposure to high glucose directly inhibits au-
tophagy in mouse primary hippocampal neurons [37]. Apoptosis is one
of the main causes of hippocampal neuronal damage [10]. We pre-
viously reported that hippocampal neuronal apoptosis is exacerbated in
KKAy T2DM model mice exposed to IH. However, the relationship be-
tween autophagy and apoptosis in patients with OSA and T2DM has not
been elucidated.

High mobility group protein box 1 (HMGBL1) is a nuclear nonhistone
DNA-binding protein that is mainly present in the nucleus and cyto-
plasm of cells and can also be actively secreted or passively released
into the extracellular space [11]. As a damage-associated molecular
pattern (DAMP), extracellular HMGBI1 binds to a variety of cell surface
receptors, including advanced glycation end products (RAGEs) and
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Toll-like receptor (TLR)-4; TLR4 is a major receptor for endogenous
extracellular HMGB1 [12]. HMGB1 and TLR4 form a ligand-receptor
pair that is involved in diseases characterized by cell death and injury,
including diabetes [13] and Alzheimer's disease [11]. Studies have
shown that HG can induce TLR4 overexpression and that HMGB1 is an
endogenous ligand for HG-induced TLR4 signaling [14]. Extracellular
HMGBI1 stimulates glutamate release, which mediates neuronal cyto-
toxicity [12]. Overstimulated neurons can actively release HMGB1, and
cell apoptosis can also lead to elevated levels of HMGB1 [12,15]. Ex-
periments have shown that neurons release HMGB1 during seizures and
that this release is accompanied by an increased expression of TLR4
[15]. A previous study found that the TLR4 signaling pathway inhibits
autophagy [16]. We hypothesized that extracellular HMGB1 may
combine with TLR4 to aggravate neuronal damage.

Our previous studies showed that HG + IH can induce oxidative
stress and apoptosis in HT22 neurons and that the hippocampus of
KKAy mice exposed to IH are severely damaged and that the Morris
water maze (MWM) test showed a deterioration of cognition [17]. In
the present study, we tested whether HG + IH exposure regulates
apoptosis and autophagy by regulating the HMGB1/TLR4 pathway in
the hippocampus of IH-exposed KKAy mice and HG + IH-treated
HT22 cells. We look forward to finding new ways to inhibit apoptosis
and promote protective autophagy to develop new therapeutic strate-
gies for neuroprotection in patients with OSA complicated with T2DM.

2. Materials and methods
2.1. Animals and protocol for IH

Male wild-type C57BL/6J mice (C57, body weight, 26-30 g, 12
weeks old) and KKAy mice (KKAy, body weight, 35-38 g, 12 weeks old,
Beijing HFK Biotechnology Co., Ltd.) were supplied with water and
food in an air-conditioned room. They were then randomly assigned to
4 experimental groups as follows: the control group (C57, n = 8); the
group of C57 mice exposed to IH (C57 + IH, n = 8); the KKAy mice
group (KKAy, n = 8); and the group of KKAy mice exposed to IH
(KKAy + IH, n = 8). We developed a gas delivery program in a com-
puter language to deliver a specific gas into the exposure chamber to
simulate IH like that of OSA [18]. The C57 group and the KKAy group
were exposed to intermittent normoxic air for 8 h/d for 4 weeks, and
the O, concentration in the exposed chamber was maintained at 21%.
The C57 + IH group and the KKAy + IH group were exposed to IH for
30 cycles per hour for 8 h/d for 4 weeks. For each cycle, the O, con-
centration decreased from 21% to 5% over 30 s and then rebounded to
21% and was maintained 90 s. All experimental mice were anesthetized
by intraperitoneal injection of 10% chloral hydrate and then sacrificed
by cervical dislocation. The animal research program was approved by
the Animal Ethics and Use Committee of Tianjin Medical University.

2.2. Cell culture and protocol for IH

HT22 cells (Beijing Chuanglian Biotech Institute, Beijing, China)
were grown in Dulbecco's modified Eagles medium (DMEM, Life
Technologies) with 10% fetal bovine serum (FBS, Life Technologies)
and supplemented with penicillin (100 U/ml) and streptomycin (100 g/
ml) (SV30010, Thermo, USA) and incubated at 37 °C in a humidified
5% CO, incubator. Then, the HT22 cells were seeded into 6-well plates
and 24-well plates and assigned to the NC group, IH group, HG group
and HG + IH group. The HT22 cells in the HG group and HG + IH
group were treated with 50 mM glucose for 16 h, and the cells in the NC
group and the HG group were subjected to intermittent normal oxygen
exposure to maintain a 21% O, concentration for 8 h. The cells in the IH
group and HG + IH group were exposed to IH in which 1.5% O, was for
30s [19]and 21% O, was maintained for 90 s for 8 h [20].
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2.3. Western blotting

To extract proteins from the frozen samples of cells and brain tis-
sues, the cells and tissues were homogenized at 4 °C, the supernatant
was collected and diluted with loading buffer, and the proteins were
separated using sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and then transferred to the little pole poly-
vinylidene fluoride (PVDF) membranes by the semidry transfer method.
The membranes were blocked for 2h with 5% nonfat milk. The mem-
branes were incubated overnight at 4°C with primary antibodies
against LC3 (microtubule-associated protein 1 light chain 3)
(Proteintech, cat# 14600-1-AP), Beclin 1 (Proteintech, cat# 11306-1-
AP), p62 (Proteintech, cat# 18420-1-AP), cleaved caspase-3
(Proteintech, cat# 19677-1-AP), Bcl2 (Proteintech, cat# 12789-1-AP),
Bax (Proteintech, cat# 50599-2-Ig), HMGB1 (Abcam, cat# ab18256),
TLR4 (Proteintech, cat# 19811-1-AP) and GAPDH (Proteintech, cat#
10494-1-AP). A goat anti rabbit secondary antibody was diluted at
1:3000 and incubated for 1hat room temperature. The membranes
were then exposed to ECL solution, and the results were analyzed by
Image J software and normalized to GAPDH.

2.4. Immunofluorescent labeling

Hippocampal frozen sections and HT22 hippocampal cells were
fixed. After washing in PBS for 15 min at room temperature, the sam-
ples were permeabilized, blocked and then incubated overnight at 4 °C
with the following primary antibodies (diluted with 1% BSA (Sigma-
Aldrich)): anti-LC3 (Proteintech, cat# 14600-1-AP), anti-p62
(Proteintech, cat# 18420-1-AP), anti-Beclin 1 (Proteintech, cat#
11306-1-AP), and anti-cleaved caspase-3 (Proteintech, cat# 19677-1-
AP). The samples were incubated with FITC labeled anti-rabbit or anti-
mouse secondary antibodies diluted with 1% BSA for 1 h at 37 °C. The
nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI,
Beyotime, cat# C1002) for 2 min. The sections were coverslipped, and
images were taken under a fluorescence microscope and analyzed with
Image J.

2.5. Immunohistochemistry (IHC)

Paraffin sections of the hippocampus were dewaxed with xylene,
hydrated with ethanol, and rinsed 3 times with PBS. Then, they were
boiled for 20 min in 0.01 M citrate buffer. Antigen retrieval was carried
out with 0.03% H,0, at room temperature, and then the sections were
washed three times with PBS, and blocked with 1% BSA for 30 min at
room temperature. After rinsing, the slides were incubated with Ki67
(Bioworld, cat# BS90769), TLR4 (Proteintech, cat# 19811-1-AP), and
cleaved caspase-3 (Proteintech, cat# 19677-1-AP) primary antibodies
diluted in 1% BSA overnight at 4 °C. The next day, the sections were
washed three times with PBS and then incubated with anti-rabbit sec-
ondary antibody diluted 1:5000 in 1% BSA for 1hat 37 °C, and then
washed in PBS. Diaminobenzidine (DAB) staining was performed for
2min until light brown staining appeared, hematoxylin was used for
counterstaining for 1 min, and the sections were finally dehydrated and
fixed and covered for observation.

2.6. HMGBI1 small interfering RNA (siRNA) transfection

HT22 cells were cultured in 6-well plates to 70% confluence.
Lipofectamine 2000 (Thermo, cat# 11668027) was uniformly mixed
with HMGB1 siRNA and NC siRNA (GenePharma Co., Ltd., Shanghai,
China) in Opti-MEM according to the instructions and added to a 6-well
plate for transfection for 6 h. Then, the original medium was replaced
with HG medium, the cells that had been transfected were exposed to
IH for 8 h, and finally, the cell protein was collected immediately.
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2.7. Statistical analysis

The measurement data were calculated by SPSS 21.0 software (IBM
Corp., Armonk, NY, USA). Graphs were created with GraphPad Prism
5.0 software (GraphPad Software, Inc., La Jolla, CA, USA). All data
between groups were analyzed by one-way ANOVA followed by Tukey's
multiple comparison test. All data are expressed as the mean + S.E.M.
P < 0.05 represents a significant difference. All independent experi-
ments were performed at least three times.

3. Results

3.1. Decreased autophagy and increased apoptosis of hippocampal neurons
in T2DM mice exposed to [H

Immunofluorescence was used to analyze the frozen hippocampal
tissue sections from each group of mice. We found that the expression
levels of LC3 and Beclin 1 in the hippocampus of IH-exposed C57 mice
and KKAy mice were lower than those in the C57 group, while the
expression of p62 increased correspondingly. There were no obvious
differences between the C57 + IH group and the KKAy group. In ad-
dition, the KKAy + IH group showed a more significant decrease in LC3
and Beclin 1 expression and a significant increase in p62 (Fig. 1A). We
also found that the expression of cleaved caspase-3 increased in the
C57 + IH and KKAy group and especially in the KKAy + IH group
(Fig. 1D). The expression of cleaved caspase-3 was significantly in-
creased in the C57 + IH group and the KKAy group compared with the
C57 group, that is most increased in the KKAy + IH group than the
other group as determined by immunohistochemistry. While the ex-
pression of Ki67 was significantly more decreased in the KKAy + IH
group than the C57 + IH group and the KKAy group, there are statis-
tical differences (Fig. 1F and H).

Therefore, we speculated that there was a decrease in autophagy
and an increase in apoptosis of hippocampal neurons of in KK-Ay mice
and IH-exposed C57 mice and that this phenomenon was aggravated in
the KKAy + IH group compared with the other groups. We determined
Western blotting and found that LC3-I was converted to LC3-II (through
the lipidation of LC3, the autophagosome-related form), and the protein
expression of Beclin 1 was decreased in the C57 + IH group and the
KKAy group, especially the KKAy + IH group. The expression of p62
(an LC3-binding protein that is degraded by autophagy and is a char-
acteristic autophagic substrate) increased, and cleaved caspase-3 and
Bax/Bcl2 expression was increased in the C57 + IH group and KKAy
group compared with the C57 group. The KKAy + IH group showed the
most obvious change (Fig. 1B and E). Statistical analysis showed that
the C57 + IH group and the KKAy group were statistically different
from the C57 group, and there was no difference between the C57 + IH
group and the KKAy group. The KKAy + IH group was statistically
different compared with the other three groups (Fig. 1C and G). We
found that T2DM mice exhibited significantly inhibited autophagy and
promoted hippocampal neuronal apoptosis after IH exposure. These
results indicated that hippocampal damage was most severe when
T2DM mice were exposed to IH.

3.2. Decreased autophagy and increased apoptosis of HT22 cells exposed to
HG + IH

We first observed by immunofluorescence that, compared with
those in the normal group, the expression levels of LC3, Beclin 1 were
decreased and the expression level of p62 was increased in the IH group
and the HG group, the expression in the HG + IH group was the most
obvious than that of IH group and HG group (Fig. 2A). For cleaved
caspase-3, the expression in the IH group and the HG group was higher
than that in the normal group, and the most obvious increase was in the
HG + IH group (Fig. 2D). We did not observe a significant difference
between the HG group and the IH group. We found that exposure to IH
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or HG weakened autophagy and enhanced apoptosis in hippocampal
neurons. To further demonstrate this phenomenon, we measured the
protein expression of LC3, p62, Beclin 1, cleaved caspase-3, Bax/Bcl2
by Western blotting (Fig. 2 B and E). The expression of LC3 and Beclin 1
in HG + IH group was significantly lower than that in IH group and HG
group. The expression of p62 and cleaved caspase-3 and Bax/Bcl2 was
significantly higher than that in IH group and HG group (Fig. 2 B and
E). Statistical difference showed between the IH group, the HG group
and the normal group. There was a statistical difference between the
HG + IH group and the other group. There was no difference between
the IH group and the HG group (Fig. 2C and F). Therefore, we observed
from the cell point of view that autophagy was impaired and apoptosis
was increased in the IH group and the HG group and especially in the
HG + IH group. We concluded that hippocampal neurons treated with
HG + IH exhibited the lowest level of autophagy and the highest level
of apoptosis, representing the most severe damage.

3.3. Autophagy is suppressed, and apoptosis is promoted via the HUGB1/
TLR4 signaling pathway

The protein expression of HMGB1 and TLR4 was significantly in-
creased in the C57 + IH group and the KKAy group compared with the
normal group, and there were statistically significant differences. The
most significant increase was observed in the KKAy + IH group. And
there were statistically significant differences between the KKAy + IH
group and the C57 + IH group. the KKAy group. There was no sig-
nificant difference between the C57 + IH group and the KKAy group
(Fig. 3 A and B). We also found that the expression of TLR4 in the
C57 + IH group and the KKAy group was significantly higher than that
in the normal group by immunohistochemistry. The expression of TLR4
in the KKAy + IH group was significantly higher than that in other
groups, and the above comparisons were statistically significant (Fig. 3
E and F). In addition, we verified in the cell experiments that compared
with the normal group, the protein expression of HMGB1 and TLR4 was
significantly increased in the IH group and the HG group, and the ex-
pression of HMGB1 and TLR4 in the HG + IH group was significantly
increased compared with the other three groups. These were statisti-
cally different (Fig. 3C and D). We therefore found that the HMGB1-
TLR4 signaling pathway may be involved in the reduction of autophagy
and the increase of apoptosis of hippocampal and HT22 cells.

3.4. HMGBI siRNA reverses apoptosis and enhances autophagy in
HT22 cells

To further determine whether HMGB1 is involved in apoptosis and
autophagy in HT22 cells, we transfected HMGB1 siRNA into HT22 cells
and found that, compared to that in the HG + IH + NC-si group, the
expression of HMGB1 and TLR4 was decreased in the
HG + IH + HMGBI1-si group. The statistical analysis showed sig-
nificance (Fig. 4 A and B). We also found that the protein expression
levels of LC3 and Beclinl were significantly increased, p62 expression
was decreased, and the expression levels of the cleaved caspase-3 and
Bax/Bcl2 proteins were decreased in the HG + IH + HMGB1-si group.
Statistical analysis showed that the above changes were significant
(Fig. 4C, D, E and F). It is not difficult to see that HT22 cells transfected
with HMGB1 siRNA exhibited increased autophagy and decreased
apoptosis after HG combined with IH treatment. In conclusion,
HG + IH treatment inhibited autophagy and promoted apoptosis in
HT22 cells through the HMGB1- TLR4 signaling pathway.

4. Discussion

The global incidence of T2DM is high [22], and it has numerous
comorbidities [23]. Studying the pathogenesis of T2DM and its co-
morbidities is critical. OSA is one of the most common comorbidities in
T2DM patients [24]. The prevalence of OSA in adults with T2DM is
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Fig. 1. KKAy mice exposed to IH exhibit ag-
gravated hippocampal neuronal apoptosis and
impaired autophagy. (A and B) Neuronal apop-
tosis and autophagy were observed by immuno-
fluorescence in frozen sections of mouse hippo-
campal tissue. The green and blue fluorescence in
the cells are markers of cytoplasmic and nuclear
fusion. The detected indicators include LC3, p62,
Beclin 1, cleaved caspase-3. (B and C) LC3, p62,
Beclin 1 and GAPDH protein levels were determined
by Western blotting. (E and G) The expression of
cleaved caspase-3, Bcl2, Bax and GAPDH was ana-
lyzed by Western blotting. (F and H)
Immunohistochemistry was used to observe the ex-
pression of Ki67 and cleaved caspase3. All results
are presented as the mean = S.E.M (n = 8 for each
group). *p < 0.05, **p < 0.01, ***p < 0.001
versus the C57 group; “p < 0.05, **p < 0.01,
###p < 0.001 versus the KKAy + IH group. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)
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reported to be approximately 40-97%, which is significantly higher
than the prevalence in the general population, and about approximately
23% of patients with T2DM have OSA [25,26]. Intermittent hypoxemia,
as the main pathological feature of OSA, is associated with the devel-
opment of T2DM [24]. There was a recent report that the association
between type 2 diabetes and OSA is bidirectional [27]. The underlying
mechanisms of association between OSA and diabetes may include in-
termittent hypoxia and increased oxidative stress [28].Chronic inter-
mittent hypoxia has a combined effect of increasing oxidative stress and
activating inflammatory pathways, which promotes beta cell apoptosis
and lead to insulin resistance and pancreatic beta cell dysfunction
[29,30]. Chronic hyperglycemia can also promote the development of
OSA by increasing oxidative stress [31,32]. We found that oxidative
stress can activate apoptosis [33]. Interestingly, autophagy has also
been found to be impaired in numerous comorbidities [34] of T2DM. To
some extent, neurodegenerative diseases caused by T2DM and OSA are
closely related to autophagy impairment [35]. In addition, rats exposed
to IH exhibit identified learning disorders and increased apoptosis in
the CA1 region of the hippocampus [36]. There is also evidence that
both T2DM animal models and T2DM patients exhibit cognitive
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changes in the central nervous system, such as learning and memory
impairments [38,39]. Cognitive deficits caused by T2DM are accom-
panied by the upregulation of neuronal apoptosis [40]. In addition,
stress can inhibit DG neurogenesis in the hippocampus [41]. Hypoxia
may alter hippocampal function by inactivating the G protein in the DG
[42]. The hippocampal DG region is indeed negatively affected by
neuroinflammation caused by the development of metabolic syndrome
[43]. The DG is a neurogenic region associated with memory and
learning processes, and changes to the DG area of T2DM mice manifest
as cognitive impairment [44]. Interestingly, CA1 has been found to be
the most vulnerable region of the hippocampus to hypoxic injury [45].
Whereas neurons in the DG are more resistant to ischemia and hypoxia,
the lower blade of the DG is able to almost completely resist depolar-
ization in response to hypoxia, aglycemia, or the combination of both
insults [46]. A study showed that the autophagy-apoptosis relationship
varies based on the brain region [47]. The hippocampus is one of the
most vulnerable brain regions for various neurobiological injuries [48].
In this experiment, we ignored the different areas of the hippocampus
and studied the hippocampus as a whole.

Our previous studies found that IH and T2DM have synergistic
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Fig. 2. IH aggravates apoptosis and reduces au-
tophagy in HG-treated HT22cells. (A and D)
Representative images of immunofluorescence are
shown. LC3, p62, Beclin 1 are autophagy indicators,
and cleaved caspase-3 is used as an apoptotic in-
dicator. All indicators in the images are labeled with
green. The nuclear images are labeled with blue. (B
and C) LC3, p62, Beclin 1 and GAPDH proteins were
detected by Western blotting. (E and F) Cleaved
caspase-3, Bcl2, Bax and GAPDH were detected by
Western blotting. The data are presented as the
mean *= SEM. *p < 0.05, **p < 0.01,
**¥%p < 0.001 versus the C57 group; #p < 0.05,
##p < 0.01, **#p < 0.001 versus the KKAy + IH
group.
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effects on hippocampal neuronal apoptosis and learning and memory
impairment [17]. Therefore, we focused on the effects of HG + IH
exposure on hippocampal neuronal apoptosis and autophagy.

According to previous studies, KKAy mice exposed to IH exhibit
high levels of HMGB1, which activates TLR4 to impair the autophagic
function of hippocampal neurons and leads to apoptosis. Our HMGB1
siRNA transfection experiments further showed that the HMGB1/TLR4
signaling pathway is inhibited in HT22 cells, and restores apoptosis to
basal levels and enhances autophagy.

KKAy mice were established by transferring the yellow obese gene
(Ay allele) to KK mice [49]. KKAy mice spontaneously develop type 2
diabetes during the first 8 weeks of life [50]. The KKAy mouse model is
considered similar to human type 2 diabetes [51]. KKAy mouse are
characterized by hyperglycemia, obesity and insulin resistance [9].
Therefore, KKAy mice are considered to be typical models of T2DM
[49]. C57BL/6J mice were used as homologous control mice for KKAy
mice [52]. A study showed that KKAy mice suffer from spatial learning
impairment and memory defects [49]. Other experiments have shown
that KKAy mice have cognitive impairment caused by hippocampal
neuronal injury(Y [52].

According to our previous study, the HMGB1 protein expression
level in IH-exposed KKAy mice is high. HMGBI is an evolutionarily
highly preserved nuclear nonhistone DNA-binding protein that is a

highly mobile protein in the nucleus [53]. Under normal conditions,
HMGBI is mainly located in the nucleus [15]. Upon exposure to various
stresses, HMGBI1 is passively released into the extracellular space by
dying and damaged cells [54,55]. The role of extracellular HMGB1 is
mediated by the receptor and its redox state; nuclear HMGB1 always
appears in a fully reduced form and cannot activate the TLR4 signaling
pathway; extracellular HMGBI is slightly oxidized to bind to the TLR4
receptor with high affinity [53]. Extracellular HMGB1 activates the
HMGBI receptor and potentiates the production and translocation of
HMGB1 [54]. HMGBI causes brain damage to be aggravated by acti-
vating TLR4 [56]. Studies have shown that learning and memory im-
pairment induced by elevated levels of HMGBLI in brain tissue may be
mediated by TLR4 [57]. HMGBI is released into the extracellular space
of neurons after ischemic injury to induce neuronal death and ag-
gravate brain tissue damage in rats [58]. HG-mediated oxidative stress
can also induce the expression of HMGB1 and its receptors [59,60].
HMGB1-mediated inflammation and angiogenesis also contribute to the
onset of T2DM. A vicious cycle is formed between HMGB1 and the
onset of diabetes. The protein sequence of HMGB1 has 99% homology
between rodents and humans(R [61]. HG also contributes to the in-
creased protein and mRNA expression of TLR4 [62]. Therefore, we
exposed T2DM mice to IH and found that the protein expression level of
HMGB1 was significantly increased, and the expression of TLR4 was



X. Guo, et al.

A

&
6\*«\ & @AX\
F & ¢

i
S e e W | HMGB1(25) 32
§3
- TLRA(E) s
[
&
=
W e S g | GAPDH(37)

5
i
HMGB1(25) $0
xE
oI
TLR4(96) £3
[
2
GAPDH(37) F

C57+H KKAy

C57

TLR4

Cs7

Life Sciences 239 (2019) 117020

<

»~

level of TLR4

The protein expression

C57+H

KKAy+HH

C57  C57+H

KKAy

KKAy+H

The protein expression
level of TLR4

HG  HG+H

*kk

KKAy+H

TLR4 positive cells (%)

cs7

C574H KK KK+H

Fig. 3. HMGB1 and TLR4 are significantly expressed in KKAy mice exposed to IH and in HT22 cells treated with HG + IH. (A and B) The expression of
HMGBI1, TLR4 and GAPDH in HT22 cells were detected by Western blotting. (C and D) The protein levels of HMGB1, TLR4 and GAPDH in hippocampus tissue from
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also increased accordingly; the combination of these two promoted the
role of the downstream signaling pathway. Meanwhile, the protein
expression levels of HMGB1 and TLR4 in HG + IH-treated HT22 hip-
pocampal neurons were also increased.

HMGBI plays different roles inside and outside of cells. HMGB1 not
only participates in inflammation but also participates in apoptosis and
plays a role in the process of autophagy impairment. HMGB1 in the
cytoplasm is a key autophagy protein that regulates the relationship
between protective autophagy and apoptosis in cells [63]. The reduc-
tion of HMGB1 can promote the Beclin 1-dependent autophagy
pathway [64]. Autophagy defects may increase the proportion of oxi-
dized HMGB1 [65]. Oxidized HMGBI1 leads to the activation of caspase-
3 and apoptosis in the mitochondrial pathway [64]. Cleaved caspase-3
increases mitochondrial ROS production and the subsequent release of
HMGBI1, which provides an explanation of apoptosis-mediated HMGB1
release. ROS are major signals that reduce nuclear HMGB1-DNA
binding to promote cytoplasmic translocation and release(R [61]. A
previous study showed that LPS inhibits autophagy in a TLR4-depen-
dent manner, while mTOR is strongly activated as a key inhibitor of
autophagy [16]. Extracellular HMGBI1 interacts with TLR and activates
nuclear factor kappa B (NF-xB), thereby activating TNF-a, IL-1 and
other inflammatory cytokines [66]. HMGB1 mediates apoptosis and
accelerates damage through TLR4/NF-kB in cardiomyocytes [67].
Overstimulated neurons may passively release HMGB1 into the extra-
cellular space, resulting in the increased expression of this protein
[12,15]. There is evidence that TLR4 can mediate apoptosis [68,69].
Other experiments have shown that inhibition of TLR4 can reduce in-
flammation and apoptosis [21].Our previous experimental results

indicated that IH exposure aggravates apoptosis of hippocampal neu-
rons and cognitive deficits in T2DM mice [17]. Chronic hyperglycemia
may eventually lead to hippocampal neuronal apoptosis; therefore, the
prevention of hippocampal neuronal apoptosis may delay the onset of
diabetes-related cognitive deficits [7]. Our experiments showed that the
hippocampus of IH-exposed T2DM mice exhibited more obvious
apoptosis and autophagy defects, and the expression of HMGB1 and
TLR4 was further increased. Apoptosis was aggravated, autophagy was
significantly reduced, and the expression of HMGB1 and TLR4 was
significantly increased in HT22 cells exposed to HG + IH. This further
supports the idea that the activation of the HMGB1/TLR4 signaling
pathway leads to hippocampal neuronal apoptosis and the down-
regulation of autophagy. Exposure to HG + IH caused the release of a
large amount of HMGB1, and cell apoptosis was activated and autop-
hagy was reduced by binding to TLR4. After HT22 cells transfected with
HMGB1 siRNA were exposed to HG + IH; we found that apoptosis was
inhibited and autophagy was enhanced. The release of HMGB] into the
extracellular space exacerbated neuronal damage, further increasing
the release of HMGB1, thus forming a vicious cycle. Therefore, HMGB1
caused sustained damage to neurons by activating TLR4 under HG + IH
conditions. This study used HMGB1 siRNA to inhibit the intracellular
and extracellular release of HMGB1 and block the apoptotic pathway,
thereby completely breaking the HMGB1-mediated malignant cycle.
High levels of HMGBI1 are involved in the development of various
diseases [70]. Direct binding to HMGB1 by small natural or synthetic
molecules or HMGB1-specific antibodies that target HMGB1 can pre-
vent HMGB1-related pathogenesis [71]. HMGB1 siRNA has been shown
to be wuseful for the treatment of diabetic retinopathy [72],
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atherosclerosis [73] and other diseases. Our HMGB1 siRNA transfection
assay further demonstrated that the HMGB1/TLR4 signaling pathway
was inhibited in HT22 cells, this prevented to prevent the occurrence of
apoptosis and enhance cell-protective autophagy.

5. Conclusion

In conclusion, HMGB1-TLR4 signaling regulates autophagy dys-
function and promotes apoptosis in OSA complicated with T2DM model
hippocampal neurons. Therefore, HMGB1 siRNA targeted therapy may
be a potential method of blocking neuronal damage and cognitive im-
pairment in this combined disease mode of T2DM and OSA.
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