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Abstract

Acrylamide (ACR), formed during the Maillard reaction induced by high temperature in food processing, is one of
the main causes of neurodegenerative diseases. Taurine, a free intracellular 3-amino acid, is characterized by many
functions, including antioxidation, anti-inflammatory, and neuroprotective properties. This promotes its application in
the treatment of neurodegenerative diseases. In this study, the neuroprotective effects of taurine against ACR-induced
neurotoxicity and the potential underlying mechanisms were explored. Rats were intoxicated with ACR and injected
with taurine in different groups for totally 2 weeks between January and July 2017. Electron microscopic analysis was
used to observe the changes in tissues of the rats. Meanwhile, the levels of proteins including p-Akt, p-GSK3f3, SIM312,
and MBP were detected by Western blot. Furthermore, the GSK33 phosphorylation in taurine-treated dorsal root
ganglion (DRG) with ACR was examined in the presence of the Akt inhibitor, MK-2206. The analysis of behavioral
performances and electron micrographs indicated that taurine treatment significantly attenuated the toxic manifestations
induced by ACR and stimulated the growth of axons and the medullary sheath, which was associated with the activation
of the Akt/GSK3p signaling pathway. Mechanistically, it was found that taurine activated GSK3p, leading to significant
recovery of the damage in ACR-induced sciatic nerves. Furthermore, MK-2206, an inhibitor of Akt, was applied in DRG
cells, suggesting that taurine-induced GSK3[3 phosphorylation was Akt dependent. Our findings demonstrated that
taurine attenuated ACR-induced neuropathy in vivo, in an Akt/GSK3B-dependent manner. This confirmed the treatment
with taurine to be a novel strategy against ACR-induced neurotoxicity.
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humans. It has been proved that ACR does not only
impede the development of children, but also cause
birth defects including the digestive system, nerv-
ous system, and the immune system.® The obvious
symptoms of ACR-intoxicated rats include gait
disorders and impaired behavioral performance.’
Meanwhile, humans exposed to ACR display a
series of symptoms such as sweating hands, numb-
ness, peeling skin, and limb pain.? Therefore, fur-
ther studies on the recovery of nerve function
induced by taurine in ACR-treated rats are of great
significance.

Neurodegenerative diseases induced by ACR
have been demonstrated in the literature to be
mediated via the damage of axons and medullary
sheath in the peripheral nervous system.’!0 The
structural integrity of axons and the medullary
sheath are necessary for the function of the sciatic
nerve. It is verified by electron microscopy that
intravenous injection of calpeptin or nerve growth
factor contributes to the significant recovery of
ACR-intoxicated rats by repairing axons and the
medullary sheath. In this research, the authors
hypothesized that promoting the recovery of
injured neurons may be an effective way to attenu-
ate the neuropathy associated with ACR.

Taurine, 2-aminoethanesulfonic acid, as a free
intracellular 3-amino acid has been greatly applied
for the treatment of many neurodegenerative dis-
eases because of its neuroprotective properties.'! A
number of studies have suggested that the neuro-
protective effect of taurine observed in spiral gan-
glion neurons in vitro and the peripheral nervous
system plays a role in the regulation of various cel-
lular and tissue functions.'>»!3 They significantly
stimulate neurite outgrowth, including axons and
the medullary sheath.!# Furthermore, some studies
indicate that the anti-depressant-like effect of tau-
rine is attributed to the activation of the Akt—-cAMP
response element binding protein (CREB) signal-
ing pathway,!? and taurine treatment brings the
increase in myocardial Akt/protein kinase B (PKB)
phosphorylation. In this way, myocardial function
and heart oxidant status undergo improvement.!’
Akt, which is an important upstream regulator of
glycogen synthase kinase 33 (GSK3f), increases
the level of GSK3[3 phosphorylation, leading to its
inactivation. Boosting of the central nervous sys-
tem (CNS) axon regeneration may be achieved by
harnessing the antagonistic effects of the GSK3(3

activity.'® Moreover, small-molecule GSK3 inhibi-
tors have been shown to rescue apoptosis and neu-
rodegeneration in dorsal root ganglion (DRQG)
neurons injured by anesthetics.!” Thus, it was
assumed that the taurine-mediated stimulation of
the growth of axons and the medullary sheath
occurred through the activation of the Akt/GSK3(3
signaling pathway, acting against the ACR-induced
decrease in phosphorylated GSK3[3.

Methods
Chemicals

ACR (purity > 99%) was purchased from Glenview
(Naples, FL). Taurine, Akt, and p-Akt were
obtained from Sigma-Aldrich (St Louis, MO);
GSK3f and p-GSK3f3 were from Cell Signaling
Technology  (Sigma-Aldrich); glyceraldehyde
3-phosphate dehydrogenase (GAPDH) and B-actin
were from Santa Cruz Biotechnology (OR)
(Washington, USA).18:1 ACR was diluted in 0.9%
saline water for a final concentration of 5mg/mL
as adopted in many studies. The dosing volume for
the ACR solution was determined based on the
body weight of each animal.

Animal treatment and tissue preparation

In total, 40 adult male Sprague Dawley rats (210—
230g) were obtained from the Experimental
Animal Center of Dalian Medical University. From
January to July 2017, these rats were housed in
polycarbonate boxes, with sufficient food and
water, maintained in a 12-h light/dark cycle, with
temperature at 20°C—24°C and relative humidity at
50% in Dalian Medical University, China. The rats
were randomly divided into four groups (n=10 for
each group):

Group 1. Rats were regarded as control and
received normal food for 14 days.

Group I1. Rats were fed normal food and water
for 4 days and then injected with ACR (50 mg/kg
dry body weight bw/d, intragastrically (i.g.)) for
10days.

Group III. Rats received taurine (250mg/kg
bw/d, tail vein injection) for 4days and then
were co-treated with ACR (50 mg/kg bw/d i.g.)
for 10 days.
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Group IV. Rats received taurine (250mg/kg
bw/d, tail vein injection) for 14 days.

At the end of the treatment period, all the rats
were sacrificed by cervical dislocation. The sciatic
nerves were immediately dissected and frozen in
liquid nitrogen before being stored at —80°C for
further processing. All experiments complied with
the Animal Guideline of Dalian Medical University
and obtained approval from the Ethical Committee
of Dalian Medical University.

Electron microscopy

As reported previously,?*?? fixed sciatic nerve
samples were prepared by a series of processes,
including dehydration, embedment, and slicing
with an ultramicrotome. The specimens were
stained by lead citrate and uranyl acetate. The path-
ological changes in axon and medullary sheath
were observed using a transmission electron micro-
scope (H/7500; Hitachi, Tokyo, Japan).

Western blotting

Sciatic nerves were homogenized on ice using lysis
buffer for 5min and then centrifuged at 12,000 Xg
for 15min at 4°C. Afterwards, the protein concen-
tration of each supernatant was determined by ris-
tocetin-induced platelet agglutination (RIPA) of
Tissue Protein Extraction Reagent (Beyotime,
Shanghai, China). The tissue extracts were resolved
by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to polyvinylidene
difluoride membranes (Millipore, Haverhill, MA).
The membranes were incubated with the appropri-
ate primary antibodies overnight at 4°C: anti-Akt
(1:1000; Sigma-Aldrich), anti-p-Akt (ser-473)
(1:1000; Sigma-Aldrich), anti-SIM312 (1:500;
Sigma-Aldrich), anti-MBP  (1:500; Sigma-
Aldrich), anti-B-actin (1:500; Sigma-Aldrich), rab-
bit anti-GSK3B antibody (1:500; Abcam), rabbit
polyclonal anti-GSK3[ antibody (1:500; Abcam,
California, USA), and anti-GAPDH antibody
(1:1000; Sigma-Aldrich). Horseradish peroxidase—
conjugated secondary antibody was employed to
visualize immunoreactivity using enhanced chemi-
luminescence; UVP BioSpectrum Multispectral
Imaging System (Ultra-Violet) was used for densi-
tometric analysis.

DRG neuronal cultures

The DRG neurons were dissected from three adult
male rats. Briefly, DRG neurons were maintained
in Dulbecco’s modified Eagle’s medium with 0.3%
collagenase type IA (Sigma-Aldrich), 0.25% trypsin
acid (Thermo Fisher Scientific, New York, USA),
and then were mechanically dissociated.?>>> The
cells were supplemented with 10% fetal bovine
serum (Sigma-Aldrich) and 500 U/mL penicillin/
streptomycin (ZS-Bio, Shanghai, China) in poly-L-
ornithine-coated 96-well plates with 20 pg/mL
laminin (Sigma-Aldrich). Cells were grown at 37°C
in a humidified incubator with 5% CO,.

Statistical analysis

All results were represented as mean = standard
deviation. Statistical analysis was performed using
one-way analysis of variance, followed by the least
significant difference (LSD) test for the compari-
son of group differences. All tests were conducted
using SPSS 19.0 statistical software. The
P-values <0.05 were considered as statistically
significant.

Results

Body weight and clinical observations after
taurine treatment

Rats received normal food and water or taurine
(250 mg/kg bw/d, tail vein injection) for 4 days
and then were treated with ACR (50mg/kg dry
body weight bw/d i.g.) or co-treated with ACR
(50mg/kg bw/d i.g.) for another 10days. From
the beginning of taurine treatment, the body
weights of all the groups were measured every
2 days. As shown in Figure 1, the body weights of
the control and taurine control groups showed a
consistent increase, while ACR-intoxicated rats
showed an attenuated increase in body weight and
even lost weight during the last 4 days. The weight
of the taurine-treated rats increased more quickly
than that of ACR-intoxicated rats. On day 12, the
body weights of taurine-treated rats were signifi-
cantly higher (P<<0.05) than ACR-intoxicated
rats (Table 1).

Similar to the body weights, the behavioral per-
formance of rats in each group displayed the ben-
eficial influence of taurine. Rats treated with
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Figure 1. (a) Group assignments were drawn as a time sequence diagram. (b) Clinical performance of each group on day 14.
Control group: rats received normal feeding; ACR group: rats were received ACR (50 mg/kg/day i.p.); ACR + TAU group: rats were
pretreated with ACR (50 mg/kg/day i.p.) for 14 days and then administered TAU (250 mg/kg/day i.g.) for 14days; TAU group: rats
were treated with TAU (250 mg/kg/day i.g.) for 14 days. (c) A gait score was assigned in the range from | to 4, where |—a normal,
unaffected gait, 2—a slightly affected gait (tip-toe walking, slight ataxia, and hindlimb weakness), 3—a moderately affected gait
(obvious movement abnormalities characterized by dropped hocks and tail dragging), and 4—a severely affected gait (frank hindlimb
weakness and inability to rear).

2P < 0.05, compared with the ACR group.

Table |I. Effect of taurine (TAU) against acrylamide (ACR) on the body weight of rats.

Group Body weight

Day 0 Day 4 Day 8 Day 10 Day 12 Day 14
Control 289.45 + |5.66 295.34+18.23 312.66 =23.65 325.43+25.12 339.74+27.68 356.24 +30.93
TAU 282.36 + 16.86 29798+ 1778  31535*+21.43 330.24 =23.51 341.75+26.62 354.75+28.77
ACR 285.06 = 17.97 29484+ 16.08 28524+ 13.57  277.09 £10.04 265.78 +7.83 25445+ 6.73
ACR + TAU 281.25+ 16.24 29837+ 1624 30589 17.07 310.89 +20.46* 316.21 +22.40* 325.02 £25.13*

Data were shown as mean = S.E.M. There were 10 animals in each group at each time point to show the effect of taurine against ACR on body
weight after taurine treatment. Control group: rats received normal feeding for 14 days; ACR group: rats were fed normal food and water for 4 days
and then injected with ACR (50 mg/kg dry body weight bw/d i.g.) for 10days; ACR + TAU group: rats received taurine (250 mg/kg bw/d, tail vein
injection) for 4 days and co-treated with ACR (50 mg/kg bw/d i.g.) for 10days; and TAU group: rats received TAU (250 mg/kg/day i.g.) in the whole

process of animal treatment.

*P < 0.05 compared with the ACR group.

taurine alone presented healthy and quick reac-
tions, which exhibited no difference from normal
rats. In contrast, ACR-intoxicated rats exhibited
reduced activity and were anorexic and listless. In

addition, abnormal symptoms induced by ACR
intoxication also experienced a mitigation when
ACR-intoxicated rats were treated with taurine
(Figure 1).
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Figure 2. Taurine attenuates the damage to axons and the medullary sheath induced by ACR in vivo and in vitro. (a) Electron
microscopic analysis was performed in the spinal cord of rats and the representative images were shown. DRG was treated
with ACR (0.1 mM) or saline for 24 h and then with taurine (5mM) in the presence or absence of MK-2206 | h pretreatment for
additional 24 h. Expression of SIM312 (b) and MBP (c) were detected with Western blot.

2P < 0.05, compared with the control group; ®P<0.05, compared with the ACR group; <P <0.05, compared with the TAU + ACR group.

Taurine attenuates the damage to axons and
the medullary sheath induced by ACR in vivo
and in vitro

The results showed that the structures of the axons
and the medullary sheath were clearly visible in the
control and taurine-treated groups only. In myeli-
nated axons from the control group, a compact
lamellar sheath closely encompassed an axon, and
organized intermediate filaments completely filled
each axon. In contrast, structural abnormalities in
myelinated axons were clearly visible in samples
from the ACR-intoxicated group, as shown by
loosening of the myelin sheath and irregular wrin-
kling of axons, which was significantly mitigated
once the ACR-intoxicated rats were injected with

taurine (Figure 2(a)). Meanwhile, taurine simu-
lated the growth of axon and medullary sheath by
enhancing their protein. Our results indicated that
taurine significantly increased the levels of SIM312
and MBP reduced by ACR, which was blocked in
the presence of MK-2206 as shown in Figure 2(b)
and (c).

Taurine enhanced the level of Akt
phosphorylation in vivo and in vitro

To demonstrate whether taurine stimulated Akt phos-
phorylation, the phosphorylation status of Akt was
measured through immunoblot analyses. No signifi-
cant difference was observed between the control
and taurine-treated control groups, indicating that
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Figure 3. Effect of taurine on ACR-induced Akt activation in vivo and in vitro. (a) In the in vivo experiment, Akt and p-Akt levels
were detected with Western blot. (b) The effects of TAU on the levels of Akt and p-Akt in the spinal cord of ACR-intoxicated rats
were detected with Western blot and the density of blots was quantified. DRG was treated with ACR (0.1 mM) or saline for 24h

and then with or without taurine (5mM).

2P < 0.05, compared with the control group; ®P<0.05, compared with the ACR group.

taurine had no influence on the levels of phosphoryl-
ated Akt in control rats. Taurine enhanced the activa-
tion of Akt by stimulating its phosphorylation that
was inhibited in ACR-intoxicated rats, as shown in
Figure 3(a). Consistent with the influence induced by
taurine in vivo, it also stimulated the Akt signaling
pathway, even when performed after ACR intoxica-
tion as shown in Figure 3(b).

Taurine inhibited ACR-activated GSK38

The results of this study confirmed that ACR
increased the activation of GSK3 by reducing
the levels of phosphorylated GSK3[3, without the
impact on the total GSK3[ levels. By contrast,
taurine attenuated this phenomenon by increasing
the phosphorylation of GSK3, with no changes
in the total GSK3[3 levels, as shown in Figure 4(a).
No obvious differences between the levels of
phosphorylated GSK3@ and total GSK3f3 levels
were observed in the control and ACR-intoxicated
rats. Treatment with MK-2206, which is an inhibi-
tor of Akt, significantly mitigated the elevation of
phosphorylated GSK3 levels induced by taurine.
This demonstrated that the taurine-mediated
GSK3B phosphorylation was Akt dependent
(Figure 4(b)).

Discussion

This study demonstrated taurine treatment to be an
effective strategy for neuroprotection in a rat model
of ACR-induced neuropathy. The salient results of
this study are as follows: (1) taurine treatment
stimulated the growth of sample rats which was
inhibited by ACR; (2) taurine injection alleviated
the ACR-induced symptoms, indicating that ACR-
intoxicated rats could be cured by taurine; (3) tau-
rine protected the nerves by stimulating the growth
of axons and the medullary sheath in the sciatic
nerve that was damaged by ACR; (4) taurine
enhanced the level of Akt phosphorylation, which
was lowered by ACR; and (5) taurine-induced
GSK3 phosphorylation was Akt/GSK3[3 depend-
ent, resulting in the decreased GSK3f activation.
As a reactive water-soluble chemical, ACR
impairs the growth and leads to central-peripheral
distal axonopathy and myelinopathy in ACR-
intoxicated rats.?62® It was found that ACR-
intoxicated rats exhibited weight loss and
behavioral impairment compared with the control
group. This effect was attenuated once the rats
were treated with ACR, as shown in previous stud-
ies.2829 Toxin accumulation and neurodegenerative
diseases were caused by long exposure to ACR,3°
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Figure 4. Taurine enhanced the p-GSK3p level decreased by ACR in an Akt-dependent manner. (a) The effects of TAU on

the levels of p-GSK38 in the spinal cord of ACR-intoxicated rats were detected with Western blot and the density of blots was
quantified. (b) DRG was treated with ACR (0.1 mM) or saline for 24 h and then with taurine (5mM) in the presence or absence of
MK-2206 | h pretreatment for additional 24h. The p-GSK3p levels were detected with Western blot. GSK3[3 and p-GSK33 levels
were detected with Western blot in (a) (the in vivo experiment) and (b) (the in vitro experiment).

In (a), 2P <0.05, compared with the control group; P < 0.05, compared with the ACR group; P < 0.05, compared with the ACR + TAU group.

In (b), 2P < 0.05, compared with the control group; °P < 0.05, compared with the TAU group; <P < 0.05, compared with the TAU + MK-2206 group;
4P < 0.05, compared with the ACR group; °P < 0.05, compared with the ACR + MK-2206 group; fP < 0.05, compared with the ACR + TAU group.

suggesting the objectiveness and effectiveness of
our model. It has been shown that taurine can not
only repair the damage to optic nerve,3! but also be
applied for the treatment of several CNS diseases,
including Alzheimer’s disease and Parkinson’s dis-
ease.’? In contrast with the intoxicated group, tau-
rine promoted the gradual recovery of lost weight
and normal behavioral performance. This proved
that taurine treatment was successful in rats intoxi-
cated by ACR.

Based on previous studies, the damage to the
central and peripheral nervous systems induced
by ACR can cause axonal damage.?3 Moreover,
ACR has an impact on the nervous system, caus-
ing axonopathy and impairment of neurotrans-
mitter release, as shown by damaging the terminal
axon34 of the distal nerve. Due to its neurotrophic
effects and anti-neurotoxicity, taurine has gained
considerable attention for the treatment of neuro-
degenerative diseases.!#33 In this study, exposure
to ACR impaired the structure of axons and the
medullary sheath, which was attenuated by tau-
rine, leading to functional rescue of the nervous
system.

The Akt signaling pathway plays an important
role in cell survival.3¢ Thus, the phosphorylated

Akt levels were measured to determine whether the
Akt signaling pathway was involved in the neuro-
protection conferred by taurine. Notably, taurine
inhibited prenatal stress—decreased phosphoryla-
tion of Akt by activating the Akt-CREB-PGCla
pathway, which significantly improved cognitive
function.?’ Furthermore, the PI3K—Akt-Bad path-
way activated by taurine played a critical role in
protecting against myocardial toxicity due to doxo-
rubicin.’® Taurine treatment ameliorated myocar-
dial function through the increase of myocardial
Akt/PKB phosphorylation.’> In contrast, ACR
induced mitochondrial dysfunction and apoptosis
in BV-2 microglial cells by suppressing Akt activa-
tion, increasing JNK and p38 activation. This
posed an indirect proinflammatory influence.?®
This study established the protective effect of tau-
rine against the ACR-induced decrease in Akt acti-
vation by demonstrating the increased levels of
phosphorylated Akt.

Consistent with the Akt activation in taurine-
treated ACR-intoxicated rats, taurine also
increased the level of GSK3[3 phosphorylation in
the sciatic nerve. Previous studies have reported
that ACR inhibits neurogenesis through the acti-
vation of the GSK3f signaling pathway.** By
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comparison, taurine has been shown to exert an
antidepressant-like effect, influencing depres-
sion-related signaling cascades in the hippocam-
pus by altering the levels of phosphorylated
GSK3B.4! In addition, taurine has an impact on
various signaling pathways and the gene expres-
sion of many proteins, including those involved
in the Akt/PKB and PI3K/Akt signaling path-
ways, especially GSK3B phosphorylation.*> In
our study, taurine significantly decreased the acti-
vation of GSK33, as shown by the increased lev-
els of GSK3f phosphorylation which was reduced
by taurine.

Recent studies have determined GSK3 to be an
important factor in axon formation, by utilizing
pharmacological approaches.*> And GSK38 inhib-
itor was proved to be able to stimulate the growth
of axons and upregulate the expression of myelin
genes.** Maslinic acid facilitated axonal regenera-
tion by regulating the Akt/GSK3[ signaling path-
way to provide neuroprotection in an animal model
of middle cerebral artery occlusion.> What is
more, the PI3K-GSK3f signaling pathway was
involved in sensory axon regeneration, as shown
by the increased level of GSK3[3 phosphorylation
that was validated by an acute depletion of Smad1.4¢
Since many microtubule-associated proteins
(MAPs) including MAP1B are regarded as GSK3(3
substrates, GSK3 is an important regulator of
neuronal microtubules.*’# Consistent with the
decrease in GSK3[ phosphorylation, the phospho-
rylation of MAP1B induced by GSK3[3 decreased
its affinity for microtubules and enhanced its
microtubule-stabilizing ability.4%-50

In summary, this study provides compelling
evidence for the significant role of taurine treat-
ment in attenuating the damage to axons and the
medullary sheath induced by ACR in the sciatic
nerve in an Akt/GSK3B-dependent manner. The
taurine-mediated recovery of nerve function
following the onset of neuronal damage proved
that taurine treatment could be a novel candi-
date to cure ACR-induced neuropathy. It was
believed that our results could pave the way for
new approaches in the clinical treatment of
nerve injuries and establish the molecular mech-
anism underlying the neuroprotective effect of
taurine.
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