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Background: Glucose fluctuation promotes neuronal apoptosis, which plays a central role in diabetic encephalopa-
thy (DE). Nerve growth factor (NGF), and its interaction with high-affinity (TrkA) and low-affinity (p75NTR) receptors,
are involved in neuronal survival. NGF/TrkA contributes to the activation of the PI3K/AKT pathway, which is benefi-
cial for neuronal survival, and a-Lipoic acid (ALA) exerts clinically favorable neuroprotective effects in the periphery.
Whether NGF receptors and the PI3K/AKT pathway are involved in glucose fluctuation-induced neuronal damage,

as well as the potential molecular mechanism of ALA in protecting glucose fluctuation-induced neuronal damage,

Results: The results indicated that constant high glucose (CHG) and intermittent high glucose (IHG) significantly
increased the expression of Bax and caspase-3, and decreased the expression of TrkA/p75NTR and p-AKT/AKT, while
ALA stimulation reversed the above proteins in PC12 cells. IHG stimulates apoptosis more effectively than CHG in
PC12 cells, which is related to the PI3K/AKT pathway but not to the TrkA/p75NTR. Furthermore, neuronal apoptosis
induced by IHG was aggravated by the TrkA inhibitor K252a or the PI3K/AKT inhibitor LY294002, but this effect was

Conclusion: Glucose fluctuation induced cell apoptosis by regulating the TrkA/p75NTR and PI3K/AKT pathway,
meanwhile ALA exhibited neuroprotective effects in response to IHG and CHG. These observations indicated that the
PI3K/AKT pathway and the balance of TrkA/p75NTR are likely to serve as potential therapeutic targets for DE. In addi-
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Background

DE is a chronic complication of type 2 diabetes melli-
tus (T2DM) that is characterized by cognitive impair-
ment and dementia [23]. With the increasing lifespan of
patients with diabetes, the risk of cognitive impairment
and dementia is also increasing [36]. In the management
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of diabetes, poor diet control, improper treatment of
insulin and hypoglycemic drugs, and inadequate patient
compliance can lead to increased glucose variability [33].
Therefore, glucose fluctuation, which is independent
of the average blood glucose level [22], is ubiquitous in
patients with diabetes, and promotes the development of
DE [11, 31].

Although many clinically available drugs are effective
at controlling blood glucose level, glucose fluctuation
is difficult to avoid. Therefore, it is particularly impor-
tant to establish an effective approach to alleviate cogni-
tive impairment in patients with diabetes under glucose
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fluctuation. Some studies have demonstrated that neu-
ronal apoptosis plays a vital role in the development of
cognitive dysfunction [4, 13]. However, the molecular
mechanism underlying glucose fluctuation promoting
cell apoptosis is unclear.

NGF plays an important role in the plasticity and
survival of basal forebrain cholinergic neurons associ-
ated with cognitive function. It exerts its physiological
effects by binding two classes of cell surface receptors,
the high-affinity tropomyosin-related kinase A (TrkA)
receptor and the low-affinity p75 neurotrophin receptor
(p75NTR), between which there are complex interac-
tions. NGF/TrkA mainly promotes pro-survival signals
to protect cholinergic neurons. In contrast, stimula-
tion of the p75NTR receptor activates cell apoptosis,
but increases the affinity and selectivity of NGF binding
to TrkA in the presence of TrkA [3]; the p75NTR/NGF/
TrkA signaling pathway promotes neuronal survival
[45]. In addition, p75NTR can delay the internaliza-
tion and degradation of TrkA following NGF treatment
to promote the elongation of the TrkA signal on the cell
surface [28]. Therefore, disorders of NGF and its recep-
tors are key factors in cholinergic neuronal dysfunction
in patients with cognitive impairment [20]. A previ-
ous study indicated that TrkA reduction occurred from
non-cognitive impairment to mild cognitive impairment,
and from mild cognitive impairment to veritable Alzhei-
mer’s disease (AD) in humans [16]. Furthermore, TrkA
reduction in the cerebral cortex is positively correlated
with cognitive decline based on the Mini-Mental State
Examination (MMSE) test scores [10]. The average level
of p75NTR in the hippocampus of patients with demen-
tia was significantly higher than that of patients without
dementia of the same age [7, 47]. Moreover, cognitive
function and spatial memory were improved in p75NTR
knockout mice [1]. Hence, the imbalance of NGF recep-
tors may be one of the risk factors for cognitive impair-
ment, and targeting NGF receptors may delay cognitive
disorders [32]. The NGF/TrkA complex activates down-
stream signaling pathways, such as phosphatidylinositol
3 kinase/protein kinase B (PI3K/AKT), which is involved
in the pathological process of cognitive dysfunction [43].
In addition, the PI3K/AKT pathway plays a pivotal role
in the inhibition of diabetes-induced neuronal apoptosis
[12, 42], and participates in the regulation of retrograde
axonal transport of neurotrophins in the nervous system
[5]. In contrast, dysfunction of the PI3K/AKT pathway
can induce metabolism of the AP peptide, resulting in the
phosphorylation and accumulation of Tau protein, which
leads to the occurrence and development of cognitive
dysfunction [32].

ALA is a widely available dietary supplement [48] and
a clinical drug for the treatment of diabetic peripheral
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neuropathy. ALA, and its reduced form, dihydrolipoic
acid (DHLA), exert neuroprotective effects through vari-
ous pathways, including increased glucose uptake [18]
and acetylcholine production [19], and modulation of
signaling pathways for nuclear factor kappa B (NF-kB)
and insulin [17]. However, it remains unknown whether
ALA can exert its neuroprotective effects under glucose
fluctuation. This study aimed to investigate the underly-
ing molecular mechanism of neuronal damage caused by
glucose fluctuation in vitro, and whether ALA protects
neuronal cells under glucose fluctuation.

Results

Determination of high glucose and ALA concentrations

To obtain the high glucose concentration in the fluctua-
tion range, PC12 cells were cultured in increasing con-
centrations of glucose (from 100-225 mM) for 72 h.
Equal concentration of mannitol was used as a negative
control for osmolarity. CHG inhibited PC12 cell viabil-
ity in a concentration-dependent manner. As shown
in Fig. 1a, mannitol could influence cell viability when
the osmolarity increased to 150mM. Thus, we chose
125 mM as the concentration of high glucose in glyce-
mic fluctuation. Subsequently, PC12 cells were cultured
in 25 mM glucose medium containing different doses
of ALA (0-400 umol/L) for 48 h. We found that 300
and 400 pmol/L ALA showed toxic effects in PC12 cells
(Fig. 1b). Finally,PC12 cells were exposed to glucose alter-
nation between 25 mM and 125 mM for 72 h after pre-
treatment with ALA (0-300 pumol/L) for 24 h. We found
that 100 pmol/L ALA was the optimum concentration,
which induced a more evident effect on PC12 cell viabil-
ity, and was used in the following experiments (Fig. 1c).

ALA treatment attenuated IHG-induced cell injury in PC12
cells

IHG-induced cell damage is more serious than that
induced by CHG. However, ALA significantly alleviated
the IHG-induced decrease in the cell amount and viabil-
ity, which was weaker than the effect of ALA on CHG-
induced cell damage (Fig. 2a, c¢). We further explored
IHG-induced cell apoptosis by flow cytometry, and found
that THG-induced apoptosis was more obvious than
that observed with CHG. Moreover, ALA significantly
repressed IHG- and CHG-induced apoptosis, as evi-
denced by the decreased apoptotic rate (Fig. 2b, d).

ALA treatment inhibited IHG-induced apoptosis in PC12
cells

With regard to the pro-apoptotic effect of IHG, we found
that both CHG and IHG elevated Bax and Caspase-3,
but that IHG was more effective than CHG in promot-
ing pro-apoptotic protein expression. Neither had an
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Fig. 1 a Effect of glucose on PC12 cell viability. b Effects of ALA on PC12 cell viability under normal glucose concentration. c Effects of ALA on PC12
cell viability under glucose fluctuation. Results are presented as the mean £ SD (n=3). ***P <0.001, **P <0.01,*P < 0.05, compared to the (a) control
or (b, ) ALA (0 pmol/L) group. ##P <0.001, #P <0.01, *P <0.05 versus the ALA (100 umol/L) group

effect on Bcl-2; however, IHG-induced apoptosis was sig-
nificantly attenuated by ALA treatment, as evidenced by
decreased Bax, Caspase-3, and increased Bcl-2 (Fig. 3).
This indicated that ALA promoted the survival of neu-
ronal cells exposed to IHG, which was not significantly
inferior to the effect of ALA on CHG.

Effects of ALA treatment on IHG-induced NGF receptors in
PC12 cells

Further studies showed that IHG and CHG significantly
decreased TrkA and TrkA/p75NTR, and increased
p75NTR, but had no significant difference on TrkA/
p75NTR. Interestingly, ALA pretreatment reversed the
effects of IHG and CHG on TrkA and p75NTR in PC12
cells (Fig. 4).

ALA treatment altered the IHG-inhibited PI3K/AKT
pathway in PC12 cells

We measured the levels of p-AKT and AKT to explore
whether IHG-mediated cell apoptosis was related to the
PI3K/AKT pathway. Both CHG and IHG reduced p-AKT
and p-AKT/AKT, but had no significant effect on AKT.
Meanwhile, the effect of IHG on lowering p-AKT/AKT
was greater than that of CHG. However, the inhibitory
effects of IHG on p-AKT and p-AKT/AKT were attenu-
ated by ALA, which was superior to the effect of ALA on
p-AKT and p-AKT/AKT induced by CHG (Fig. 5).

NGF receptors and the PI3K/AKT pathway involved

in IHG-induced cell apoptosis and ALA protected this
process

We measured apoptosis proteins in the presence or
absence of K252a, TAT-pep5, and LY294002 (inhibitor
of TrkA, p75NTR, and PI3K, respectively) to explore

the molecular mechanism of IHG-induced cell apop-
tosis. As depicted in Fig. 6, pretreatment with K252a
and LY294002 further aggravated IHG-induced Bax/
Bcl-2 and Caspase-3 expression. Meanwhile, K252a and
LY294002 significantly reversed the IHG-induced effects
of ALA on Bax/Bcl-2 and Caspase-3. Meanwhile, TAT-
pep5 reduced the levels of Caspase-3 and Bax/Bcl-2
induced by IHG. Moreover, TAT-pep5 further enhanced
the effect of ALA on reducing Bax/Bcl-2 and Caspase-3
in IHG conditions.

Discussion
Poor diet control, improper treatment with insulin and
hypoglycemic drugs, and inadequate compliance are
associated with blood glucose fluctuation during the
course of T2DM [33]; thus, glucose fluctuations are dif-
ficult to avoid in patients with diabetes. Several studies
have demonstrated that IHG-induced damage is more
serious than CHG in vascular endothelial cells, olfactory
neuroepithelial cells, retinal epithelial cells, and Schwann
cells [15, 21, 38, 44]. However, the effects of IHG on neu-
ronal cells and their potential mechanisms are unknown.
Both high glucose-mediated metabolic stress in the
mitochondria and extracellular high glucose-mediated
osmotic stress result in the activation of apoptotic path-
ways [6, 29, 34, 39]. In order to elucidate which of these
mechanisms was most related to the observed effects,
mannitol and glucose at the same concentration were
used to reproduce the effects of osmolarity on neurons. A
glucose concentration with high glucose-mediated meta-
bolic stress but no osmolarity was used as a high value of
glucose fluctuation.
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Fig. 2 ALA treatment attenuated IHG induced cell injuries in PC12 cells. a, ¢ Effects of IHG on PC12 cell viability and ALA treatment. Cells were
observed by microscope, and viability was determined by MTT assay. b, d Effects of IHG on PC12 cell apoptosis and ALA treatment. Apoptosis was
detected by flow cytometry. Results are shown as the mean £ SD (n = 3). ***P <0.001, **P < 0.01,*P < 0.05 versus the control; P < 0.05 compared to

the CHG group; and TP <0.05 versus the IHG + ALA group

In our study, both CHG and IHG led to decreased
cell viability and increased cell apoptosis; this effect was
more obvious in the IHG group. This was similar to pre-
vious studies, which indicated that glucose fluctuation
was more harmful than high glucose in promoting dia-
betes complications [24]. Bax and Bcl-2 are key regula-
tors of the mitochondrial apoptotic pathway [8]. Bcl-2
can prevent cytochrome C release from the mitochon-
dria to the cytoplasm to inhibit apoptosis, while Bax pro-
motes apoptosis and antagonizes the protective effect of
Bcl-2. In addition, Caspase-3 is a cysteine protease that
is involved in the regulation of neuronal apoptosis [35].
Our research showed that both IHG and CHG induced
neuronal damage and cell apoptosis by increasing Bax
and Caspase-3, although the effect was more obvious in
IHG.

The maturation, plasticity, and survival of cholinergic
neurons are inseparable from the nutritional support of
NGE. NGF exerts physiological effects by binding to the
TrkA or p75NTR receptor, while TrkA signaling inhib-
its apoptosis and promotes neuronal survival [49]; in
contrast, the intracellular domain of p75NTR contains a
“death domain,” and p75NTR overexpression facilitates
neuronal apoptosis [2, 14]. Therefore, we explored the
effects of IHG and CHG on NGF receptors due to the
close relationship between NGF receptors and neuronal
apoptosis, and found that both IHG and CHG decreased
TrkA level. Studies have shown that IHG reduces the
release of neuronal insulin-like growth factor 1 (IGF-1)
[15], while IGF-1 could increase TrkA [25] level; there-
fore, IHG might reduce TrkA expression through the
IGF-1 pathway [9]. In the current study, IHG and CHG
increased p75NTR in PC12 cells. This result is similar
to that observed in a clinical study, which found that the
p75NTR level is twice as high in patients with cognitive
disorders when compared with in age-matched individu-
als with no cognitive disorders [7]. To further investi-
gate the role of NGF receptors in IHG-induced neuronal
apoptosis, we found that K252a (a TrkA inhibitor) fur-
ther aggravated the effect of IHG on apoptosis protein,
and that TAT-pep5 (a p75NTR inhibitor) reversed the
Caspase-3 expression induced by IHG, but had no sig-
nificant effect on Bax/Bcl-2. These findings indicate that
IHG promoted neuronal apoptosis through TrkA and
p75NTR receptors. Previous studies have reported that
p75NTR increases the affinity and selectivity of NGF

binding to TrkA in the presence of TrkA [3], and that the
p75NTR/NGEF/TrkA signaling pathway promotes neu-
ronal survival [45]. TrkA deletion may cause an increase
in the binding of pro-nerve growth factor (proNGF) to
p75NTR, which transforms neuronal survival into pro-
apoptotic signaling [7]. In addition, p75NTR could delay
the internalization and degradation of TrkA following
NGF treatment to promote the elongation of TrkA sign-
aling [28]. TrkA/p75NTR served as an evaluation index
to more clearly represent the trend of NGF receptors
under IHG. In this study, although both IHG and CHG
reduced TrkA/p75NTR, they did not differ significantly,
suggesting that the difference in neuronal apoptosis
caused by IHG and CHG might not be related to TrkA/
p75NTR level.

Research has shown that NGF/TrkA signaling induces
activation of the PI3BK/AKT pathway. AKT, a key mol-
ecule regulating the survival of neurons [46], reportedly
facilitates cell survival via a phosphorylation cascade that
blocks the insertion of pro-apoptotic Bax into the outer
mitochondrial membrane, and prevents the destruc-
tion of mitochondrial membrane potential, the release of
cytochrome C, and apoptosis signaling [37]. Our results
showed that both IHG and CHG decreased p-AKT and
p-AKT/AKT in PC12 cells, which was similar to that
CHG reduced phosphorylation of AKT observed in
nerve cells [26], and that [HG decreased p-AKT/AKT in
human umbilical vein endothelial cells [40]. LY294002,
a PI3K inhibitor, further aggravated the effect of IHG
on Bax/Bcl-2 and Caspase-3, suggesting that IHG might
cause neuronal apoptosis through the PI3K/AKT path-
way. In addition, IHG induced neuronal apoptosis to a
greater extent than CHG. This finding suggests that the
difference in neuronal apoptosis caused by IHG and
CHG might be related to the PI3K/AKT pathway, which
may explain the different degrees of neuronal apoptosis
caused by CHG and IHG.

ALA is a potent antioxidant that exists in the human
diet [48], and has been reported to be able to pass
through the blood-brain barrier to exert neuroprotec-
tive effects. Therefore, ALA is considered an ideal drug
for the treatment of central nervous system diseases
[48]. Our results showed that ALA repressed IHG- and
CHG-induced neuronal apoptosis by affecting apopto-
sis protein expression. In addition, K252a and LY294002
reversed the effects of ALA on Bax/Bcl-2 and Caspase-3
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Fig. 3 ALA treatment inhibited IHG-induced apoptosis in PC12 cells. The density of (a) Bax, Bcl-2, and Caspase-3 were measured by Western blot.
Quantitative data of (b) Bax, (c) Bcl-2, (d) Bax/Bcl-2, and (e) Caspase-3 are presented. Data are shown as mean £ SD (n=3). ***P <0.05, **P <0.01,
*P <0.05 versus the control; ##P <0.01, #P <0.05 compared to the CHG group; and TTP<0.01, TP <0.05 versus the IHG + ALA group

under IHG, but TAT-pep5 could further reduce ALA-
lowering Bax/Bcl-2 and Caspase-3 under IHG. This result
suggests that ALA inhibits the expressions of Bax/Bcl-2
and Caspase-3 through NGF receptors and the PI3K/
AKT pathway to reduce neuronal apoptosis and promote
neuronal survival.

Conclusions

Taken together, both IHG and CHG induce neuronal
apoptosis, but this pro-apoptotic effect was amplified
under IHG. TrkA/p75NTR is an important factor in
neuronal apoptosis. However, the differences in IHG-
and CHG-induced neuronal apoptosis were not related
to TrkA/p75NTR, but were instead associated with the
PI3K/AKT pathway. The TrkA/p75NTR and PI3K/AKT
pathway were shown to be involved in the regulation
of IHG-induced neuronal apoptosis and the neuropro-
tective effect of ALA under IHG. Therefore, our results
could provide ideas for the development of DE drugs
under IHG, and also indicate that ALA is a potential drug
candidate for DE.

Methods

Antibody report

Rabbit Bax antibody (ab32503, 1:5000), rabbit Bcl-2 anti-
body (ab182858, 1:5000), and rabbit Caspase-3 antibody
(ab184787, 1:5000) were purchased from Abcam (Cam-
bridge, MA, USA). Rabbit B-actin (20536-1-AP, 1:8000;
Wuhan, China) was obtained from Proteintech. Rabbit
TrkA antibody (2505S, 1:1000), rabbit p75NTR antibody
(42018, 1:1000), rabbit AKT antibody (4691, 1:1000), and
rabbit P-AKT antibody (4060, 1:2000) were all acquired
from Cell Signaling Technology (Boston, MA).

Cell culture and treatment

PC12 cells (donated by the School of Environment and
Life Sciences of Dalian University of Technology) were
maintained in Dulbecco’s modified Eagle’s medium
(DMEM, SH30022.01B) supplemented with 10% fetal
bovine serum (FBS, GIBCO, 16000044), 5% horse serum,
and 1% penicillin/streptomycin in a humidified atmos-
phere of 95% air and 5% CO2 at 37 °C. PC12 cells were
induced by NGF (50 ng/mL, Peprotech, 1216394) to
become well-differentiated PC12 cells, which have dopa-
minergic properties and exhibit spindle-shaped cell
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Fig. 4 ALA treatment affected IHG-induced NGF receptorsin PC12 cells. a The density of TrkA and p75NTR were determined by Western blot.
Quantitative data of (b) TrkA, ¢ p75NTR, and d TrkA/p75NTR are presented. Data are presented as mean & SD (n=3). **P <0.01,*P < 0.05 compared
to the control; #P < 0.01 versus the CHG group; and P <0.01, TP < 0.05 compared to the IHG 4+ ALA group

morphology similar to neuronal cells [27, 30]. Differen-
tiated PC12 cells in the exponential growth phase were
used in the subsequent experiments. Normal and high
glucose alternation every 12 h defined the IHG model.

PC12 cells were cultured overnight in a normal glu-
cose medium (25 mM) [41]. The PC12 cells were treated
as follows: Control group (25 mM), CHG group, IHG
group (25 mM and high glucose alternating every
12 h), control4+ ALA group (pretreatment with 100 pM
ALA for 24 h before incubation with 25 mM glucose),
CHG+ ALA group (pretreatment with 100 uM ALA for
24 h before CHG), and IHG+ ALA group (pretreatment
with 100 pM ALA for 24 h before IHG). Cells were incu-
bated for 72 h.

MTT assay for cell viability

Cell viability was determined by the 3-(4,5-Dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
PC12 cells (8 x 10% cells/well) were seeded in 96-well
plates and treated as described previously for 72 h. 15 pl
MTT solution (5 mg/mL, Solarbio, M8180) was added to
each well and incubated for 4 h at 37 °C. Subsequently,
150 puL dimethyl sulfoxide (DMSO, Sigma, D2650) was
added to dissolve the formazan crystals in each well.
Finally, the absorbance was measured at 490 nm using

a microplate reader (Meigu Molecular, Shanghai). The
absorbance values of each group were normalized to the
control group for relative quantification.

Flow cytometry assay for apoptosis

Double staining for Annexin V/FITC and PI was per-
formed to measure the apoptosis rate of PC12 cells. PC12
cells (4 x 10* cells/well) were cultured in 6-well plates and
pretreated with ALA for 24 h before stimulation with
CHG or IHG for 72 h. Then, PC12 cells were harvested
and washed twice with cold PBS. Subsequently, cells were
suspended in 400 pl binding buffer and incubated with
5 pl Annexin V/FITC and 5 pl PI for 15 min at room tem-
perature in the dark. The fluorescence of each sample was
quantitatively analyzed by flow cytometry (FACSanto
TM, BD, US).

Western blot analysis

Following the treatments described above, PC12 cells
were washed twice with cold PBS and lysed with radio
immunoprecipitation assay buffer (RIPA; P0013C, Beyo-
time Institute of Biotechnology, China). Cell lysates were
centrifuged at 12,000 rpm for 10 min at 4 °C, and the
supernatant was collected for further testing. The con-
centration of the protein samples were detected using a
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Fig. 5 ALA treatment altered the IHG-inhibited PI3K/AKT pathway in PC12 cells. a The density of AKT and p-AKT were measured by Western blot.
Quantitative data of b p-AKT, ¢ AKT, and d p-AKT/AKT are presented. Data are shown as mean 4 SD (n=3). **P <0.01 compared to the control;
#P <0.05 compared to the CHG group; and TP <0.01 versus the IHG 4 ALA group

P-AKT/AKT

BCA kit (P0010S, Beyotime, China). Equal amounts of
protein were separated by 10% or 12% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to polyvinylidene fluoride (PVDF) mem-
branes. After 30 min of blocking with the blocking solu-
tion (Beyotime Biotechnology), the membranes were
incubated with primary antibodies overnight at 4 °C,
followed by fluorescent secondary antibody (1:10000;
Thermo Fisher, Invitrogen) for 1 h at room temperature.
Then, the protein was visualized using a fluorescence
imaging scanner (LI-COR, Odyssey CLx, US). B-actin
was used as an internal reference, and protein expression

is shown as the ratio of the band optical intensity to that
of B-actin.

Statistical analysis

All relevant data were presented as mean = standard
deviation (SD), and SPSS 22.0 was used for data analysis.
Comparisons between two groups were performed using
independent two-tailed Student’s t-tests, and compari-
sons between more than two groups were analyzed using
one-way ANOVA.
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were evaluated in the presence or absence of K252a (a-c), TAT-pep5 (d-f), and LY294002 (g-i), respectively. Data are shown as the mean = SD
(n=3)."P<0.01,*P<0.05 versus the IHG group; TTP<0.01, P <0.05 compared to the IHG 4 ALA group; and *P < 0.05 compared to the

Abbreviations

DE: Diabetic encephalopathy; ALA: a-Lipoic acid; CHG: Constant high glucose;
IHG: Intermittent high glucose; T2DM: Type 2 diabetes mellitus; TrkA: Tropomy-
osin-related kinase A; p75NTR: p75 neurotrophin receptor; AD: Alzheimer’s dis-
ease; MMSE: Mini-mental state examination; PI3K/AKT: Phosphatidylinositol 3
kinase/protein kinase B; DHLA: Dihydrolipoic acid; NF-kB: Nuclear factor kappa
B; NGF: Nerve growth factor; DMEM: Dulbecco’s modified Eagle’s medium; FBS:
Fetal bovine serum; MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; DMSO: Dimethyl sulfoxide; SDS-PAGE: Sodium dodecy! sulfate—poly-
acrylamide gel electrophoresis; PVDF: Polyvinylidene fluoride; IGF-1: Insulin-
like growth factor 1; pro-NGF: Pro-nerve growth factor.

Acknowledgements
Many thanks to the School of Environment and Life Sciences of Dalian Univer-
sity of Technology for the cells.

Authors’ contributions

The idea for the manuscript was conceived by TY.TY designed and imple-
mented the experiment. TY, ZHZ and DQL analyzed the data. TY wrote the
first draft of the manuscript. Finally, DOL and ZHZ verified and revised the
manuscript. TY and ZZ contributed equally to this paper. All authors read and
approved the final manuscript.

Funding
This research was funded by the National Natural Science Foundation of
China, Grant/Award Number: 501343.

Availability of data and materials
The datasets generated during the current study are available from the cor-
responding author on reasonable request.

Ethics approval and consent to participate
Not applicable.



Yan et al. BMC Neurosci

(2020) 21:38

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Department of Endocrinology, Huai'an Cancer Hospital, Huaian, Jiangsu,
China. ? Shanghai TCM-Integrated Hospital, Shanghai University of Traditional
Chinese Medicine, Shanghai, China. > Shanghai TCM-Integrated Institute

of Vascular Anomalies, Shanghai, China.  Department of Endocrinology, The
Second Hospital Affiliated To Dalian Medical University, Dalian, China.

Received: 28 March 2020 Accepted: 3 September 2020
Published online: 17 September 2020

References

1.

Barrett GL, Reid CA, Tsafoulis C, Zhu W, Williams DA, Paolini AG, Trieu
J, Murphy M. Enhanced spatial memory and hippocampal long-term

potentiation in p75 neurotrophin receptor knockout mice. Hippocampus.

2010;20(1):145-52.

Becker K, Cana A, Baumgartner W, Spitzbarth I. p75 neurotrophin recep-
tor: a double-edged sword in pathology and regeneration of the central
nervous system. Vet Pathol. 2018;55(6):786-801.

Bibel M, Hoppe E, Barde YA. Biochemical and functional interac-

tions between the neurotrophin receptors trk and P75NTR. EMBO J.
1999;18(3):616-22.

Biessels GJ, Staekenborg S, Brunner E, Brayne C, Scheltens P. Risk of
dementia in diabetes mellitus: a systematic review. Lancet Neurol.
2006;5(1):64-74.

Cai F, Helke CJ. A bnormal PI3 kinase/Akt signal pathway in vagal afferent
neurons and vagus nerve of streptozotocin-diabetic rats. Mol Brain Res.
2003;110:234-44.

Ceriello A, Thnat MA.'Glycaemic variability”: a new therapeutic challenge
in diabetes and the critical care setting. Diab Med. 2010,27:862-7.
Chakravarthy B, Ménard M, Ito S, Gaudet C, Dal Pra I, Armato U, Whitfield
J. Hippocampal membrane-associated p75NTR levels are increased in
Alzheimer’s disease. J Alzheimer's Dis. 2012;30:675-84.

Chen C, LiuTs, Zhao SC, Yang WZ, Chen ZP, Yan Y. XIAP impairs mitochon-
drial function during apoptosis by regulating the Bcl-2 family in renal cell
carcinoma. Exp Ther Med. 2018;15(5):4587-93.

Costantini C, Scrable H, Puglielli L. An aging pathway controls the TrkA to
p75NTR receptor switch and amyloid beta-peptide generation. EMBO J.
2006,25(9):1997-2006.

Counts SE, Nadeem M, Wuu J, Ginsberg SD, Saragovi HU, Mufson EJ.
Reduction of cortical TrkA but not p75(NTR) protein in early-stage Alzhei-
mer’s disease. Annals Neurol. 2004;56(4):520-31.

Cox DJ, McCall A, Kovatchev B, Sarwat S, llag LL, Tan MH. Effects of blood
glucose rate of changes on perceived mood and cognitive symptoms in
insulin-treated type 2 diabetes. Diab Care. 2007;30(8):2001-2.

CuiW, Zhang Y, Lu D, Ren M, Yuan G. Upregulation of pAkt by glial cell
linederived neurotrophic factor ameliorates cell apoptosis in the hip-
pocampus of rats with streptozotocininduced diabetic encephalopathy.
Mol Med Rep. 2016;13(1):543-9.

Fan F, Liu T, Wang X, Ren D, Liu H, Zhang P, Wang Z, Liu N, Li Q, Tu'Y, Fu J.
CIC-3 expression and its association with hyperglycemia induced HT22
hippocampal neuronal cell apoptosis. J Diab Res. 2016;2016:1-12.

Gao C, Zhang L, Sun D, Li J, Yao X, Zhou H, Wang Y. Roles of p75NTR in
maintaining brain hemostasis and the implications for p75NTR-targeted
therapies. Curr Alzheimer Res. 2017;14(5):554-61.

Giannini S, Benvenuti S, Luciani P, Manuelli C, Cellai |, Deledda C, Pezzatini
A, Vannelli GB, Maneschi E, Rotella CM, Serio M, Peri A. Intermittent high
glucose concentrations reduce neuronal precursor survival by altering
the IGF system: the involvement of the neuroprotective factor DHCR24
(Seladin-1). J Endocrinol. 2008;198(3):523-32.

Ginsberg SD, Che S, Wuu J, Counts SE, Mufson EJ. Down regulation of trk
but not p75NTR gene expression in single cholinergic basal forebrain
neurons mark the progression of Alzheimer’s disease. J Neurochem.
2006,97(2):475-87.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Page 10 of 11

Golbidi S, Badran M, Laher I. Diabetes and alpha lipoic acid. Front Pharma-
col. 2011;2:69.

Haugaard N, Haugaard ES. Stimulation of glucose utilization by thi-

octic acid in rat diaphragm incubated in vitro. Biochim Biophys Acta.
1970;222:583-6.

Haugaard N, Levin RM. Regulation of the activity of choline acetyl trans-
ferase by lipoic acid. Mol Cellular Biochem. 2000,213:61-3.

Hefti F, Weiner WJ. Nerve Growth Factor and Alzheimer’s Disease. Neu-
rogical Progress. 1986;20(3):275-81.

Inaba Y, Tsutsumi C, Haseda F, Fujisawa R, Mitsui S, Sano H, Terasaki J,
Hanafusa T, Imagawa A. Impact of glycemic variability on the levels of
endothelial progenitor cells in patients with type 1 diabetes. Diabetol Int.
2018;9(2):113-20.

Kim C, Sohn JH, Jang MU, Kim SH, Choi MG, Ryu OH, Lee S, Choi HC.
Association between visit-to-visit glucose variability and cognitive func-
tion in aged type 2 diabetic patients: A Cross-Sectional Study. PLoS ONE.
2015;10(7):0132118.

Kimura R, Okouchi M, Fujioka H, Ichiyanagi A, Ryuge F, Mizuno T, Imaeda
K, Okayama N, Kamiya Y, Asai K, Joh T. Glucagon-like peptide-1 (GLP-1)
protects against methylglyoxal-induced PC12 cell apoptosis through
the PI3K/Akt/mTOR/GCLc/redox signaling pathway. Neuroscience.
2009;162(4):1212-9.

Li H, Luo HY, Liu Q, Xiao Y, Tang L, Zhong F, Huang G, Xu JM, Xu AM, Zhou
ZG, Dai RP. Intermittent high glucose exacerbates A-FABP activation

and inflammatory response through TLR4-JNK signaling in THP-1 cells. J
Immunol Res. 2018;2018:1319272.

LiH, Dong H, Li J, Liu H, Liu Z, Li Z. Neuroprotective effect of insulin-like
growth factor-1: effects on tyrosine kinase receptor (Trk) expression in
dorsal root ganglion neurons with glutamate-induced excitotoxicity

in vitro. Brain Res Bull. 2013;97:86-95.

Liu MH, et al. Resveratrol protects PC12 cells from high glucose-induced
neurotoxicity via PI3K/Akt/FoxO3a pathway. Cell Mol Neurobiol.
2015;35(4):513-22.

Liu X, Zhu XY, Chen M, Ge QM, Shen Y, Pan SM. Resveratrol protects PC12
cells against OGD/R-induced apoptosis via the mitochondrial-mediated
signaling pathway. Acta Biochim Biophys Sin. 2016;48:342-53.

Makkerh JB, Ceni C, Auld DS, Vaillancourt F, Dorval G, Barker PA. p75
neurotrophin receptor reduces ligand-induced Trk receptor ubiquitina-
tion and delays Trk receptor internalization and degradation. EMBO Rep.
2005;6(10):936-41.

Otto NM, Schindler R, Lun A, Boenisch O, Frei U, Oppert M. Hyperosmotic
stress enhances cytokine production and decreases phagocytosis in vitro.
Crit Care. 2008;12:107-17.

Pan X, Yan D, Wang D, Wu X, Zhao W, Lu Q, Yan H. Mitochondrion-
Mediated Apoptosis Induced by Acrylamide is Regulated by a Balance
Between Nrf2 Antioxidant and MAPK Signaling Pathways in PC12 Cells.
Molecular neurobiology.2016; 54:4781-4794.

Penckofer S, Quinn L, Byrn M, Ferrans C, Miller M, Strange P. Does glyce-
mic variability impact mood and quality of life? Diab Technol Therapeu-
tics. 2012;14(4):303-10.

Phiel CJ, Wilson CA, Lee VM, Klein PS. GSK-3alpha regulates production of
Alzheimer's disease amyloid-peptides. Nature. 2003;423:435-9.

PKC-DRS Study Group. The effect of ruboxistaurin on visual loss in
patients with moderately severe to very severe nonproliferative diabetic
retinopathy: initial results of the Protein Kinase C beta Inhibitor Diabetic
Retinopathy Study (PKC-DRS) multicenter randomized clinical trial. Diabe-
tes. 2005;54(7):2188-97.

Schisano B, Tripathi G, McGee K, McTernan PG, Ceriello A. Glucose
oscillations, more than constant high glucose, induce p53 activation

and a metabolic memory in human endothelial cells. Diabetologia.
2011;54:1219-26.

Shalini S, Dorstyn L, Dawar S, Kumar S. Old, new and emerging functions
of caspases. Cell Death Differ. 2015;22(4):526-39.

Strachan MW, Reynolds RM, Marioni RE, Price JF. Cognitive function,
dementia and type 2 diabetes mellitus in the elderly. Nat Rev Endocrinol.
2011,7(2):108-14.

Sulaiman D, Li J, Devarajan A, Cunningham CM, Li M, Fishbein GA, Fogel-
man AM, Eghbali M, Reddy ST. Paraoxonase 2 protects against acute
myocardial ischemia-reperfusion injury by modulating mitochondrial
function and oxidative stress via the PI3K/Akt/GSK-3( RISK pathway. J Mol
Cell Cardiol. 2019;129:154-64.



Yan et al. BMC Neurosci

38.

39.

40.

41.

42.

43.

44,

45.

(2020) 21:38

Sun J, XuY, Sun'S, SunY, Wang X. Intermittent high glucose enhances
cell proliferation and VEGF expression in retinal endothelial cells: the
role of mitochondrial reactive oxygen species. Mol Cell Biochem.
2010;343(1-2):27-35.

Tomlinson DR, Gardiner NJ. Glucose neurotoxicity. Nat Rev Neurosci.
2008;9:36-45.

Wang J, Yin H, Huang Y, Guo C, Xia C, Liu Q, Zhang L. Panax quinquefolius
saponin of stem and leaf attenuates intermittent high glucose-induced
oxidative stress injury in cultured human umbilical vein endothelial cells
via PI3K/Akt/GSK-3 B pathway. Evid Based Complement Alternat Med.
2013;2013:196283.

Wang K, et al. DSePA Antagonizes High Glucose-Induced Neurotoxicity:
Evidences for DNA Damage-Mediated p53 Phosphorylation and MAPKs
and AKT Pathways. Mol Neurobiol. 2015;53(7):4363-74.

Wang M, Yan W, Liu Y, Hu H, Sun Q, Chen X, Zang W, Chen L. Erythropoi-
etin ameliorates diabetes-associated cognitive dysfunction in vitro and
in vivo. Sci Rep. 2017;7(1):2801-11.

Wang X, Zhao L. Calycosin ameliorates diabetes-induced cognitive
impairments in rats by reducing oxidative stress via the PI3K/Akt/GSK-3p3
signaling pathway. Biochem Biophys Res Commun. 2016;473(2):428-34.
Xue B, Sun L, Li X, Wang X, Zhang Y, Mu'Y, Liang L. Ginsenoside Rb1
relieves glucose fluctuation-induced oxidative stress and apoptosis in
Schwann cells. Neural Regen Res. 2012;7(30):2340-6.

Yano H, Chao MV. Neurotrophin receptor structure and interactions.
Pharm Acta Helv. 2000;74(2-3):253-60.

46.

47.

48.

49.

Page 11 of 11

Yin G, Li LY, Qu M, Luo HB, Wang JZ, Zhou XW. Upregulation of AKT
attenuates amyloid-beta-induced cell apoptosis. J Alzheimer’s Dis.
2011;25:337-45.

Zeng F, Lu JJ, Zhou XF, Wang YJ. Roles of p75NTR in the pathogenesis

of Alzheimer’s disease: a novel therapeutic target. Biochem Pharmacol.
2011,82(10):1500-9.

Zhang WJ, Wei H, Hagen T, Frei B. Alpha-lipoic acid attenuates LPS-
induced inflammatory responses by activating the phosphoinositide
3-kinase/Akt signaling pathway. Proceed National Academy Sci United
States Am. 2007;104:4077-82.

Zhang T, Yu J, Huang Z, Wang G, Zhang R. Electroacupuncture improves
neurogenic bladder dysfunction through activation of NGF/TrkA signal-
ing in a rat model. J Cell Biochem. 2018;120(6):9900-5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	NGF receptors and PI3KAKT pathway involved in glucose fluctuation-induced damage to neurons and α-lipoic acid treatment
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results
	Determination of high glucose and ALA concentrations
	ALA treatment attenuated IHG-induced cell injury in PC12 cells
	ALA treatment inhibited IHG-induced apoptosis in PC12 cells
	Effects of ALA treatment on IHG-induced NGF receptors in PC12 cells
	ALA treatment altered the IHG-inhibited PI3KAKT pathway in PC12 cells
	NGF receptors and the PI3KAKT pathway involved in IHG-induced cell apoptosis and ALA protected this process

	Discussion
	Conclusions
	Methods
	Antibody report
	Cell culture and treatment
	MTT assay for cell viability
	Flow cytometry assay for apoptosis
	Western blot analysis
	Statistical analysis

	Acknowledgements
	References




