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Abstract

Peripheral sensory neuropathy (PSN) is a well-known side effect of cisplatin characterized by axonal damage. In the early stage
of neurotoxicity, cisplatin affects proteins that modulate neurite outgrowth and neuroplasticity, without inducing mitochondrial
damage or apoptosis. There are no preventive therapies for cisplatin-induced peripheral neuropathy; therefore, measures to
improve axonal growth and connectivity would be beneficial. Caffeic acid phenethyl ester (CAPE) is a bioactive component
of propolis with neurotrophic and neuroprotective activities. We have recently showed that CAPE protects against cisplatin-
induced neurotoxicity by activating NGF high-affinity receptors (trkA) and inducing neuroplasticity. We have now assessed other
potential early targets of cisplatin and additional mechanisms involved in the neuroprotection of CAPE. Cisplatin reduced axonal
cytoskeletal proteins (F-actin and 3-III-tubulin) without inducing oxidative damage in PC12 cells. It also reduced energy-related
proteins (AMPK «, p-AMPK «, and SIRT1) and glucose uptake. At this stage of neurotoxicity, glutamate excitotoxicity is not
involved in the toxicity of cisplatin. CAPE attenuated the downregulation of the cytoskeleton and energy-related markers as well
as SIRT1 and phosphorylated AMPK . Moreover, the neuroprotective mechanism of CAPE also involves the activation of the
neurotrophic signaling pathways MAPK/Erk and PI3k/Akt. The PI3K/Akt pathway is involved in the upregulation of SIRT1
induced by CAPE, but not in the upregulation of cytoskeletal proteins. Altogether, these findings suggest that the neuroprotective
effect of CAPE against cisplatin-induced neurotoxicity involves both (a) a neurotrophic mechanism that mimics the mechanism
triggered by the NGF itself and (b) a non-neurotrophic mechanism that upregulates the cytoskeletal proteins.
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Introduction

Cisplatin is an effective chemotherapeutic drug used for
the treatment of several types of cancer; however, it in-
duces several toxicities, with neurotoxicity being the major
dose-limiting side effect. Cisplatin induces a distal dose-

< Antonio Cardozo dos Santos
acsantos @ fcfrp.usp.br

Department of Clinical Analyses, Toxicology and Food Sciences,
School of Pharmaceutical Sciences of Ribeirdo Preto, University of
Sao Paulo, Ribeirdo Preto, SP, Brazil

Department of Pharmacology and Physiology, Drexel University
College of Medicine, Philadelphia, PA, USA

dependent symmetrical sensory neuropathy that affects
30-40% of patients who complete a full course of chemo-
therapy and is associated with cumulative doses of 350 mg/
m? (Johnson et al. 2015; Shirmanova et al. 2017; Kanat
et al. 2003). The sensory symptoms have a “stocking and
glove” distribution characterized by sensory loss, numb-
ness, tingling, or paresthesia in fingers and/or toes and
decreased distal vibratory sensitivity (Argyriou et al.
2012; Park et al. 2008). These symptoms may persist for
several months and can progressively worsen over time,
even after the treatment has ended, a phenomenon called
“coasting” (Siegal and Haim 1990). Long-term neuropathy
lowers the quality of life of many cancer patients and leads
to discontinuation of treatment resulting in suboptimal can-
cer treatment (Areti et al. 2014).
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Post-mortem analyses of the neural tissue of chemotherapy
patients have revealed the accumulation of cisplatin in the sen-
sory neurons of the dorsal root ganglion and in the peripheral
sensory nerves. Such accumulation seems to remain indefinitely
as actively toxic, which is consistent with the coasting phenom-
enon. The brain and the spinal cord are protected from the accu-
mulation of cisplatin by the presence of the blood-brain barrier
(Gregg et al. 1992); however, there is growing evidence that
CNS metastases cause BBB disruption favoring the passage of
drugs into the CNS (Inno et al. 2016). The main mechanism
associated with cisplatin-induced neurotoxicity is the formation
of platinum adducts in the nuclear and mitochondrial DNA of
primary sensory neurons, causing their death by apoptosis
(McDonald et al. 2005; Podratz et al. 2011). However, it might
also be associated with mechanisms not directly related to DNA
damage. The pathogenesis of peripheral neuropathy is related to
a retrograde axonal degeneration that might progress to neuronal
apoptosis (Asbury 1987; Krarup-Hansen et al. 2007). In fact, one
of the most important signs in the early stages of neuronal apo-
ptosis is neurite retraction (Sadri et al. 2010). Nevertheless, the
precise mechanism underlying cisplatin-induced neurotoxicity is
not known (Starobova and Vetter 2017). At the later stages, the
cell body and axons might be irreversibly lost; however, at the
earlier stages, the cell body has not been damaged yet, and the
axonal degeneration could be reversible by discontinuation of
treatment or even regenerated (Asbury 1987). Studies have pro-
posed the exogenous administration of neurotrophic factors as a
strategy to protect injured neurons and stimulate axonal regener-
ation in both the central and peripheral nervous systems
(Lykissas et al. 2007). Based on this premise, we have previously
demonstrated the neurotrophic and neuroprotective activities of
caffeic acid phenethyl ester (CAPE) against the axonal damage
induced by cisplatin in PC12 cells, a model of sympathetic neu-
rons responsive to NGF. The study showed that CAPE induces
neuroplasticity through activation of NGF high-affinity receptors
(trkA) and upregulation of axonal proteins related to neurite out-
growth and synaptic communication (Ferreira et al. 2017).
Therefore, we have now assessed the involvement of the two
main cascades activated by trkA receptors (MAPK/Erk and
PI3k/Akt pathways) in the mechanism of neuroprotection of
CAPE. Besides that, we evaluated the effects of CAPE and/or
cisplatin on other targets that have been associated with the pa-
thology of the peripheral nervous system, such as cytoskeleton,
bioenergetics, oxidative status, and glutamate uptake (Carozzi
and Ceresa 2012; Stevens et al. 2000; Prior et al. 2017).

Materials and Methods
Chemicals

High-purity reagents (analytical-grade minimum) were ob-
tained from Sigma-Aldrich® (St. Louis, MO, USA), unless
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differently stated. Cell culture media were purchased from
Invitrogen (Carlsbad, CA). Reagents for Western blot analy-
ses were obtained from Bio-Rad Laboratories, Inc. (Hercules,
CA, USA). Radiolabeled substrates, deoxy-D-glucose
2-[1,2°’H(N)] (1.0 uCi), L-[*H]-glutamate (51.1 Ci/mmol),
liquid scintillation cocktail (Ultima Gold™), and aqueous-
based solubilizer (SOLVABLE™) were purchased from
PerkinElmer (Boston, MA, USA). DL-TBOA (DL-threo-be-
ta-benzyloxyaspartate) was purchased from Tocris (Bristol,
UK). Transfection reagent TransIT-LT1 was from Mirus Bio
LCC (Madison, WI). The solutions were prepared with ultra-
pure water (type I) purified in a Milli-Q gradient system
(Millipore, Bedford, USA). The stock solution of cisplatin
(3.3 mM) was prepared in 0.9% saline solution, and the stock
solution of CAPE (100 mM) was prepared in DMSO and
stored in a freezer (— 20 °C).

Cell Cultures

All the assays, except for the glutamate uptake assays, were
performed in PC12 cells. The glutamate assays were per-
formed in transfected COS-7 cells, transfected HEK cells,
and glial cells, which naturally express the glutamate trans-
porters EAATS.

PC12 Cells

PC12 cells were obtained from the American Type Culture
Collection (ATCC, Rockville, MD) and were cultured in
75 ecm? culture flasks at 37 °C under a humidified atmosphere
containing 5% CO, and 95% air. The growth medium was
Dulbecco’s Modified Eagle’s Medium (DMEM; GIBCO®)
supplemented with 10% heat-inactivated horse serum
(GIBCO®), 5% heat-inactivated fetal bovine serum (FBS;
GIBCO®), and 1% antibiotic mixture (5 mg/mL penicillin,
5 mg/mL streptomycin, and 10 mg/mL neomycin, PNS
GIBCO®). Medium was renewed every 3 days. For cell har-
vesting, the medium was removed and the cells were detached
with trypsin/EDTA solution (GIBCO®). Trypsin was
inactivated by the addition of supplemented medium; after
centrifugation (1000 rpm, 5 min), the cells were suspended
in the growth medium and plated at the appropriate density of
each assay.

For differentiation assays, the growth medium was re-
placed by the differentiation medium composed of F-12K
Nutrient Mixture Kaighn’s Modification (GIBCO®) supple-
mented with 1% horse serum and 1% antibiotic mixture (pen-
icillin/neomycin/streptomycin, PNS, GIBCO®).

COS-7 Cells

COS-7 cells (American Type Culture Collection (ATCC),
Manassas, VA 20110, USA) were cultured in 150 cm? flasks
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in Dulbecco’s Modified Eagle’s Medium (Invitrogen Life
Technologies, Carlsbad, CA, USA) containing 10% fetal bo-
vine serum, 100 units/mL of penicillin, and 100 pg/mL of
streptomycin in a humidified incubator with 5% CO, at
37 °C. Upon reaching confluence, the media was aspirated
and the cells were rinsed with PBS prior to the incubation with
trypsin (for 15 min at 37 °C). Fresh DMEM was added to
inactivate the trypsin, and, then, the cell suspension was split
1:2 in 150 cm? flasks and incubated (37 °C, 5% CO,) until the
assays.

HEK Cells

HEK cells stably transfected with EAAT?2 (kindly provided for
Susan G. Amara, Pittsburgh) were cultured at 37 °C in 150 cm’
flasks in Dulbecco’s Modified Eagle’s Medium (Invitrogen Life
Technologies, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum, penicillin (100 units/mL), streptomycin (100 pg/
mL), and hygromycin (100 pg/mL) in a humidified atmosphere
with 5% CO,. Upon reaching confluence, the media was aspi-
rated and the cells were washed with PBS and trypsinized for
15 min at 37 °C. Fresh DMEM was added to the flasks to
inactivate the trypsin, and, then, the cell suspension was split
(1:2) and incubated until the assays.

Glial Cells

All animal experiments were treated according to the guide-
lines for the use of animals in research approved by the Drexel
University Institutional Animal Care and Use Committee
(IAUCUC) and are in agreement with the US Public Health
Service Policy on Humana Care and Use of Laboratory
Animals. Glia was prepared and cultured according to a pre-
vious study (Shimizu et al. 2011), with modifications. Briefly,
cerebral cortices from 2- to 4-day-old Holtzman rat pups were
dissected under sterile conditions and placed in 60 mm dishes
containing dissection medium (in mM: 16 glucose, 22 su-
crose, 135 NaCl, 5 KCI1, 1 Na,HPOy4, 0.22 KH,PO4, 10
HEPES, pH 7.4, osmolarity 310 + 10 mOsm). Tissue was
minced with curved scissors and digested in 0.25% trypsin
for 15 min. Trypsin activity was ended by transferring tissue
pieces to another vial with dissection medium. Tissue was
then repeatedly aspirated/dispensed with a serological pipette
until dissociation, centrifuged for 15 min at 280 g, resuspend-
ed in glia plating medium (90% DMEM, 10% FBS, and
50 pg/mL gentamicin), transferred to culture 150 cm? flasks,
and incubated at 37 °C (5-10% CO,) for 10 days before plat-
ing in 96-well plates.

Working Concentrations of Cisplatin and CAPE

The working solution of cisplatin (5 pM) was prepared in
saline solution, and the working solution of CAPE (10 uM)

was prepared in the differentiation medium (F-12K Nutrient
Mixture Kaighn’s Modification supplemented with 1% horse
serum) immediately before the assays. The concentrations
were determined in our previous studies (Ferreira et al.
2016; Ferreira et al. 2017).

Inhibition of NGF Signaling Pathways (P13k/Akt
and MAPK/Erk)

PC12 cells (2.0 x 10° cells/well) were seeded in 24-well plates
coated with poly-L-lysine (Sigma-Aldrich®, St. Louis, MO,
USA) and incubated for 24 h at 37 °C for adhesion. Then, the
medium was replaced by the differentiation medium. The cells
were pretreated for 1 h with one of the following inhibitors:
30 uM LY294002 (blocks PI3k/Akt pathway) or 10 uM
U0126 (blocks MAPK/Erk pathway). Then, the cells were
incubated (37 °C, 72 h), with one of the following additions:
NGF 100 ng/mL or CAPE 10 uM. Untreated cells were used
as controls. The neurite outgrowth was assessed by inverted-
phase contrast microscopy (Carl Zeiss Axio Observer Al
inverted microscope, 400% magnification). Phase-contrast
photomicrographs of four fields per well were taken after in-
cubation for 72 h. The percentage of cells with neurites was
determined in the digitalized images by using the Imagel
open-source software (Rasband 1997-2018). Only those cells
with at least one neurite with a length equal to or greater than
the diameter of the cell body were considered differentiated
(Das et al. 2004).

Western Blot Analysis (F-Actin, g-1ll-Tubulin, SIRT 1,
AMPK a, and p-AMPK a)

Preparation of Cell Lysate

For determination of F-actin and (-III-tubulin, PC12 cells
(2 x 10° cells/well) were seeded in 24-well, poly-L-lysine-
coated microplates, whereas for determination of SIRT 1,
AMPK «, and p-AMPK o, PCI2 cells (5 x 10° cells/well)
were seeded in 12-well, poly-L-lysine-coated microplates. In
both cases, the cells were incubated for 24 h at 37 °C for
adhesion. Then, the growth medium was replaced by the dif-
ferentiation medium. The cells were incubated (37 °C, 72 h)
with one of the following additions: NGF 100 ng/mL, CIS
5 uM + NGF 100 ng/mL, CAPE 10 uM, or CAPE 10 uM +
CIS 5 uM + NGF 100 ng/mL. Untreated cells were used as
controls. After the treatment, the cells were detached with
trypsin, transferred to centrifuge microtubes, and centrifuged
(1000 rpm, 5 min, 4 °C). The supernatant was discarded, and
the cell pellet was suspended in 40 pL CelLytic lysis buffer
(Sigma-Aldrich®, St. Louis, MO, USA) containing 1:200
Protease Inhibitor Cocktail and 1% Phosphatase Inhibitor
Cocktail. The lysis procedure was performed with tubes
placed on ice to reduce the activity of proteases. After
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10 min, the cell lysate was centrifuged at 12,000 rpm for
10 min at 4 °C and the supernatant was stored in freezer (—
80 °C) until the assays. Cell lysate (10 uL) was assayed for t
protein content by the Bradford’s method.

Determination of Protein in Cell Lysate (Bradford)

The Protein Assay Dye Reagent (Bio-Rad) was used accord-
ing to the manufacturer’s instructions. Lysates and color re-
agent were diluted with water (1:5), and a calibration curve of
BSA (40, 100, 200, and 400 pg/mL) was assayed. The absor-
bance (595 nm) was determined in a microplate reader
(Multiskan FC, Thermo Scientific). The concentration of pro-
tein was calculated based on the calibration curve and multi-
plied by the dilution factor (5).

SDS-Polyacrylamide Gel Electrophoresis and Transfer

Samples were added to an equal volume of Laemmli sample
buffer (65.8 mM Tris, pH 6.8, 26.3% glycerol, 2.1% SDS,
0.01% bromophenol blue, 5% [3-mercaptoethanol) and heated
to 98 °C for 5 min. Aliquots of 25 pL containing 10 pg total
protein were applied to 10% polyacrylamide gel (10 wells)
and separated by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) (1 h, 160 V, Tris/glycine/SDS buffer).

Proteins were transferred to nitrocellulose membranes (1 h,
0.37 A, Tris/glycine buffer).

Blocking and Incubation with Antibodies

Membranes were blocked (30 min, room temperature,
300 rpm) with 5% non-fat milk or 5% BSA in Tween 20/
TBS buffer (TTBS). Membranes were incubated with the fol-
lowing primary antibodies: mouse anti-F-actin (1:100) or rab-
bit anti-3-III-tubulin (1:1000), both obtained from Abcam
(Cambridge, MA, USA), or rabbit anti-SIRT 1 (1:1000), rab-
bit anti-AMPK « (1:500), or rabbit anti-FOSFO-AMPK «
(1:500), obtained from Sigma-Aldrich® (St. Louis, MO,
USA), overnight, at 4 °C, 300 rpm. Then, the membranes
were washed with TTBS and incubated (1 h, room tempera-
ture, 300 rpm) with the secondary antibody conjugated with
horseradish peroxidase (anti-mouse IgM or anti-rabbit IgG;
HRP 1:20,000). The membranes were washed with TTBS
and TBS and treated with 3 mL of chemiluminescence en-
hancer detection reagent (1:1). Images were captured by using
ChemiDoc system (Bio-Rad Laboratories, Inc., Hercules, CA,
USA). Quantitation was performed on the images based on
the optical densitometry (OD) of the bands by using the
Image] open-source software (Rasband 1997-2018). Finally,
the membranes were stripped (2% SDS, 62.5 mM Tris pH 6.8
and 100 mM mercaptoethanol) and reprobed for loading con-
trol (anti-f-actin 1:3000). OD values of the test protein bands
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were divided by the OD values of the loading control for result
normalization (L'Episcopo et al. 2011).

Glucose Uptake

PC12 cells were seeded in 12-well plates coated with poly-L-
lysine (Sigma-Aldrich®, St. Louis, MO, USA) at a density of
1.0 x 10° cells/well and incubated for 24 h, at 37 °C for adhe-
sion. Cells were treated with one of the following additions:
CIS 5 uM, CAPE 10 uM, or CIS 5 uM + CAPE 10 uM and
incubated for 72 h (37 °C 5% CO,). Untreated cells were used
as controls. Then, the medium was removed, the wells were
washed twice with PBS (phosphate-buffered saline), followed
by the addition of 1 mL of glucose-free DMEM (GIBCO®).
For positive controls, the cells were incubated (1 h/37 °C) with
cytochalasin B (10 uM; Sigma-Aldrich®, St. Louis, MO,
USA), a potent inhibitor of glucose transport (Ebstensen and
Plagemann 1972). Then, all the groups were incubated with a
solution containing 1.0 pCi 2-[1,2-*H(N)] deoxy-D-glucose
and unlabeled glucose (50 uM), for 30 min at 37 °C. The
solution was removed, the cells were washed with PBS (3x),
lysed with 200 uL. of SOLVABLE™ (PerkinElmer; Boston,
MA, USA) for 10 min, followed by the addition of 1 mL
scintillation cocktail Ultima Gold™ (PerkinElmer; Boston,
MA, USA). The homogenized cell suspension of each well
was transferred to microtubes. The scintillation was deter-
mined in a Microbeta 1450 LSC Luminescence Counter
(PerkinElmer, Waltham, MA), and the results were expressed
as counts per minute (CPM) (Abdul Muneer et al. 2011).

Measurement of Intracellular ROS Generation

The levels of intracellular reactive oxygen species (ROS)
were determined by using the dichloro-dihydro-
fluorescein diacetate (DCFH-DA) assay, modified from a
previous study (Liu et al. 2013). Briefly, PC12 cells were
seeded into 96-well plates (1.0 x 10° cells/well) coated
with poly-L-lysine (Sigma-Aldrich®, St. Louis, MO,
USA) and incubated for 24 h for adhesion. Then, the
medium was replaced by serum-free F-12K Nutrient
Mixture Kaighn’s Modification (GIBCO®) and the cells
were incubated with 100 uM DFCH-DA (30 min/37 °C).
After the incubation, the medium was removed, the cells
were washed twice with PBS, following addition of
300 uM H,0,, 5 uM CIS, 10 uM CAPE, or 5 uM
CIS+10 uM CAPE (72 h, 37 °C). The medium was re-
moved again, and the cells were washed twice with PBS
and lysed with 50 uL SOLVABLE™ (PerkinElmer;
Boston, MA, USA). The homogenized cell suspension
was transferred to black 96-well plates, and the fluores-
cence intensity was determined at 485 nm (excitation)/
520 nm (emission).
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Transient Transfection and Glutamate Uptake
in COS-7 Cells

COS-7 cells were maintained in DMEM containing 10%
fetal bovine serum, penicillin (100 units/mL) and strepto-
mycin (100 pg/mL) in a humidified atmosphere with 5%
CO, at 37 °C. Cells were transfected transiently with
cDNAs of excitatory amino acid transporter (EAAT2) or
with empty vector pPCMV-5 (to obtain the background).
For glutamate uptake assays, subconfluent COS-7 cells
were seeded (5.0 x 10* cells/well) in 24-well tissue culture
plates and transfected with 0.5 pg of plasmid DNA per
well using TransIT-|LT1 transfection reagent (Mirus Bio

Fig. 1 Effects of the inhibitor of
the PI3K/Akt pathway
(LY294002) on the differentiation
of PC12 cells exposed to cisplatin
and/or CAPE. PC12 cells were
pretreated with LY294002

(30 uM) for 1 h and then treated
with 100 ng/mL NGF, 5 uM cis-
platin, and/or 10 uM CAPE.
Inverted phase-contrast photomi-
crographs of (a) controls (un-
treated cells); (b) inhibitor
LY294002 30 uM; (¢) NGF

100 ng/mL; (d) NGF +
LY294002; (e) CAPE 10 uM; ()
CAPE + LY294002; (g) CIS; (h)
CIS + CAPE; and (i) CIS +
CAPE + LY294002 after incuba-
tion for 72 h. The number of cells
with at least one neurite with the
length equal to or higher than the
cell body is expressed as percent-
age of the total cells in the field.
Bars represent mean = SEM of
three different experiments per-
formed in triplicates.
“Significantly different from the
untreated control group

(p <0.05); *significantly different
from the respective control with-
out inhibitor (p < 0.05); *signifi-
cantly different from the cisplatin
group (p <0.05)
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LLC). One day after transfection, the cells were incubated
with different concentrations of cisplatin (0.48, 2.4, 12, 60,
and 300 uM) for 30 min. Then, the media was removed
and the cells were washed with 0.3 mL of PBS-CM (PBS
plus I mM CaCl, and 0.1 mM MgCl,). The uptake was
initiated by the addition of 50 nM L-[*H]-glutamate.
Reactions were allowed to occur for 10 min, the cells were
washed with PBS-CM twice, and, then, lysis buffer (1%
SDS, 0.1 N NaOH) was added to the wells. Plates were
placed on a plate rocker for 20 min, and cell homogenates
were transferred to scintillation vials containing 3 mL of
scintillation fluid. Radioactivity was quantified in a scin-
tillation counter LS 6500 (Beckman Coulter, Brea, CA).
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Fig. 2 Effects of the inhibitor of
the MAPK/Erk pathway (U0126)
on the differentiation of PC12
cells exposed to cisplatin and/or
CAPE. PC12 cells were
pretreated with U0126 (10 uM)
for 1 h and then treated with

100 ng/mL NGF, 5 uM cisplatin,
and/or 10 uM CAPE. Inverted
phase-contrast photomicrographs
of (a) controls (untreated cells);
(b) U0126 10 uM; (¢) NGF

100 ng/mL; (d) NGF + U0126;
(e) CAPE 10 uM; (f) CAPE +
U0126; (g) CIS; (h) CIS + CAPE;
and (i) CIS + CAPE + U0126 af-
ter incubation for 72 h. The num-
ber of cells with at least one
neurite with the length equal to or
higher than the cell body is
expressed as percentage of the
total cells in the field. Bars repre-
sent mean + SEM of three differ-
ent experiments performed in
triplicates. “Significantly different
from the untreated control group
(p <0.05); *significantly different
from the respective control with-
out inhibitor (p < 0.05); “signifi-
cantly different from the cisplatin
group (p <0.05)

-
o

o

Glutamate Uptake in Transfected HEK Cells—Stable
Transfection

Subconfluent HEK cells were plated (5.0 % 10* cells/well) in 24-
well tissue culture plates and incubated for 24 h at 37 °C for
adhesion. MDCK-naive cells were used as controls (non-
transfected; do not express EAAT?2). Cells were incubated with
different concentrations of cisplatin (0.48, 2.4, 12, 60, and
300 uM) for 24, 48, and 72 h. After incubation, the medium
was removed and the cells were washed with 0.3 mL of PBS-
CM (PBS with the addition of 1 mM CaCl, + 0.1 mM MgCl,).
Uptake reactions were initiated by the addition of 50 nM L-[*H]-
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glutamate. Reactions were allowed to occur for 10 min, and,
then, the cells were washed with PBS-CM twice and lysed (1%
SDS, 0.1 N NaOH). Plates were gently mixed on a plate rocker
for 20 min, and, then, the cell homogenate was transferred to
scintillation vials containing 3 mL of scintillation cocktail. The
radioactivity was quantified in a scintillation counter MicroBeta
Wallac 1450 (PerkinElmer).

Glutamate Uptake Assays in Glial Cells

The glial cells were cultured in DMEM containing 10% FBS
and 50 pg/mL gentamicin (humidified atmosphere, 5% CO,,



Neurotox Res (2019) 36:175-192

181

Fig. 3 Effects of the combined
treatment with the inhibitors of
the MAPK/Erk pathway (U0126)
and PI3K/Akt pathway
(LY294002) on the differentiation
of PC12 cells exposed to cisplatin
and/or CAPE. PC12 cells were
pretreated with U0126 (10 uM)
and LY294002 (30 uM) for 1 h
and then treated with 100 ng/mL
NGF, 5 uM cisplatin, and/or

10 uM CAPE. Inverted phase-
contrast photomicrographs of (a)
controls (untreated cells); (b)
U0126 10 uM +LY294002; (¢c)
NGF 100 ng/mL; (d) NGF +
U0126 + LY294002; (e) CAPE
10 uM; () CAPE + U0126 +
LY294002; (g) CIS; (h) CIS +
CAPE; and (i) CIS+ CAPE +
U0126 + LY294002 after incuba-
tion for 48 h. The combined use
of both inhibitors caused cell
death when cells were incubated
for 72 h. The number of cells with
at least one neurite with the length
equal to or higher than the cell
body is expressed as percentage
of the total cells in the field. Bars
represent mean + SEM of three
different experiments performed
in triplicates. “Significantly dif-
ferent from the untreated control
group (p < 0.05); *significantly
different from the respective con-
trol without inhibitors (p < 0.05);
&significantly different from the
cisplatin group (p < 0.05)
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37 °C). After growth for 10 days, the cells were detached with
0.05% trypsin, centrifuged, and plated (10* cells/well) in poly-
lysine-coated 96-well plates. Plates were cultured for 14 days,
with media changed at the 7th day before the uptake assays
were performed. After 14 days, glia cells were incubated with
different concentrations of cisplatin (3, 30, and 300 uM) for
30 min, 12, 24, 48, and 72 h. Then, the wells were washed
with PBS-CM in an ELX50 Biotek microplate washer
(Winooski, VI, USA). Uptake assays were initiated by the
addition of 50 nM L- [3H]-g1utarnate, and incubation was car-
ried on for 10 min at room temperature. Nonspecific uptake

was obtained in the presence of 10 uM DL-TBOA, a potent
blocker of excitatory amino acid transporters. The plates were
washed twice with PBS-CM, and, then, 100 uL of scintillation
cocktail was added to each well. The radioactivity was count-
ed in a microplate scintillation and luminescence counter
MicroBeta Wallac 1450 (PerkinElmer).

Statistical Analysis

Data were expressed as means =+ standard error of mean
(SEM). Statistical analyses were carried out by using one-
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way ANOVA (analysis of variance) for multiple comparisons,
followed by the Bonferroni’s post-test (GraphPad Prism
Software, version 5.0 for Windows, San Diego, California,
USA). Values of p<0.05 were considered significant.
Experiments were repeated three times using cells from dif-
ferent cultures. The experiments of each day were performed
in triplicates. Cisplatin groups were compared with untreated
controls to evaluate the neurotoxic effects, whereas Cisplatin
plus CAPE groups were compared with Cisplatin groups to
evaluate the neuroprotection of CAPE. In order to evaluate the
intrinsic effects of CAPE, CAPE alone was compared with the
untreated controls.

Results

LY294002 (Blocker of PI3K/Akt Pathway) Inhibited
the Cellular Differentiation Induced by CAPE in PC12
Cells and the Neuroprotective Effect of CAPE in Cells
Treated with Cisplatin

The percentage of differentiated cells was higher in the groups
treated with NGF 100 ng/mL or CAPE 10 uM in comparison
with the untreated controls. In the groups NGF + L'Y294002
and CAPE + LY294002, the neuritogenic effect was inhibited
in comparison to the NGF and CAPE groups, respectively.
Cisplatin decreased the differentiation in NGF-stimulated
cells whereas CAPE increased the differentiation of cells treat-
ed with cisplatin. Pretreatment with LY294002 abolished the
neuroprotective effect of CAPE in cells treated with cisplatin.
No significant differences were observed in the percentage of

Fig. 4 Intrinsic effects of CAPE a
on the expression of cytoskeleton
proteins (F-actin and (3-1II-
tubulin) in PC12 cells. (a)
Western blot bands. (b—¢) Bar
graphs of the normalized optical

F-actin

Control

differentiated cells in the group treated with LY294002 in
comparison with the untreated controls (Fig. 1).

U0126 (Blocker of MAPK/Erk Pathway) Inhibited

the Cellular Differentiation Induced by CAPE in PC12
Cells and the Neuroprotective Effect of CAPE in Cells
Treated with Cisplatin

The percentage of differentiated cells was higher in the groups
treated with NGF or CAPE in comparison with the untreated
controls. In the groups NGF +U0126 and CAPE +U0126,
neuritogenesis was lower than in the groups NGF and
CAPE, respectively. Cisplatin decreased the differentiation
in NGF-stimulated cells whereas CAPE increased the differ-
entiation of cells treated with cisplatin. Pretreatment with
U0126 abolished the neuroprotective effect of CAPE against
the inhibitory effect of cisplatin on neuritogenesis. No signif-
icant differences were observed in the percentage of differen-
tiated cells in the group treated with U0126 in comparison
with the untreated controls (Fig. 2).

The Combination of Both Blockers U0126

and LY294002 Inhibited the Cellular Differentiation
Induced by CAPE in PC12 Cells

and the Neuroprotective Effect of CAPE in Cells
Treated with Cisplatin

The effects observed with the simultaneous inhibition of both
pathways, PI3K/Akt and MAPK/Erk, were similar to those of
each inhibitor separately; that is decreased differentiation in-
duced by CAPE and decreased protective effect of CAPE

NGF CAPE

densities (OD) of (b) F-actin and B-111-Tubulin

(c) B-1I-tubulin. Additions: NGF

100 ng/mL and CAPE 10 uM.

Bars represent means = SEM of p-actin
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against the inhibitory effect of cisplatin (Fig. 3). However, cell
death was observed when cells were incubated for periods
longer than 48 h. Therefore, this assay was performed with
cells incubated for 48 h, while all the other differentiation
assays were performed with incubation for 72 h.

CAPE Alone Increased the Expression

of the Cytoskeletal Proteins, F-Actin and f-1lI-Tubulin,
and Protected Cells Against the Decrease Induced

by Cisplatin in Both Proteins

CAPE (10 uM) increased the expression of F-actin and 3-111-
tubulin in non-NGF-stimulated PC12 cells in relation to un-
treated controls. NGF did not have any effect on the expres-
sion of both proteins in comparison with the untreated cells
(Fig. 4).

CIS (5 uM) reduced the expression of F-actin and (3-III-
tubulin in NGF-treated cells, in comparison with the controls
(treated with NGF), whereas CAPE 10 uM abolished the in-
hibition induced by cisplatin on the expression of both pro-
teins, restoring the levels of controls (Fig. 5).

The Inhibition of PI3K/Akt or MAPK/Erk Pathway Did
Not Alter the Expression of Cytoskeletal Proteins
Induced by CAPE in PC12 Cells Treated or Not

with Cisplatin

There was no significant difference in the expression of F-
actin or (3-1II tubulin in cells treated with CAPE plus
LY294002 (blocker of PI3K/Akt pathway) or CAPE plus

Fig. 5 Protective effect of CAPE
against the reduced expression of
F-actin and 3-I1I-tubulin induced
by cisplatin in PC12 cells. (a)

a

Control

U0126 (blocker of MAPK/Erk pathway) as compared with
cells treated with CAPE alone (Fig. 6). Additionally, none of
the inhibitors affected the protective effect of CAPE in the
groups treated with cisplatin (Fig. 7).

Neither Cisplatin Nor CAPE Induced ROS Generation
in PC12 Cells

The positive control (treated with 300 uM H,0,) present-
ed a significantly higher fluorescence intensity in compar-
ison with the control group, indicating the oxidation of
the probe DCFH-DA. However, in the groups treated with
CIS 5 uM and/or CAPE 10 uM, the fluorescence intensity
was not different from the controls, which indicates that
the concentration of ROS was unaltered in relation to the
controls (Fig. 8).

Cisplatin Inhibited the Uptake of Glucose; CAPE Alone
Had No Effect on the Uptake of Glucose and Neither
Protected Against the Inhibition Induced by Cisplatin

In comparison with the controls, the uptake of glucose was
reduced in PC12 cells treated with cytochalasin B, an inhibitor
of glucose transport. CIS 5 uM also reduced the glucose up-
take in comparison with the controls. CAPE (10 uM) alone
had no effect on glucose uptake in comparison with the con-
trols nor protected against the reduction induced by cisplatin
(Fig. 9).
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graphs of the normalized optical
densities (OD) of (b) F-actin and
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CAPE Increased the Expression of the Modulators
of Bioenergetics, SIRT 1 and Phospho-AMPK,

and Abolished the Inhibition of SIRT 1, AMPK a,
and Phospho-AMPK a Induced by Cisplatin

CAPE (10 uM) increased the expression of SIRT1 and phos-
phorylated AMPK « in non-NGF-stimulated PC12 cells in
comparison with the controls (untreated cells). NGF increased
the expression only of phosphorylated AMPK « in compari-
son with the untreated cells, but it had no effect on SIRT 1 or
AMPK o when compared to the untreated cells (Fig. 10).

CIS (5 uM) reduced the expression of SIRT 1, AMPK «,
and phospho-AMPK « in comparison with the controls
(NGF-stimulated cells), while CAPE 10 uM abolished the
inhibition of these proteins induced by cisplatin, restoring
the control levels of AMPK « and phospho-AMPK « and
surpassing the control levels of SIRT 1 (Fig. 11).

The Inhibition of the PI3K/Akt Pathway (But Not
the Inhibition of the MAPK/Erk Pathway) Decreased
CAPE-Induced Upregulation of SIRT1

The inhibition of the PI3K/Akt pathway induced by the pre-
treatment with the blocker LY294002 had no effect on the
expression of AMPKo; however, it decreased the upregula-
tion of SIRT1 induced by CAPE alone and in cells exposed to
cisplatin. The inhibition of the ERK/Akt pathway (pretreat-
ment U0126) did not affect CAPE-induced upregulation of

Fig. 6 Effects of CAPE on the
expression of cytoskeleton a

graphs of the normalized optical

SIRT1 or p-AMPK« in PC12 cells exposed or not to cisplatin
(Fig. 12a—c and Fig. 13a—c).

Only Higher Concentrations of Cisplatin (> 60 pM)
Inhibit the Uptake of L-Glutamate

in EAAT2-Transfected HEK Cells and in Glial Cells
(Naturally Expressing EAAT2)

First, the effect of cisplatin on the uptake of glutamate was
evaluated in COS-7 cells transiently transfected with excitato-
ry amino acid transporters (EAAT2). None of the concentra-
tions of cisplatin evaluated (0.5-300 uM) induced a signifi-
cant alteration in the uptake of glutamate in this cell model, as
depicted in Fig. 14a,b. Then, the uptake of glutamate was
performed in EAAT?2 stably transfected HEK cells, for the
evaluation of the effects of cisplatin after longer periods of
incubation (up to 72 h). In this cell model, cisplatin signifi-
cantly inhibited the uptake of glutamate, but only at concen-
trations higher than 60 uM as depicted in the bar graphs of
Fig. 15a—c. The ICsq values for the inhibition of glutamate
uptake were 66, 105, and 73 uM for 24, 48, and 72 h of
incubation, respectively. It is noteworthy that the background
is variable among the different concentrations of CIS applied,
which suggests a non-specific inhibition of the transporters,
i.e., different processes associated with glutamate uptake
might be modulated by cisplatin.

The uptake of glutamate was also performed in glial cells,
which naturally express EAATs. In this model, the ICsy was
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Fig. 7 Effects of CAPE on the
expression of cytoskeleton a
proteins (F-actin and (3-111-
tubulin) in PC12 cells exposed to
cisplatin and pretreated with the
inhibitor of the PI3K/Akt path-
way (LY294002) or the MAPK/
Erk pathway (U0126). (a)
Western blot bands. (b—¢) Bar
graphs of the normalized optical
densities (OD) of (b) F-actin and
(¢) B-II-tubulin. Additions: cis-
platin 5 uM; CAPE 10 puM;
LY294002; U0126. Bars repre-
sent means + SEM of three inde-
pendent experiments performed
in triplicates. NS, not significantly 1.0- NS

F-actin
B-1lI tubulin

B -actin

T

CIS + CAPE

——.—._

1

1

| CIS+ CAPE+LY CIS+ CAPE+U
1

:——.‘

T — —
. - -

—_—

— — —

1.5

different from the CAPE group
(p<0.05)

o
®
X

e o
&~ -
L L

F-actin/B-actin (OD)
°
N

o
o
L

1.0

0.5

p-lll tubulin/ g-actin (OD) ©

0.0-

74 uM (Fig. 16a,b). In this case, the background was obtained
in the presence of TBOA, a potent blocker of the excitatory
amino acid transporters (EAATSs) that are naturally present in
glial cells. In this cell model, no effect was observed in the
background.

Altogether, these assays suggest that cisplatin, at high con-
centrations, has the potential to decrease the uptake of gluta-
mate; this effect might involve the inhibition of EAATSs.
However, at the concentration used in the present study
(5 uM), cisplatin does not interfere in the glutamate uptake,
which suggests that modulation of glutamate through EAATs
is not an early target of cisplatin as are the axonal proteins.

Discussion

We have reported that, in the early stage of neurotoxicity,
cisplatin impairs axonal growth and synaptogenesis without
inducing mitochondrial damage or apoptosis in PC12 cells
(Ferreira et al. 2016). Additionally, we have demonstrated that
CAPE protects against these effects by activating the NGF
high-affinity receptors (trkA); this activation is induced by
CAPE per se and independently of NGF (Ferreira et al.
2017). We have now used the same cell model to investigate
the involvement of the signaling pathways, MAPK/Erk and
PI3k/Akt, that are triggered downstream the activation of trkA
receptors. Additionally, we have assessed other possible

NS
targets of peripheral neuropathies, such as axonal cytoskeletal
elements (F-actin and 3-III-tubulin), bioenergetics (SIRT 1,
AMPK «, and p-AMPK «, glucose uptake), oxidative status
(ROS generation), and glutamate transport.

The PI3K/Akt and MAPK/Erk are important signaling
pathways that are activated by trkA receptors (Huang and

2
£ 4000-
5 *
£ 3000 T
[
e NS
$ 2000+
o —_—
= -
S 1000+
=
5}
a 0-
> o & < ov
«° o ] R o
& ¥ xov Ay

Fig. 8 Effects of cisplatin and/or CAPE on ROS generation in PC12
cells. Cells were preloaded with 100 uM DFCH-DA (30-60 min) and
then treated with CIS 5 uM and/or CAPE 10 uM and incubated for 72 h.
Untreated cells were used as negative controls. Cells treated with H,O,
300 uM were used as positive controls. The increase of
dichlorofluorescein (DCF) fluorescence intensity was measured in a fluo-
rescence microplate reader. The results are expressed as mean+ SEM of
three different experiments performed in triplicates. ~Significantly differ-
ent from the control group (p < 0.05)
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Fig. 9 Effects of cisplatin and/or CAPE on glucose uptake in PC12 cells.
PCI12 cells were treated with CIS 5 uM and/or CAPE 10 uM for 72 h.
Then, the medium was replaced by glucose-free DMEM, and, then, the
cells were treated with equimolar concentrations of radiolabeled and non-
radiolabeled glucose. Untreated cells were used as negative controls.
Cells treated with cytochalasin B were used as positive controls. The
radioactivity was determined in a scintillation counter (Microbeta 1450
LSC Luminescence Counter), and the results were expressed as counts
per minute (CPM). The results are expressed as mean+ SEM of three
different experiments performed in triplicates. Significantly different
from the control group (p <0.05)

Reichardt 2003). The activation of phosphatidylinositol-3-
kinase (PI3K) is essential for the survival of neurons, while
the activation of MAPK/Erk signaling cascade is essential for
differentiation of neurons (Huang and Reichardt 2001). Here,
we investigated the involvement of these pathways in the neu-
rotrophic mechanism of CAPE by using specific inhibitors.

NGF

Both PI3K inhibitor (LY294002) and MAPK inhibitor
(U0126), either alone or combined, reduced the neuritogenesis
induced by CAPE in PC12 cells treated or not with cisplatin.
These findings clearly suggest the involvement of the neuro-
trophic NGF signaling pathway, i.e., activation of trkA and the
downstream PI3K/Akt and MAPK/Erk pathways, in the neu-
roprotective mechanism of CAPE. It is noteworthy that CAPE
induces these neurotrophic pathways in cells deprived of NGF
besides protecting against the inhibitory effect of cisplatin on
neuritogenesis.

The neuronal cytoskeleton plays an important role in axo-
nal growth and branching during the development of the ner-
vous system (Papandreou and Leterrier 2018). Besides that, it
also plays a role in the regeneration of damaged axons (Difato
et al. 2011). Actin filaments, especially F-actin, are the major
determinants of axon extension and guidance (Kevenaar and
Hoogenraad 2015). Actin and microtubules (formed by o and
{3 tubulin) play a role in axon branching and the formation of
filopodia, a protrusion in the neuronal cell body that precedes
the formation of a neurite. In fact, the initiation of neurites
requires the orchestrated accumulation, rearrangement, and
polymerization of actin and microtubules at the sites of na-
scent neurites (Sainath and Gallo 2015).

In the present study, we demonstrated that cisplatin reduced
the expression of two structural components of the cytoskele-
ton (F-actin and (-III-tubulin) and that CAPE protected
against the decrease of these proteins induced by cisplatin,
restoring the control levels. Growing evidence suggests that

CAPE
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Fig. 10 Effects of CAPE on the expression of SIRT 1, AMPK «, and p-
AMPK « in PCI12 cells. (a) Western blot bands. (b—d) Bar graphs of the
normalized optical densities (OD) of (b) SIRT 1, (¢) AMPK «, and (d) p-
AMPK «. Additions: NGF 100 ng/mL and CAPE 10 pM. Bars represent
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means + SEM of three independent experiments performed in triplicates.
“Significantly different from the control group (p <0.05). p-AMPK,
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Fig. 11 Protective effect of CAPE against the reduced expression of
SIRT 1, AMPK «, and p-AMPK o induced by cisplatin in PC12 cells.
(a) Western blot bands. (b—d) Bar graphs of the normalized optical den-
sities (OD) of (b) SIRT 1, (¢) AMPK «, and (d) p-AMPK «. Additions:

peripheral neuropathies are often associated with disturbances
or alterations in the cytoskeleton (Pareyson et al. 2015; Prior
et al. 2017). Altogether, our previous and present findings
suggest that neuroplasticity-related proteins (Ferreira et al.

Fig. 12 Effects of CAPE on the a
expression of SIRT 1 and p-
AMPK « in cells pretreated with
the inhibitors of the PI3K/Akt
pathway (LY294002) or the
MAPK/Erk pathway (U0126). (a)
Western blot bands. (b—¢) Bar
graphs of the normalized optical
densities (OD) of (b) SIRT 1 and

CAPE

SIRT1

P-AMPKa

NGF 100 ng/mL, CIS 5 uM, and CAPE 10 uM. Bars represent means +
SEM of three independent experiments performed in triplicates.
“Significantly different from the control group (p < 0.05); *significantly
different from the CIS group (p < 0.05)

2016; Ferreira et al. 2017) and cytoskeletal proteins are targets
of cisplatin that are protected by CAPE. Therefore, our find-
ings support the potential of CAPE to regenerate damaged
axons and this might indicate a beneficial effect in the

CAPE + LY CAPE+U

— i w— &

. I s i I
- - . ——

—
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from the control group (p <0.05).
p-AMPK, phosphorylated
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Fig. 13 Effects of CAPE on the a CIS + CAPE CIS+CAPE+LY | CIS+CAPE+U
expression of SIRT 1 and p-
AMPK « in cells exposed to cis- SIRT1
platin and pretreated with the in- NS D G G- e (S~
hibitor of the PI3K/Akt pathway
(LY294002) or the MAPK/Erk
pathway (U0126). (a) Western P-AMPKa —— — — | —— S — - o—
blot bands. (b—¢) Bar graphs of
the normalized optical densities
(OD) Of(b) SIRT 1 and (C) p- B-actin — — C— | W — —] ——
AMPK «. Additions: cisplatin
5 uM; CAPE 10 uM; LY294002
and U0126. Bars represent means
+ SEM of three independent ex-
periments performed in tripli- b C
cates. " Significantly different e 1.0+ NS
from the control group (p < 0.05). [a] 0.8 ! NS = 254
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a = transfected EAAT2 peripheral neuropathy induced by cisplatin. Interestingly,
= 150000- -e- control (empty vector CMV) CAPE alone also increased the expression of F-actin and 3-
E 1—4—1\*\{1 [I-tubulin, while NGF did not, which suggests that CAPE
% 1000004 might activate mechanisms other than the neurotrophic path-
3 ways (PI3k/Akt and MAPK/Erk) triggered by NGF through
& oo trk A activation. Accordingly, the inhibition of these pathways
8 did not affect CAPE-induced upregulation of F-actin or 3-1II-
z ] N ———— tubulin in PC12 cells exposed or not to cisplatin.
° 6 4 2 0 2 4 Besides the structural damage of axonal cytoskeleton, other
CIS log [uM] events associated with peripheral neurotoxicity are bioener-
b getics failure and oxidative stress (Melli et al. 2008).
E150000 NS Although oxidative stress has been implicated in cisplatin-
3 —= induced nephrotoxicity and hepatotoxicity (Martins et al.
£ 100000 T 2008; Santos et al. 2007), no increase in ROS production
§ was observed after incubation of PC12 cells with cisplatin
& 50000 5 uM for 72 h. On the other hand, cisplatin reduced glucose
: uptake, another event related to energy failure. Glucose is a
& 0 major source of energy for cells, and the nervous system, in
0 050 240 12 60 300 particular, requires a continuous supply of glucose to maintain
CIS (uM) its metabolic homeostasis (Verberne et al. 2014). The uptake

Fig. 14 Effect of cisplatin on the uptake of glutamate in COS-7 cells
transfected with the glutamate transporter EAAT?2 (excitatory amino acid
transporter 2). Cells were incubated with different concentrations of cis-
platin (0.50, 2.4, 12, 60, and 300 uM) for 30 min. Controls were incu-
bated with empty vector CMV. No significant effect was observed in this
model of transient transfection. (a) Concentration—response curve. (b)
Bar graphs represent the means = SEM of three independent experiments.
NS, non-significant. CMV, cytomegalovirus
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of glucose by GLUTs (glucose transporters) is dependent on
actin from the cytoskeleton (Bunn et al. 1999); therefore, the
reduced levels of cytoskeleton proteins (F-actin and 3-III-tu-
bulin) might explain the reduced glucose uptake induced by
cisplatin in our study. In fact, a study suggested that cisplatin
binds to tubulin and affects the localization of GLUT1 in the
plasma membrane, reducing glucose uptake without
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Fig. 15 Effect of cisplatin on glutamate uptake in HEK cells. Assays
were performed in HEK cells stably transfected with EAAT2. MDCK-
naive cells were used as controls. Cells were incubated with different
concentrations of cisplatin (0.50, 2.4, 12, 60, and 300 uM) for (a) 24 h,
(b) 48 h, and (¢) 72 h. Uptake was triggered by the addition of 50 nM L-

interfering with membrane integrity or mitochondrial function
(Egawa-Takata et al. 2010). This is in accordance with our
findings; we have previously demonstrated that cisplatin
(5 uM) did not alter the mitochondrial function neither in-
duced apoptosis in PC12 cells (Ferreira et al. 2016). Now,
we have demonstrated that, at the same concentration
(5 uM), cisplatin reduces the uptake of glucose without in-
creasing ROS, an event closely related to mitochondrial dam-
age. These findings indicate that, although being damaged by
cisplatin, mitochondria are not its primary targets, as are the
axonal proteins and glucose uptake. Although CAPE
protected the cytoskeleton proteins against the effects of cis-
platin, it did not protect against the reduction of glucose

Fig. 16 Effect of cisplatin on the

[*H]-glutamate. (a—c) Bar graphs represent the means = SEM of three
independent experiments. (d—f) Concentration—response curve after incu-
bation with cisplatin for (a) 24 h (ICso = 66 uM), (b) 48 h (IC5o =37 uM),
and (¢) 72 h (IC59 =34 uM)

uptake induced by cisplatin, nor improved the uptake of glu-
cose when added alone to PC12 cells. Different from our
results, a study showed that CAPE was able to stimulate glu-
cose uptake, but in skeletal muscle cells (Lee et al. 2007),
which might be attributed to differences in GLUT subtypes
in different cells. In PC12 cells and neurons, glucose uptake
relies on GLUT3 (Heather West Greenlee et al. 2003); how-
ever, in muscle cells, the glucose uptake increases after the
translocation of the GLUT4 to the plasma membrane (Czech
and Corvera 1999; Pessin and Bell 1992).

Since cisplatin reduced the glucose uptake in PC12 cells, we
investigated the expression of two key proteins related to bio-
energetics, AMPK and SIRT1. The AMP-activated protein

-& Glial cells
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72 h. Controls were treated with 3 o 1500- 1C50 = 74 uM
© 1000- - o
TBOA, a blocker of EAATSs. The = o
uptake assay was initiated with 5 S 1000+
the addition of 50 nM L-[*H]- S 5004 C) ~ __
glutamate. (a) Bar graph a . = 500
represents the means = SEM of 04 — o 0.
three independent experiments. r o . .
(b) Concentration-response curve 0 3 30 300 6 4 2 0 2 4
(ICso=74 uM) e g i CIS log [uM]
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kinase (AMPK) regulates the cell metabolism according to nu-
trient availability. The activated form of AMPK (p-AMPK) is
the molecule phosphorylated at the threonine 172 in the « sub-
unit. It stimulates glucose uptake by phosphorylating molecules
that promote GLUT translocation to plasma membranes
(Herzig and Shaw 2018; Ronnett et al. 2009). Energy balance
and glucose metabolism are also regulated by SIRT1 1 (Sirtuin),
the most conserved mammalian NAD*-dependent deacetylase
(Li 2013). Besides that, SIRT1 is critical for the survival, pro-
liferation (Li and Wang 2017), and synaptic plasticity of neu-
ronal cells (Min et al. 2013; Lu et al. 2013). Cisplatin reduced
the expression of AMPK «, p-AMPK «, and SIRT1 in PC12
cells, suggesting that these energy-related proteins are early
targets of cisplatin. Interferences in AMPK and SIRT1 protein
expressions after cisplatin treatment were previously associated
with the mechanism of nephrotoxicity of cisplatin (Wilmes
et al. 2015; Kim et al. 2011); here, we show their implication
in the neurotoxicity of cisplatin, as well. CAPE increased the
expression of phosphorylated-AMPK (p-AMPK «), without
altering the expression of AMPK «, which suggests that
CAPE activates AMPK « by inducing its phosphorylation.
Accordingly, a study in BV-2 murine microglial cells showed
the participation of AMPK « in the protective effect of CAPE
(Tsai et al. 2015). Furthermore, CAPE per se increased the
expression of SIRTI, and, in cells treated with cisplatin,
CAPE minimized the downregulation induced by cisplatin on
the expression of AMPK «, p-AMPK «, and SIRT1. The inhi-
bition of the neurotrophic pathway, PI3K/Akt, reduced CAPE-
induced upregulation of SIRT1 in cells treated or not with cis-
platin. Similarly, a study in PC12 cells showed that the
panaxatriol saponin (PTS)-upregulated expression of SIRT1
was attenuated by the inhibition of the PI3K/Akt pathway, sug-
gesting a crosstalk between AKT and SIRT1 (Zhang et al.
2017). On the other hand, results do not suggest any cross-
talk between the neurotrophic MAPK/Erk pathway and the
energy-related AMPK/SIRT1 pathway.

Bioenergetics failure also affects the uptake of gluta-
mate by the excitatory amino acid transporters (EAATS),
leading to overactivation of the post-synaptic receptors
(Attwell et al. 1993; Carozzi et al. 2008a). Glutamate is
the predominant excitatory neurotransmitter in the central
nervous system (CNS), but studies have demonstrated that
glutamate signaling also plays a role in the peripheral ner-
vous system (Walker et al. 2001; Carozzi et al. 2008b). The
inhibition of glutamate carboxypeptidase II—the enzyme
responsible for glutamate production—reduced the severi-
ty of cisplatin-induced peripheral neuropathy in rats
(Carozzi et al. 2010). However, little is known about the
role of glutamate transporters in peripheral neuropathies
(Carozzi et al. 2008a). Therefore, we investigated the in-
volvement of glutamate transporters in the neurotoxicity of
cisplatin, by assessing the effect of cisplatin on glutamate
uptake. Only high concentrations of cisplatin (above

@ Springer

60 uM) decreased the uptake of glutamate; at the concen-
tration of the present study (5 pM), cisplatin does not alter
the glutamate uptake, which suggests that glutamate uptake
is not an early target of cisplatin.

Conclusion

The axonal cytoskeletal proteins (F-actin and (3-IlI-tubulin),
energy-related proteins (AMPK «, p-AMPK «, and SIRT1),
and glucose uptake are early targets of cisplatin. CAPE min-
imizes the inhibitory effects of cisplatin on the axonal pro-
teins, SIRT1, AMPK, and p-AMPK, but has no beneficial
effect on glucose uptake. The mechanism of neuroprotection
of CAPE involves the activation of the same neurotrophic
signaling pathways triggered by NGF (PI3k/Akt and
MAPK/Erk pathways). The activation of PI3K/Akt pathway
seems to be important for the upregulation of SIRT1 (but not
of other proteins) induced by CAPE. Excitotoxicity of gluta-
mate and oxidative stress are not involved in the early axonal
damage caused by cisplatin.
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