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DL-3-n-butylphthalide ameliorates diabetes-associated
cognitive decline by enhancing PI3K/Akt signaling

and suppressing oxidative stress

Bei-ni Wang'?, Cheng-biao Wu?, Zi-miao Chen’, Pei-pei Zheng?, Ya-gian Liu?, Jun Xiong?, Jing-yu Xu?, Pei-feng Li',
Abdullah Al Mamun?, Li-bing Ye?, Zhi-long Zheng?, Yan-ging Wu®, Jian Xiao'? and Jian Wang'

DL-3-n-Butylphthalide (DL-NBP), a small molecular compound extracted from the seeds of Apium graveolens Linn (Chinese celery),
has been shown to exert neuroprotective effects due to its anti-inflammatory, anti-oxidative and anti-apoptotic activities. DL-NBP
not only protects against ischemic cerebral injury, but also ameliorates vascular cognitive impairment in dementia patients
including AD and PD. In the current study, we investigated whether and how DL-NBP exerted a neuroprotective effect against
diabetes-associated cognitive decline (DACD) in db/db mice, a model of type-2 diabetes. db/db mice were orally administered
DL-NBP (20, 60, 120 mg- kg~ '- d ") for 8 weeks. Then the mice were subjected to behavioral test, their brain tissue was collected for
morphological and biochemical analyses. We showed that oral administration of DL-NBP significantly ameliorated the cognitive
decline with improved learning and memory function in Morris water maze testing. Furthermore, DL-NBP administration attenuated
diabetes-induced morphological alterations and increased neuronal survival and restored the levels of synaptic protein PSD95,
synaptophysin and synapsin-1 as well as dendritic density in the hippocampus, especially at a dose of 60 mg/kg. Moreover, we
revealed that DL-NBP administration suppressed oxidative stress by upregulating Nrf2/HO-1 signaling, and increased brain-derived
neurotrophic factor (BDNF) expression by activating PI3K/Akt/CREB signaling in the hippocampus. These beneficial effects of
DL-NBP were observed in high glucose-treated PC12 cells. Our results suggest that DL-NBP may be a potential pharmacologic agent
for the treatment of DACD.
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INTRODUCTION
Type-2 diabetes (T2D) is a serious chronic metabolic disorder,
which adversely affects multiple organs due to its long-term
complications, including the brain. As early as 1922, it was
reported that diabetes caused cognitive dysfunction [1]. Numer-
ous clinical and epidemiological studies have also demonstrated
that diabetes is closely related to dementia [2, 3]. Moreover,
longitudinal studies have demonstrated that the rate of cognitive
decline in patients with T2D is up to two times faster than in
nondiabetic persons [4]. These findings highlight the pathogenic
role of diabetes in cognitive impairment. Notwithstanding, the
exact molecular mechanisms and therapeutic strategies needed to
tackle diabetes-associated cognitive decline (DACD) are still
unclear.

Multiple studies have demonstrated that oxidative stress
underlies diabetes development and its related complications
[5, 6]. An imbalance between oxidative stress and antioxidant

capacity in the brain can eventually lead to cell injury, including
mitochondrial damage and neuronal apoptosis. A prior study
demonstrated that oxidative stress may be associated with
learning and memory deficits [7]. Increased oxidative damage
and decreased antioxidant enzymatic activity localize in the
synaptic regions of the brain in Alzheimer’s disease (AD) patients
[8]. On the other hand, hippocampal synaptic plasticity has been
proposed as the mechanism underlying spatial learning and
memory [9]. Therefore, it is reasonable to speculate that
enhancing antioxidant defenses, for example by administering
antioxidants, may reduce damage caused by oxidative stress,
ameliorating synaptic dysfunction and neuronal injury in
DACD [10].

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a member of
the basic leucine zipper family of transcription factors [11]. It is a
master regulator during oxidative stress, controlling antioxidant
gene expression and increasing the production of antioxidant
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enzymes, such as heme oxygenase 1 (HO-1) [12]. Nrf2 plays a
significant role in cellular adaptive responses to oxidative stress.
The Nrf2/HO-1 pathway was recently shown to have a significant
neuroprotective role in epilepsy [13, 14]. In addition, studies have
reported that oxidative stress and damage are increased in aging
mammals, and that Nrf2 knockout mice exhibited decreased
expression of Nrf2 and increased susceptibility to oxidative
damage, indicating that Nrf2 has neuroprotective effects [15].
The phosphatidylinositol-3-kinase (PI3K)/Akt pathway is a key
regulator of cell survival and proliferation that is widely expressed
in the central nervous system. It is a well-known pathway that is
involved in the promotion of neuronal survival [16, 17] Studies
have reported that activated nuclear Nrf2 regulates several
endogenous redox-regulated enzymes, such as HO-1 and
glutathione cysteine ligase modulatory subunit, via phosphory-
lated PI3K and phosphorylated AKT [18-20]. Based on these
findings, we hypothesized that PI3K-Nrf2 crosstalk was a key factor
linked to DACD.

The cAMP response element-binding protein (CREB) family of
leucine zipper transcription factors is involved in regulating long-
term synaptic plasticity and memory-related gene expression,
including that of brain-derived neurotrophic factor (BDNF) [21]. In
addition to its classical trophic activity, BDNF effectively regulates
synaptic plasticity and promotes learning and memory [22, 23].
CREB activity and BDNF expression are remarkably suppressed in
AD patients and AD animal models with associated cognitive
decline [24, 25]. Previous studies have also shown that diabetes
results in the downregulation of BDNF expression in the cortex or
hippocampus [26, 27]. Protein kinase B (Akt) is one of the major
kinases regulating CREB activity. Inhibition of Akt phosphorylation
reduces CREB activity, regulating neuronal survival and synaptic
function in AD and Parkinson’s disease (PD) [3, 28]. Therefore,
evidence suggests that Akt/CREB signaling may be one of the key
molecular mechanisms underlying DACD development.

DL-3-n-butylphthalide (DL-NBP), a small molecular compound
extracted from the seeds of Apium graveolens Linn (Chinese
celery), was approved for the treatment of ischemic stroke by the
State Food and Drug Administration of China in 2002 [29].
Numerous studies have explored its neuroprotective effects and
possible mechanisms of action. DL-NBP not only protects against
ischemic cerebral injury, but also ameliorates vascular cognitive
impairment in dementia patients, including AD and PD [30-32].
Although the specific pharmacologic targets of DL-NBP are
unknown, cumulative studies indicate that its neuroprotective

effects depend on multiple antioxidant, anti-apoptotic, anti-
inflammatory, and pro-neurogenesis properties [33-35]. Therefore,
these findings suggest that DL-NBP could be a potential
multifunctional-candidate drug for the treatment of several
neurodegenerative diseases, including DACD.

The aim of this study was to investigate whether DL-NBP had a
neuroprotective effect against DACD in db/db mice, facilitating
functional recovery, and to explore the related molecular
mechanisms. Our results indicate that DL-NBP treatment signifi-
cantly reduces neuronal apoptosis, improves synaptic dysfunction
and ameliorates cognitive decline in db/db mice. This beneficial
effect is most likely mediated by enhanced PI3K/Akt/CREB
signaling and reduced oxidative stress mediated through the
PI3K/Akt/Nrf2 signaling pathway. Collectively, these findings help
clarify the therapeutic effects of DL-NBP treatment in DACD and
the underlying mechanisms of action.

MATERIALS AND METHODS

Animals and experimental design

Male db/db mice (12-week-old, C57BLKS/J-leprdb/leprdb) and
their non-diabetic db/m littermates were purchased from the
Animal Research Center of Nanjing University (Nanjing, China).
And db/m litter mates are the heterozygous mouse from the same
litter of db/db mice. All experimental animal procedures were
approved by the Ethics Committee of Wenzhou Medical University
and were performed in accordance with the Guidance for the
Care and Use of Laboratory Animals. Animals were group housed
at 22°C under a 12 h light/12 h dark cycle, provided with water
and fed a standard diet. DL-NBP (purity >98%) was supplied by
CSPC, the Institute of Pharmaceutical Research (Shijiazhuang,
China). It was diluted in vegetable oil, as previously reported
[9, 36]. The db/db mice were randomly divided into four groups:
db/db mice, db/db + LDL-NBP (20 mg/kg body weight), db/db +
MDL-NBP (60 mg/kg body weight), db/db + HDL-NBP (120 mg/kg
body weight) (Table 1). DL-NBP was administered by oral gavage
and mice were treated once daily for 8 weeks. The db/m mice and
db/db mice received vehicle only, consisting of vegetable oil.
Metformin (200 mg/kg), a classical anti-diabetic drug, was
administered to db/db mice as positive control group for 8 weeks.
After 8 weeks, mice were subjected to the Morris water maze test.
After the behavioral test, animals were anesthetized with 10%
chloral hydrate (3.5 mL/kg) and perfused initially with 0.9% saline
solution via cardiac puncture. For immunofluorescence,

Table 1. The sample pet group in every experiment.

Methods Morris water maze test H&E staining  Nissl staining  Western blot DHE staining MDA content assay  IF staining
Experiment 1 (Sample size)

db/m 12 5 5 3 / / /
db/db 12 5 5 3 / / /
db/db + LDL - NBP 12 5 5 3 / / /
db/db + MDL-NBP 12 5 5 3 / / /
db/db + HDL-NBP 12 5 5 3 / / /
Experiment 2 (Sample size)

db/m / / / 3 5 4 23
db/db / / / 5 4 >3
db/db + MDL-NBP  / / / 3 5 4 >3
Experiment 3 (Sample size)

db/m 6 / / / / / /
db/db 8 / / / / / /
db/db + MDL-NBP 7 / / / / / /
db/db + Met 6 / / / / / /

SPRINGERNATURE

Acta Pharmacologica Sinica (2021) 42:347 - 360



hematoxylin & eosin (H&E) and Nissl staining, animals were
perfused with 4% paraformaldehyde (PFA) in 0.1 M PBS following
the initial saline solution perfusion. Next, the brain tissues were
rapidly removed and post-fixed by immersion in 4% PFA for 24 h.
For Western blot analysis, the whole hippocampus was removed
and snap frozen at —80 °C.

Morris water maze (MWM) testing

All mice were trained and tested in the MWM to monitor their
spatial learning and memory abilities as previously described
[37, 38]. The test was performed in a circular pool with a diameter
of 120 cm and a height of 40 cm (Jiliang; Shanghai, China). It was
filed with opaque water colored with milk powder and
maintained at 26+ 1°C. Using a hidden circular platform, the
training was carried out in six blocks, each consisting of three 60 s
trials, separated by 20 min inter-block intervals. During the
training period, the platform remained in the same location
relative to the distal cues in the room. In each trial, mice were
placed in the water at different starting locations (E, S, W, and N),
equally spaced from each other, and diverging from the goal
location by 45°. About 1h after the sixth block, the hidden
platform was removed, and the mice were scored during a 60s
probe trial. They were scored for latency to reach the goal and for
memory recall, which was determined by the number of crossings
over the previous platform location. Another probe trial was
performed 24 h after training to assess memory consolidation and
memory retrieval.

Hematoxylin & Eosin (H&E) and Nissl staining

The brain tissues were carefully collected and fixed in 4% PFA
solution for 24 h. Next, they were dehydrated in alcohol and
embedded in paraffin. After that, 5 um brain tissue sections were
dewaxed, hydrated, and stained with hematoxylin and eosin (H&E)
solution (Beyotime, China). For Nissl staining, the slides were
stained with cresol violet and Nissl differentiation solution,
according to the manufacturer’s instructions (Beyotime, China).
Finally, the slides were observed under a light microscope (Nikon,
Japan).

PC12 cell culture and treatments

PC12 cells are commonly used as an in vitro model to study
central nervous system neurons [39-41]. PC12 cells were
purchased from the Cell Storage Center of Wuhan University
(Wuhan, China) and were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Invitrogen, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA, USA)
and antibiotics (100 units/mL penicillin, 100 pg/mL streptomycin).
PC12 cells were incubated at 37°C in a humidified atmosphere
containing 5% CO,. A 10mM stock solution of DL-NBP was
prepared in DMSO. To establish a high glucose cell model in vitro,
30 mM glucose was added to the medium with/without DL-NBP
(10 uM). Cells were exposed to this HG condition for 24 h. HG plus
DL-NBP was the HG+ DL-NBP group. Cells incubated in HG
medium only were the HG group. Control cells were cultured in
normal medium. To evaluate the effects of Nrf2 signaling on high
glucose treated-PC12 cells, cells were incubated for 24 h with both
DL-NBP and the Nrf2 inhibitor ML385 (5 uM, MedChem Express,
USA) [42]. To evaluate the effects of PI3K/Akt signaling on high
glucose treated-PC12 cells, cells were incubated for 2 h with the
PI3K inhibitor LY294002 (LY, 20 uM, Abcam, Cambridge, MA, USA)
before adding DL-NBP [43]. Thus, there were four experimental
groups: Control (CON), HG, HG + DL-NBP, HG + DL-NBP + ML385
and HG + DL-NBP + LY294002.

Intracellular-ROS generation

Intracellular-ROS generation was measured using the ROS Assay
Kit (DCFH-DA, S0033, Beyotime, China). PC12 cells were plated in
6-well plates at a density of 1x10° cells/mL and incubated for
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24 h. After treatment with HG, cells were incubated with and
without DL-NBP for 24 h. Next, 10 uM 2’,7’-dichlorodihydrofluor-
escein diacetate (DCFH-DA) was added to the culture medium and
cells were incubated for 30 min. Nuclei were labeled with DAPI
and fluorescence was detected with a confocal laser microscope
(Nikon, Tokyo, Japan).

TUNEL staining

TUNEL staining was performed using an In Situ Cell Death
Detection Kit (Beyotime, China). Following the standard protocol,
fixed cell slides were incubated in 0.3% Triton X-100 for 5 min at
room temperature. The slides were washed three times with PBS,
followed by incubation in the TUNEL reaction mixture for 1 h at
37 °C. After washing with PBS three more times (5 min/wash), DAPI
was added to the slides. Cells were imaged using a confocal laser
microscope (Nikon, Tokyo, Japan).

Western blot analysis

Hippocampal tissue and PC12 cells were collected and lysed using
ice-cold RIPA buffer containing a protease inhibitor cocktail (10 pg/
mL, GE Healthcare Biosciences, PA, USA). Following centrifugation
at 12,000 rpm for 20 min at 4°C, protein concentration in the
supernatant was quantified with BCA reagent (Thermo, Rockford,
IL, USA). For Nrf2 detection, PC12 cells were collected in PBS buffer.
Next, cytosolic and nuclear proteins were extracted using a nuclear
and cytoplasmic protein extraction kit (Beyotime, China), followed
by centrifugation at 12,000 rpm for 10 min at 4 °C to separate the
nuclear components [44]. The protein samples were separated
using 10% or 12% gels and transferred to polyvinylidene difluoride
membranes (Bio-Rad, Hercules, CA, USA). Membranes were
blocked with 5% non-fat dry milk in TBST solution for 2 h at room
temperature. After blocking, the membranes were washed three
times with PBS at room temperature. Next, the membranes were
incubated overnight at 4°C with the following specific primary
antibodies: PSD95 (1:1000, Abcam), Synaptophysin (1:1000,
Abcam), Synapsin-1 (1:1000, CST), NOX2 (1:1000, Abcam), NOX4
(1:1000, Abcam), Nrf2 (1:1000, Abcam), HO-1 (1:1000, Proteintech,
China), NQO1 (1:1000, Abcam), SOD2 (1:2000, Proteintech), CREB
(1:1000, CST), p-CREB (S133) (1:1000, CST, Danvers, MA, USA),
Akt (1:1000, CST), p-Akt (1:1000, CST), BDNF (1:1000, Abcam), Bcl-2
(1:2000, Affinity, China), Bax (1:1000, Proteintech), Cleaved-caspase-
3 (1:1000, Affinity) and GAPDH (1:10000, Bioworld, China). After
washing three times with TBST, the membranes were incubated
2 h at room temperature with horseradish peroxidase-conjugated
secondary antibodies (1:10000, Proteintech). The protein bands
were visualized using the ChemiDocXRS+Imaging System (Bio-
Rad). Finally, the intensity of the bands was quantified using Image
Lab 3.0 software (Bio-Rad).

Immunofluorescence staining

After dewaxing and hydration, brain tissue sections were
incubated in 3% H,0, for 15 min, then in 80% alcohol for 30
min, and then washed three times with PBS (5min per wash).
Next, slides were blocked with 5% bovine serum albumin (BSA) at
37 °C for 30 min. Subsequently, the tissue sections were incubated
overnight at 4 °C with primary antibodies specific for BDNF (1:600,
Abcam), SMI-32(1:500, Abcam) and Cleaved-caspase-3 (1:1000,
CST). After overnight incubation, the slides were washed three
times with PBS solution and incubated for 2 h at 37 °C with specific
secondary Alexa Fluor 647 or Alexa Fluor 488 (1:1000, Abcam)-
labeled antibodies. In the case of PC12 cells, they were washed
with PBS solution, fixed in 4% PFA for 30 min, and blocked with
5% BSA for 30min at 37°C. Then, the cells were incubated
overnight at 4°C with primary antibodies specific for Cleaved-
caspase-3 (1:1000, CST) and Nrf2 (1:500, Abcam). Alexa Fluor 488-
labeled secondary antibodies were added at a 1:1000 dilution for
2 h, and nuclei were labeled with DAPI. Images were captured
using a confocal laser microscope (Nikon, Tokyo, Japan).
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Fig. 1

db/m db/db

DL-NBP treatment ameliorates diabetes-induced cognitive decline. a Learning curve in the Morris water maze test (divided in six

blocks). b Mean latency time to find the platform during the probe trial (1 h after training). ¢ Number of crossings over the original platform
location (1 h after training). d Mean latency time to find the platform during the probe trial (24 h after training). e Number of crossmgs over

the original platform location (24 h after training), n= 12. *P < 0.05, **P < 0.01, ***P < 0.001 indicates db/m group vs. db/db group,
indicates db/db+LDL-NBP group vs. db/db group; *P < 0.05, #P < 0.01 indicates db/db+MDL-NBP group vs. db/db group; P < 0.05,

db/db+HDL-NBP group vs. db/db group.

Assessment of malondialdehyde (MDA) content and
dihydroethidium (DHE) staining

To determine the index of plasma lipid peroxidation, the MDA
content was assayed by using an MDA Detection Kit (Beyotime,
China). Precipitated MDA reacts with thiobarbituric acid, produ-
cing a red substance with a maximum absorption peak at 535 nm.
DHE staining was performed to detect superoxide levels
(Beyotime, China). DHE reacts with superoxide that is bound to
cellular components, including protein and DNA, and emits a
bright red fluorescence. Brain tissue sections were dewaxed,
hydrated, incubated in a 3% H,0, solution for 15 min, in 80%
alcohol for 30 min, and then washed three times with PBS. After
washing, the slides were incubated for 1 h at 37°C in a blocking
solution. Next, the brain tissue sections were incubated in a 1
mmol/L DHE solution for 10 min at room temperature, washed
three times with PBS, stained with DAPI and mounted using
aqueous mounting medium (Sigma, St.Louis, MO, USA). Finally,
images were captured using a confocal laser microscope (Nikon,
Tokyo, Japan).

Statistical analysis

Results are expressed as the mean*SEM. Experiments were
repeated at least three times, and the tissues for each replicate
were from different mice. Statistical significance was determined
by one-way analysis-of-variance (ANOVA), followed by Tukey's
post hoc test. P values below 0.05 were considered statistically
significant.
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RESULTS

DL-NBP treatment ameliorates diabetes-induced cognitive
decline

We assessed the potential effect of DL-NBP treatment on DACD by
means of the MWM test. As shown in Fig. 1a, the time required for
mice to reach the platform decreased significantly after training.
However, there was a significant difference in the latency to reach
the platform among the different groups during the training
period. Compared with db/m mice, db/db mice required a longer
time to reach the platform between blocks 2 and 6. DL-NBP
treatment significantly decreased this latency period, especially in
the LDL-NBP and MDL-NBP groups (Fig. 1a). Then we removed the
platform and measured the difference in spatial memory ability of
the mice at 1 h and 24 h after training. During the probe trial, we
observed that db/db mice showed longer latency periods and
fewer numbers of crossings over the platform than db/m mice.
However, DL-NBP treatment significantly reversed this trend at 1 h
(Fig. 1b, c). After 24 h, memory retention of the platform’s location
in db/db mice was reduced when compared with db/m mice
(Fig. 1d, e). Importantly, DL-NBP treatment reversed this deficit
(Fig. 1d, e). Furthermore, we used db/db mice treated-metformin
as a positive control group and further evaluated the role of DL-
NBP. During behavioral studies, we found that both DL-NBP and
metformin effectively alleviated cognitive impairment in db/db
mice, but there was no significant difference in spatial learning
and memory ability between DL-NBP-treated db/db mice and the
metformin-treated db/db mice (Supplementary Fig. 1a-e). These
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Fig.2 DL-NBP attenuates diabetes-induced morphological alterations and synaptic dysfunction in DACD. a Representative H&E and Nissl|
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results suggest that DL-NBP treatment ameliorates diabetes- abnormalities in the dendritic architecture with the appearance of
induced learning and memory impairments. dystrophic neuritis, reduced length and density of spine in the

hippocampus (Fig. 3a-d). Dendritic spine densities and length in
DL-NBP treatment reduces diabetes-induced morphological the hippocampus from the 60 mg/kg DL-NBP-treated group were
changes and synaptic dysfunction markedly reversed when compared with those in db/db mice
Next, we assessed whether DL-NBP treatment affected hippocam- (Fig. 3a-d). These results suggested that DL-NBP improves
pal morphology in db/db mice. We observed that the hippocampal synaptic morphology, consequently promotes the recovery of

CA1 region in db/m mice exhibited normal morphology, with neurotransmission function.
evident nucleoli, and clear nuclear membranes (Fig. 2a). However,
diabetes induced neuronal loss in the hippocampus, which looked DL-NBP reduces neuronal apoptosis in the hippocampus of db/db

sparsely arranged, with vague cellular boundaries. Importantly, mice

DL-NBP treatment substantially reversed these abnormalities, We also measured apoptosis-related protein expression levels
especially in db/db+ MDL-NBP group (Fig. 2a). These results (Cleaved-caspase-3, Bcl-2 and Bax) in the hippocampus of db/db
suggest that DL-NBP had a substantial neuroprotective effect, mice to evaluate whether DL-NBP administration could ameliorate
inhibiting DACD development, neuronal loss and changes in the neuronal apoptosis during DACD development. Compared with
structure of the hippocampus in db/db mice. the db/m group, Bcl-2 (Fig. 4a, b) protein expression levels was

We also evaluated the expression levels of synaptic-related significantly reduced in the hippocampus of db/db mice. In
proteins (PSD95, synaptophysin and synapsin-1) in the hippocam- contrast, Cleaved-caspase-3 (Fig. 4a, d) and Bax (Fig. 4a, <)
pus, which constitute the molecular basis for synaptic plasticity. expression levels were significantly increased in the hippocampus
PSD95 (Fig. 2b, c), synaptophysin (Fig. 2b, d) and synapsin-1 of db/db mice when compared with db/m mice. This pattern was
(Fig. 2b, e) protein expression levels were notably reduced in the reversed by DL-NBP treatment. Consistent with the Western blot
hippocampus of db/db mice when compared with db/m mice. results, the number of Cleaved-caspase-3 positive cells (green) was
Treatment with 60 and 120mg/kg of DL-NBP significantly notably increased in the hippocampus of db/db mice when
upregulated the expression of these three proteins in db/db mice, compared with db/m mice (Fig. 4e-g). Importantly, DL-NBP
especially at 60 mg/kg. However, at the low dose of DL-NBP (20 treatment significantly reversed these phenomena (Fig. 4e-g).
mg/kg), there were no significant differences between the treated These results suggest that DL-NBP treatment reduces neuronal
and the db/db groups. In summary, these results demonstrate that apoptosis in the hippocampus of db/db mice.

DL-NBP increases the expression levels of hippocampal synaptic-
related proteins in db/db mice. We selected a dose of 60 mg/kg of DL-NBP attenuates diabetes-induced oxidative stress in the
DL-NBP (MDL-NBP) to perform the subsequent experiments. hippocampus

To assess the effects of DL-NBP on the density of synapse, we We also investigated whether oxidative stress was present during
analyzed the dendritic density in the hippocampus of mice using DACD and whether DL-NBP treatment could prevent it. We found
SMI-32 staining [45]. As shown in Fig. 3, diabetes induced the that NOX2 (Fig. 5a, b) and NOX4 (NADPH oxidase family members)
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(Fig. 5a, c) protein expression levels were considerably enhanced
in the hippocampus of db/db mice group when compared with
db/m mice, and that DL-NBP treatment substantially reduced
those levels. We also assessed ROS levels by means of DHE
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staining assays. As shown in Fig. 5d, e, a robust DHE-positive signal
was observed in the hippocampus of db/db mice. DL-NBP
treatment significantly reduced this signal. In addition, we
evaluated the antioxidant properties of DL-NBP during DACD
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development. We found that the protein expression levels of
Nrf2 (Fig. 5f, g) and related-antioxidants such as HO-1 (Fig. 5f, h),
NQO1 (Fig. 5f, i) and SOD2 (Fig. 5f, j) were significantly
reduced in the hippocampus of db/db mice when compared with
db/m mice. DL-NBP treatment (60 mg/kg) significantly enhanced
those protein expression levels. Moreover, DL-NBP treatment
substantially reversed diabetes-induced elevations in the MDA
content of the hippocampus (Fig. 5k). These results suggest that
DL-NBP can inhibit oxidative stress in the hippocampus by
inhibiting ROS production and activating the Nrf2 signaling
pathway.

DL-NBP enhances BDNF levels in the hippocampus of db/db mice
by activating the Akt/CREB signaling pathway

Accumulating evidence indicates that BDNF, a neurotrophic factor,
can promote immature neuron development and increase
neuronal survival and synaptic plasticity [46]. CREB signaling
regulates transcriptional expression of BDNF [21]. We investigated
the effects of DL-NBP treatment on BDNF levels in the
hippocampus. We found that BDNF (Fig. 6a, d), p-CREB (S133)
(Fig. 6a, b) and p-Akt (Fig. 6a, c) protein expression levels were
significantly reduced in the hippocampus of db/db mice when
compared with db/m mice, and that DL-NBP treatment could
reverse these reductions. Consistent with the Western blot results,
DL-NBP treatment increased the intensity of BDNF positive signals
in the CA1 and DG regions of the hippocampus in db/db mice
(Fig. 6e, ). These results demonstrate that DL-NBP enhances BDNF
levels in the hippocampus of db/db mice by activating Akt/CREB
signaling.
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DL-NBP reduces apoptosis of PC12 cells induced by high glucose
Next, we investigated the effect of DL-NBP on PC12 cell apoptosis
induced by high glucose (HG). We found that HG in the PC12
culture medium reduced the expression of the anti-apoptotic
protein (Bcl-2) (Fig. 7a, b) while enhancing expression of the pro-
apoptotic protein (Bax) (Fig. 7a, c). Importantly, DL-NBP substan-
tially reversed HG-induced apoptosis of PC12 cells. Consistent with
the Western blot results, immunofluorescence staining showed
that Cleaved-caspase-3 level was increased in HG-exposed PC12
cells, but that DL-NBP significantly inhibited the Cleaved-caspase-
3 signal intensity (Fig. 7d). These findings indicate that DL-NBP can
substantially inhibit apoptosis in HG-exposed PC12 cells.

DL-NBP alleviates high glucose-induced oxidative stress in PC12
cells through Nrf2 signaling pathways

We observed that DCFH-DA fluorescence intensity in the HG + DL-
NBP group was significantly lower than that in the HG group
(Fig. 8a). Moreover, DL-NBP treatment significantly decreased NOX2
(Fig. 8b, ¢) and NOX4 (Fig. 8b, d) protein expression levels in HG-
incubated PC12 cells. These results further confirm the antioxidant
properties of DL-NBP in HG-incubated PC12 cells. In addition,
immunofluorescence staining showed that DL-NBP considerably
enhanced the Nrf2 signal intensity in HG-incubated PC12 cells
(Fig. 8e). More importantly, Nrf2 (Fig. 8f, g) protein expression levels
and nuclear Nrf2 (Fig. 8f, h) levels in PC12 cells exposed to HG were
reduced, but DL-NBP treatment increased these expression levels.
Downstream proteins, such as HO-1 (Fig. 8i, j), NQO1 (Fig. 8i, k) and
SOD2 (Fig. 8i, ), were downregulated in HG-incubated PC12 cells
when compared with those in CON group, but DL-NBP treatment
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enhanced the expression levels of these proteins. These findings
indicate that DL-NBP can alleviate oxidative stress in HG-incubated
PC12 cells.

To investigate whether DL-NBP attenuated oxidative damage in
HG-incubated PC12 cells by acting through Nrf2 signaling pathway,
ML385, a Nrf2 inhibitor, was added to the culture medium. As shown
in Fig. 9a, 9b, Nrf2 protein expression levels in the HG + DL-NBP
group were significantly reduced after adding ML385 at 5, 10 and
20puM. We finally selected 5uM of ML385 to perform the
subsequent experiments. We found that DCFH-DA fluorescence
intensity in the HG+ DL-NBP + ML385 group was significantly
higher than in the HG + DL-NBP group (Fig. 9¢c). We also found that
Nrf2 (Fig. 9d, e), HO-1 (Fig. 9d, f), NQO1 (Fig. 9d, g) and SOD2 (Fig. 9d,
h) expression levels were reduced in the HG + DL-NBP + ML385
group when compared with the HG+ DL-NBP group. Finally,
immunofluorescence staining showed that ML385 significantly
increased the Cleaved-caspase-3 signal intensity in HG-exposed
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5. *P < 0.05 indicates HG group vs. CON group; *P < 0.05 indicates HG+DL-NBP vs. HG group.

PC12 cells treated with DL-NBP (Fig. 9i). Consistent with the
immunofluorescence results, TUNEL-positive cells were significantly
more abundant in the HG + DL-NBP + ML385 group than in the
HG + DL-NBP group (Fig. 9j). These findings suggest that DL-NBP
alleviates HG-induced oxidative stress in PC12 cells by acting the
Nrf2 signaling pathway.

DL-NBP suppresses high glucose-induced oxidative stress and
reverses downregulation of BDNF level in PC12 cells by acting
PI3K/Akt signaling pathway

To investigate the potential role of PI3K/Akt signaling pathways in the
effects of DL-NBP in HG-exposed PC12 cells, a PI3K inhibitor
(LY294002) was added to the culture medium. In the Fig. 10a, we
assessed the Nrf2 and its downstream proteins by Western blot, we
found that the LY294002-treated group significantly reversed the DL-
NBP-induced upregulation of Nrf2 (Fig. 10a, b), HO-1(Fig. 10a, c),
NQOT1 (Fig. 10a, d) and SOD2 (Fig. 10a, e) in HG-exposed PC12 cells.
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Next, we tested the Akt and related downstream proteins, as shown
in Fig. 10f, g, p-Akt protein expression levels were decreased in the
HG group, but these levels were restored by DL-NBP-treatment. In
addition, LY294002 significantly reversed the DL-NBP-induced
upregulation of p-Akt in HG-exposed PC12 cells (Fig. 10f, g). The p-
CREB (S133)/CREB ratio (Fig. 10f, h) and BDNF (Fig. 10f, i) expression
levels showed the same trend. In addition, immunofluorescence
staining showed that DL-NBP significantly reduced Cleaved-caspase-3
signal intensity in HG-incubated PC12 cells, but LY294002 partially
reversed this effect (Fig. 10j). Consistent with the immunofluorescence
results, LY294002 significantly inhibited the effects of DL-NBP on Bcl-2

SPRINGERNATURE

(Fig. 10k, 1) and Bax (Fig. 10k, m) protein expression levels in HG-
incubated PC12 cells. These findings suggest that PI3K/Akt pathways
are essential for DL-NBP-induced signaling and for enhancing BDNF
expression levels in HG-incubated PC12 cells.

DISCUSSION

Diabetes causes structural and functional changes in the central
nervous system, resulting in cognitive decline [47, 48]. The level of
hyperglycemia and duration of diabetes have been linked to the
degree of cognitive decline. It is essential to elucidate the exact
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molecular mechanisms underlying DACD development, and to
identify reasonable and effective strategies for treating it. In the
present study, we found that db/db mice developed cognitive
dysfunction, with impaired learning and memory. Oxidative stress
and inhibition of the PI3K/Akt/CREB signaling pathway are the two
main molecular mechanisms underlying DACD development.
DL-NBP is widely used for the treatment of ischemic stroke [49].
Multiple studies have shown that DL-NBP exerts significant
neuroprotective effects in cerebral ischemia probably due to its
ability to decrease brain edema, and thereby suppress oxidative
stress and reduce neuronal death and inflammation [50]. It has
also been reported that DL-NBP enhances cognitive function in
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5P < 0.001 indicates HG+DL-NBP group vs. HG4-DL-

AD and cerebral ischemia-reperfusion injury [51, 52]. Moreover,
previous studies reported that DL-NBP significantly attenuated
learning and memory deficits in diabetic mice [53]. Consistent
with the prior study, our current study showed that DL-NBP
reduced cognitive impairment in db/db mice, as evidenced by
shorter escape latencies and more numbers of platform crossings.

The hippocampus, an important functional area of the brain, is
divided into three regions: CA1, CA3, and dentate gyrus (DG). The
hippocampus is involved in the regulation of short-term memory,
learning, executive ability and attention, especially the CA1 region
[54]. It has been shown that diabetes alters the structure and
function of neurons and synapses in the CA1 region, thereby
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affecting synaptic plasticity and long-term potentiation (LTP)
[55, 56]. Thus, we focused on the hippocampus, and found that
DL-NBP administration to db/db mice ameliorated the structural
alterations, loss of neurons and suppression of synaptic-related
proteins seen in this brain structure in DACD, improving spatial
learning and memory. This result is also consistent with previous
studies reporting that treatment with DL-NBP significantly
improved hippocampal tissue morphology in diabetic mice [53].

Oxidative stress is associated with several diabetes-associated
complications [57, 58]. Oxidative damage also plays a central role
in vascular cognitive impairment in dementia patients and AD
models [59]. In addition, previous research showed that the
neuroprotective effect of DL-NBP in an AD mouse model
depended on upregulation of the antioxidant defenses [34].
However, previous studies have not described in detail the
possible mechanisms by which DL-NBP improves cognitive
impairment in diabetes. We speculated that oxidative stress was
the key molecular mechanism underlying DACD, and that DL-NBP
treatment could prevent it. In this study, we found that diabetes
induced oxidative stress, with elevated levels of ROS, lipid
peroxidation products, and NADPH oxidases. The antioxidant
capacity was also disrupted by suppression of Nrf2/HO-1/
NQO1 signaling pathways in the hippocampus of db/db mice.
Importantly, DL-NBP could reverse these alterations. We also used
ML385, a Nrf2 inhibitor, to confirm the previous conclusions. These
results indicate that DL-NBP can significantly impact the
pathogenesis and progression of DACD by exerting anti-
oxidative effects.

Previous studies have shown that Akt can regulate Nrf2 signals
in PC12 cells and zebrafish to protect against 6-OHDA-induced
neurotoxicity [60]. Other studies have also suggested that PI3K/Akt
can regulate Nrf2 to improve cognitive dysfunction and neurolo-
gical deficits in D-galactose-induced aging mice [61]. Hence, we
speculated that the neuroprotective effects of DL-NBP in db/db
mice were partly mediated by activation of PI3K/Akt/
Nrf2 signaling. In our current study, we used the PI3K inhibitor
LY294002 and found that DL-NBP enhanced anti-oxidative
capacities by regulating PI3K/Akt/Nrf2 signaling.

Neurogenesis dysfunction is considered to be an important
causative event in cognitive impairment [62, 63]. Neurotrophic
factors play a crucial role in neurogenesis [64]. Therefore,
stimulating neurotrophic factors have been regarded as a
potential therapeutic strategy to delay or halt cognitive decline.
BDNF is an important neurotrophic factor, which enhances
synapse formation and cognitive function. The neuroprotective
effect of BDNF is dependent on CREB-mediated transcription
[65, 66]. In our current study, we found that diabetes inhibited
CREB activity and consequently BDNF expression in the hippo-
campus, and that DL-NBP reversed these alterations. The PI3K/Akt
signaling pathway participates in neuronal differentiation, survival,
glucose metabolism, and synaptic function. In addition, Akt can
phosphorylate several survival regulatory molecules, including
CREB. It has been reported that the PI3K/Akt signaling pathway is
inhibited in AD [67, 68]. Moreover, DL-NBP administration
promotes activation of the PI3K/Akt signaling pathway [69].
However, whether DL-NBP could reverse DACD by regulating this
pathway was unknown. In our current study, we found that the
PI3K/Akt/CREB signaling pathway mediated the neuroprotective
effect of DL-NBP in DACD.

Although these results clearly illuminate some molecular
mechanisms underlying the beneficial effects of DL-NBP in DACD
development, the target of DL-NBP in the hippocampus is still
unclear. Increased blood-brain barrier (BBB) permeability is a
critical neurovascular complication of T2D that adversely affects
central nervous system homeostasis and function [70]. The
destruction of the BBB may be an important trigger of complex
cascades of molecular events during DACD. Our own and other
studies have reported that DL-NBP can restore BBB permeability
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Fig. 11 Schematic diagram showing how DL-NBP ameliorates
diabetes-induced cognitive dysfunction.

after traumatic brain injury and cerebral ischemia-reperfusion
injury [71, 72]. Hence, we hypothesize that the BBB may be a key
target of DL-NBP in DACD. Several potential molecular mechan-
isms may be involved, such as anti-inflammatory and angiogen-
esis effects, and future studies are needed to clarify this point.

In summary, this study showed that DL-NBP exerts substantial
neuroprotective effects and inhibits cognitive impairment in
DACD by normalizing hippocampal morphology, improving
synaptic plasticity, and reducing neuronal apoptosis. Multiple
studies have demonstrated that inhibition of oxidative stress and
activation of PI3K/Akt/CREB signaling pathways are important
mechanisms underlying the effects of DL-NBP in DACD (Fig. 11).
Therefore, these findings suggest that DL-NBP may be a potential
therapeutic agent for the treatment of DACD.
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