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Abstract

Stroke is one of the leading causes of long-lasting disability in human and oxidative stress an important underlying cause.
Molecular insights into pathophysiology of ischemic stroke are still obscure, and the present study investigated the protective
effect of high dosage Grape Seed Extract (GSE 2.5 g/kg) on brain ischemia-reperfusion (I/R) injury using a proteomic approach.
Ischemia was realized by occlusion of the common carotid arteries for 30 min followed by 1 h reperfusion on control or GSE pre-
treated rats, and a label-free quantification followed by mass spectrometry analysis used to evaluate I/R induced alterations in
protein abundance and metabolic pathways as well as the protection afforded by GSE. I/R-induced whole brain ionogram
dyshomeostasis, ultrastructural alterations, as well as inflammation into hippocampal dentate gyrus area, which were evaluated
using ICP-OES, transmission electron microscopy and immuno-histochemistry respectively. I/R altered the whole brain prote-
ome abundance among which 108 proteins were significantly modified (35 up and 73 down-regulated proteins). Eighty-four
proteins were protected upon GSE treatment among which 27 were up and 57 down-regulated proteins, suggesting a potent
protective effect of GSE close to 78%of the disturbed proteome. Furthermore, GSE efficiently prevented the brain from I/R-
induced ion dyshomeostasis, ultrastructural alterations, inflammatory biomarkers as CD56 or CD68 and calcium burst within the
hippocampus. To conclude, a potent protective effect of GSE on brain ischemia is evidenced and clinical trials using high dosage
GSE should be envisaged on people at high risk for stroke.
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Introduction

Ischemic stroke is a leading cause of death and long lasting
disability worldwide that occurred following the obstruction
or diminution of blood flow supply to specific brain areas. Up
to now there is no satisfactory therapy and most of the clinical
treatments failed to improve the stroke outcome (Doyle et al.
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2008). Ischemic insult induces a wide array of early events
including excitotoxicity, inflammation, free radical production
and ions dyshomeostasis in the ischemic core leading to cell
death. Excitotoxicity is triggered by Ca”* burst along with
ATP depletion and failure of Na*/K*ATPases leading to mem-
brane depolarization, glutamate accumulation into the extra-
cellular space and opening of NMDA associated
Ca®*channels. The burst in calcium triggers the activation of
destructive enzymes such as calpains or lipases, which in turn
induce the release of pro-inflammatory cytokines and cellular
mediators such as NO which interacts with free radicals to
induce highly toxic peroxynitrite (Sharipov et al. 2014), a
powerful free radical capable of inducing severe
lipoperoxidation into the brain, highly prone to oxidative
stress due to its low anti-oxidative defence and high polyun-
saturated fatty acids content (Pacher et al. 2007).

GSE is a natural and complex mixture of bioactive poly-
phenolic compounds such as flavonoids, non flavonoids,
stilbenes and anthocyanins (Nassiri-Asl and Hosseinzadeh
2009). GSE exhibits a large spectrum of pharmacological
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and multi-organ protective effects such as anti-
inflammatory (Chao et al. 2011), and anti-oxidative
(Dogan and Celik 2012) as well as liver (Sehirli et al.
2008), brain (Kadri et al. 2015), heart (Mokni et al. 2012)
and lung protection (Khazri et al. 2016).

Proteomics, which has the potential to contribute signifi-
cantly to medical research, is useful for identifying multiple
pathogenesis and their progression as stroke. Qualitative
label-free LC-MS based proteome analysis has increased dras-
tically over the past decade as a result of technological ad-
vances including improvement in sample preparation, data-
base searching and bioinformatics tools that facilitate data
interpretation (Lindsey et al. 2015).

In a previous work we showed that GSE protected rat brain
from I/R insult mainly through its anti-oxidative properties
(Kadri et al. 2015). In the present study, using a high resolution
orbitrap LC-MS/MS based proteomic approach we analyzed the
effect of I/R on protein abundances, ontologies and pathways as
well as the prevention afforded by GSE treatment.

Material and methods
Reagents

GSE was processed from the grape cultivar carignan of Vitis
vinifera from northern Tunisia. Seeds were air dried and sep-
arately grounded using an electric mincer (FP3121 Moulinex)
until an ultrafine powder was obtained and dissolved in 10%
ethanol (v/v) and after vigorous shaking (30 min) and centri-
fugation (10,000 g, 15 min, 4 °C) supernatant containing sol-
uble polyphenols was used. Composition of GSE was given
elsewhere (Charradi et al. 2012).

Animals and treatment

Male Wistar rats (206226 g) from Pasteur Institute Tunis, were
used in accordance with the Ethic Committee of Tunis University
and NIH guidelines (Institute of Laboratory Animal Resources
(U.S.). Committee on Care and Use of Laboratory Animals.,
National Institutes of Health (U.S.). Division of Research
Resources 1985). They were provided with food and water ad
libitum and maintained in animal house at fixed temperature of
22°C+ 2 °Cwitha 12 h light-dark cycle. Rats were randomly
divided into three groups of six animals each and daily treated
with GSE (2.5 g/kg) by intraperitoneal (ip) route for one week.
Such a GSE dosage was chosen according to previous dose
response experiments demonstrating the safety and efficiency
of varying GSE doses (Charradi et al. 2018).

Group I: Control (C)

Group II: I/R (I)
Group III: GSE + I/R (GI)
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Induction of brain I/R injury

At the end of the treatment period, brain I/R was collectively
carried out according to (Ueda et al. 2000) at 9 h a.m. to avoid
circadian rhythms fluctuations. Briefly, rats were anesthetized
with urethane (200 mg/kg) and both common carotid arteries
were dissected and clamped for 30 min followed by one hour
reperfusion. Animals were then subjected to transcardiac per-
fusion with NaCl solution (0.9%), brain rapidly excised and
homogenized using phosphate buffer saline pH 7.4 with an
ultrathuraxT25 homogenizator and sonicated (3x 10s). After
centrifugation at 10000 g forl5 min at 4 °C, supernatant was
used for protein extraction.

Brain protein extraction and in gel digestion

Brain proteins were extracted using bicarbonate buffer 50 mM
containing 50 mM DTT and 1% SDS at 55 °C for 15 min and
then loaded on 12% polyacrylamide gel. After migration, the
gel was incubated in a fixative solution for 30 min, stained
with colloidal coomassie brilliant blue overnight and
destained after extensive washing with distilled deionized wa-
ter. The gel was cut into pieces that were washed with 300 puL
of distilled deionized water for 15 min, 300 uL of ACN for
15 min and 300 uL of NH4HCO; 100 mM pH 8 for 15 min,
then a mixture of 300 uL of NH4HCO3/ACN (1:1; v/v) for
15 min and 300 pL of ACN for 5 min. Band pieces were dried
in a speedvac for 5 min, reduction of cysteine residues
achieved with 50 uL of 10 mM DTT in NH;HCO; 100 mM
(pH 8) and gel pieces incubated at 56 °C forlh. Alkylation of
cysteine residues was realized using 50 mM iodoacetic acid in
100 mM NH4HCO; pH 8 for 30 min at room temperature in
the dark. Band pieces were washed a second time with 300 puL
NH4HCO; 100 mM pH 8 for 15 min, then incubated in
300 uL NH4HCO3/ACN (1:1; v/v) mixture for 15 min follow-
ed by 5 min incubation in 300 pL. ACN and dried in a
Speedvac for 5 min. Proteins embedded into band pieces were
subjected to tryptic digestion (trypsin 12.5 pg/mL) in
NH4HCO;3 20 mM pH 8 at 37 °C overnight. Peptides were
then extracted two times using 1% TFA for 20 min then with
150 uLL ACN for 10 min on a shaking platform and then dried
into a speedvac.

Nano LC-MS/MS

All analyses were conducted on a LTQ-Orbitrap Elite
(Thermo Scientific) coupled with an Easy nL.C II system
(Thermo Scientific) and nano LC-MS/MS repeated twice.
Peptide sample was re-suspended in 10 pL. 1% TFA and
4 uL were injected into an enrichment column (C18
PepMap100, Thermo Scientific) and separation achieved with
an analytical column needle (NTCC-360/100-5-153,
NikkyoTechnos, Japan). The mass spectrometer was used in
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positive ionization mode with a capillary voltage and a source
temperature set at 1.5 kVand 275 °C, respectively. For protein
identification, peptides were analyzed by collision induced
dissociation (CID) method and the first scan (MS spectra)
was recorded in the Orbitrap analyzer (R = 60.000) at a mass
range m/z 400-2000. Then, the 20 most intense ions were
selected for MS2 experiments and singly charged species were
excluded for MS2 analysis. Dynamic exclusion of already
fragmented precursor ions was applied for 30 s, with one
repeat count, a repeat duration of 30 s, and an exclusion mass
width of +10 ppm. Fragmentation occurred in the linear ion
trap analyzer with collision energy of 35 eV. A target of 5000
ions and a maximum injection time of 200 ms were used for
CID MS2 spectra. The method was set to analyze the 20 most
intense ions from the survey scan and dynamic exclusion was
enabled for 20s. All measurements with the orbitrap analyzer
were performed using on-the-fly internal recalibration.

Data analyses

Tandem mass spectra were processed with Thermo
Scientific Proteome Discoverer software version 1.3
(Thermo fisher Scientific). Peak lists were determined
using the MASCOT engine (Matrix Science version 2.3)
and the Rattus norvegicus database and SEQUEST® al-
gorithm. The parent-ion and daughter-ion tolerances were
10 ppm and 0.5 Da respectively and peptides filtered
based on a false discovery rate (FDR) of 1%.

Label free quantification

The Progenesis LC-MS software from nonlinear dynamics
(Newcastle upon Tyne, U.K.) was used to perform label-free
quantification. The thermo raw files were loaded onto
Progenesis LC-MS software (version 1.0.0.1), aligned auto-
matically, and the resulting aggregate spectrum filtered to in-
clude +1, + 2, and + 3 charge state. Protein identification was
accepted if established for at least 2 identified peptides.
Normalization was done on top 3 total ion current (TIC) in
addition to spectral counting.

Hierarchical clustering

The transcript clusters that were differentially expressed
between ischemia and control samples, euclidean distance
of expression levels was computed and hierarchical clus-
tering performed using complete-linkage method using R
Studio (3.1.1).

Gene ontology annotation

Functional categorization and pathway analysis were per-
formed using David 6.7 Bioinformatics tool (http://david.

abce.nciferf.gov/) as described by (Huang et al. 2009).
David Bioinformatics mainly provided batch gene anno-
tation and Gene Ontology (GO) term enrichment analysis
to highlight the most relevant GO terms associated with
the uploaded gene list.

Cytoscape analysis

Differentially expressed protein p-values were mapped into
Protein-Protein Interaction (PPI) network using Cytoscape
version 3.2.1 (Shannon et al. 2003). Human PPI data were
obtained from gene mania database (http://www.genemania.
org/) after conversion to rat PPI using orthologous relationship
(“interologs™) obtained from inparanoid database (http://
inparanoid.sbc.su.se/).

Brain ions determination

Whole brains were wet ashed in nitric acid (15.5 mol/L), di-
luted, and filtered for the determination of iron, potassium,
sodium and magnesium by dual view ICP-OES.

Ultrastructure of hippocampus

Where indicated brain hippocampi were carefully dissected,
immediately fixed in 3% glutaraldehyde (buffered at pH 7.4)
and post-fixed in 2% osmium tetroxide. Following hydration,
hippocampi were embedded in Epon 812 and ultrathin sec-
tions of the dentate gyrus area realized, stained with uranyl
acetate and lead citrate and observed using a JEM 1010 trans-
mission electron microscope.

Immunohistochemistry of hippocampus

Due to its role in memory and cognitive processes hippocam-
pus was used for the detection of calcium burst, CD56 and
CD68 inflammatory biomarkers (Eichenbaum 2004). Briefly,
hippocampi were fixed in 10% (v/v) formaldehyde,
dehydrated and embedded in paraffin. Five micrometer thick
sections were stained with haematoxylin-eosin (HE) or with
Von kossa reagent for calcium labeling and examined under
light microscope. Sections were also deparaffinized,
rehydrated and antigen retrieval realized after incubation with
bond™ ready to use primary antibody against CD56 (clone
CD564, catalogue number PA0191) or CD68 (clone 514H12,
catalogue number PA0273) purchased from Leica
Biosystems, (Newcastle upon Tyne UK) for 15 min at room
temperature, followed by peroxidase conjugated secondary
antibody for 8 min and revealed using diaminobenzidine
(DAB) as chromogen substrate.
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Statisticals

Results are expressed by mean = SEM. Significance between
groups was evaluated using Student’s t test. P < 0.05 was con-
sidered significant. (*) indicated significance for I versus C
and (§) for GI versus I.

Results
Proteomic profiling and networking

To approach the biological events occurring in the brain after
transient global ischemia, a quantitative proteomic analysis of
differentially expressed proteins, their ontologies and path-
ways in C vs I, C vs GI and I vs GI was conducted.
Analysis of C vs I (pool 1) expressed proteins revealed that
108 proteins among 1614 were altered upon I/R (Table 1).
Analysis of C vs GI (pool 2) identified 66 proteins among
which 17 proteins were also found in pool 1. Comparison of
the two pools revealed that 90 proteins from pool 1 were not
modified in pool 2, thus considered as protected proteins (pool
3), and 16 proteins that were present in both pool 1 and 2
considered as unprotected proteins. Among the 49 proteins
remaining in pool 2, forty were modified by GSE alone and
the nine other proteins were identified when comparing C vs
GI pool. Figure 1 Aillustrated the various protein pools where
pool 1 and pool 3 are divided into over-expressed (enriched
ontologies) and under-expressed proteins (depleted ontol-
ogies) and ontology analysis applied on each individual pool.
Pool 1 and 2 have been represented in a network obtained
using Gene MANIA Cytoscape plugin (version 3.3.4) that
highlight the functional interactions between these proteins
(Fig. 1b). Overally I/R mostly down-regulated proteins and
GSE protected almost all major altered protein network.

Hierarchical clustering and heat-map

Raw data were used to draw a hierarchical clustering heat-map
(Fig. 1c), delineating good reproducibility and homogeneity
for the various experimental groups.

Over and under expressed proteins ontologies

108 proteins were linked to at least one annotation term
within the GO biological process (BP), molecular function
(MF) and cellular component (CC) categories, and identi-
fied proteins were functionally categorized based on uni-
versal GO annotation terms.

The most enriched BP was glycolysis related process.
Three enriched BPs were not protected by GSE, namely com-
plement activation, protein activation cascade and humoral
immune response (Fig. 2a). Concerning under-expressed
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proteins (Fig. 2b), 67 terms of BPs were altered, in particular
synaptic vesicle priming, followed by potassium homeostasis.
Four enriched BPs were partially prevented upon GSE, among
which synaptic vesicle priming.

Concerning MF ontology (Fig. 2¢), 8 terms were over-rep-
resented. Metallo-amino-peptidase activity was the most
abundant term representing 15% of over-expressed proteins,
followed by hydro-lyase. Five MFs were not fully prevented
upon GSE among which metallo-amino-peptidase and hydro-
lyase activities. Analysis of under-expressed MFs showed that
26 MFs were altered among which myosin heavy chain bind-
ing (18% of under-expressed proteins) (Fig. 2d). Noticeable
that ATPase activity, coupled to trans-membrane movement of
ions was detected in both depleted and enhanced MFs.

Eleven terms of CC process were enriched, cytosol being
the most enriched one reaching 33% (Fig. 3a). Six CCs were
not fully protected by GSE among which cytosol and mito-
chondrion. Regarding under-expressed proteins, 34 terms
were altered among which clathrin sculpted gamma-
aminobutyric acid transport vesicle was the most depleted
term representing 25% of under-expressed proteins (Fig. 3b)
and 14 CC ontologies were partially protected by GSE.

Altered pathways and reactomes

Concerning reactomes (Fig. 3¢) mitochondrial fatty acid beta-
oxidation wasthe main up-regulated one followed by glycol-
ysis, transferrin endocytosis and recycling with 25%, 13% and
13% respectively. The most depleted reactome was GABA
metabolism (22%) followed by nuclear envelope reassembly
(15%) (Fig. 3d).

Brain ionograme

To further support ontology data, complementary ion determi-
nations were conducted. Free iron and sodium increased upon
I/R respectively by +80% and + 100% and GSE protected
them efficiently, to near control for sodium (Fig. 4a) or to
lower level for free iron (Fig. 4b). On the other hand potassi-
um (Fig. 4c) and magnesium (Fig. 4d) decreased upon I/R by
50% that were efficiently protected upon GSE.

Transmission Electron Microscopy (TEM)

Ultra-structural impairment occurring into hippocampus upon
I/R was also investigated. Most nervous cells in the sham
group exhibited intact and smooth nuclear membranes, well
distributed chromatin and normal organelles (Fig. 5) whereas
upon I/R disrupted nuclear membranes, abnormal chromatin,
sparse cytoplasm and collapsed organelles were detected.
Interestingly ultrastructural morphology of GI group was
close to sham control.



893

Metab Brain Dis (2019) 34:889-907

S60°TTI'L 6501000 8°¢ST S #0'S6€ F9STH 9'9EH F S091 0°S8S T 96LY [-UO[NOnAY 66,910
L6LY6€T  90-d80°S SETrl ¢ «1°69CF 6711 9°99¢ F €691 LSOT F¥68F 1 yunqnsoserdysuen]Asook[Sutsjord--oprreyooesosiooydsoydip-jAyoroq €v80d
8¢H069°T  S0-H06°9 8L19¢ 8 #6'VE9 T 1¥SS € 1SE T S66T 1601 FC1¥9 B}0q-Z OSEUD| QUISOIA)-UIo}0I] 68TH10
T96°6LY'L  60ST100°0 vL6YE L #7667 F 1959 €61 F L6OY 9°GSLFSTSL jyunqns Arojen3ar ejoq-11 2d4y aseuny urdjord yuopuadop-qATyo crered
9TEYITT  8S8100°0 9 10€ L T19€F L6LT 9°LEE T T00T SYTI F 6TSS ayI-eggT wdjord [etosoqur S09 05L79d
TT6L6ST  8PSTOO0 TT9¢ES 3 +8111F 5059 801S F £68€ 9L11 F60bL ¢ oseuny oyI-uopuadop-urok) $£5000
990°96T 6850000 0°€Iy 8 #7586 F 908S YEIS F 681 TP 78219 [ g-urwe| 00L07d
YEYI9T'E  9LTTO0°0 €1°95T 9 118 F €TH'8I LYPEF S08p1 I F1L98I [ 9SE[AX0qIEOAD djEweIn[D) 657660
609°LT9°T  9€16¥0°0 9¢°SLE L #SE0T F66L°01 €'SSY F T6£9 STSTIF795°01 YEINOL Hunqnsioydooar rodur [EUPUOYIONIN  SAIIIED
€PSIT  669200°0 60°05S L #L‘0V8 F 7668 8°69€ F €926 8818 F 0096 QZZOHS u10)01dSunoLyen-o[oIsoA 96£5L0
11T°L08°T  SE€0100°0 86665 8 +T°S9S F 818S S'9E9 F 6LYT ¥ 19€ F 0869 V eseuny-¢ apeydsoydsiy-jopsouy LL9€Td
609°CH1°L  90-H0S°E SO'LYY L #L'LYETF 1699 8°SLE F OSHE TT91 F 0508 PISIS U014 0L1800
191°658°S  9L¥S00°0 $6T91 S 6°06€ T TSSS Y96 F 1P 9LS1 F1€T6 7 ujo1d3uneroosse-4110 TTISLO
TILOTL'9 7909000 86°LI¢ 8 +0°0%6 T 8€8°TI L80T F €7SL 0101 F6b¥°T1 V6PNV wotold  0O0H60
TL60TET  18100°0 88'Y9Y 6 TIPS F €109 1°2L8 F SS6Y 66T1 FSII°01 € urdj01d QUBIqUIOUI PAJEIO0SSE-IOLLIED KI0)O100S 8T8Y10
SY0°086'9  181LT0°0 9L'v6b 3 *9'CHOFELIL TOY9 F THET LSETFILSL LOVAANL Walold  €X2d60
LSL9S8'T  L61000°0 ¥8°L¥t 8 #L ‘Y89 F TETEI TL8F 5988 86E1 F6ITHI 14NV syd usjord Surpurq VN €01¥10
1L6TES'6  LO-HO8'S 8°TSS 6 #L911 F TS99 TH61 F OS] YPL8 F ESTL [uz-nD)] ssenuwsipaprxoiedng 1+700d
€T9°CISE  L0900°0 96°T0F 6 +69T1 T96Y°LI CTI9F €46°01 SETTFIL891 [-eydje jiunqgns aseq [y Sunsodsuen-umissejod/wnipog €2050d
8IE0TY' T 88STHO0 65°TSS 01 +8°1TH T 091°8€ YPLF S9€°TE TTO1 F 1TE°8€ €X W0JoSt 7d g3 dserowosisuen-sio [Ajoxd-jApndad $8892d
1TS'v6T  90-HSI‘S 16T € #V'SEL T 880°€T 6°08€ F €551 €STTF086°'LT [ELIpUOYOOIIW “3seIRIPAY VO)-[Aoug ¥800¢d
wYEP0's  11500°0 1429 I %0°9L9 F SL68 6896 F T9LT €80T F 6£T6 ©Rq uuojost ‘g apndadAjod pajerdosse-eurte | 991Thd
€88°659°C  1¥200°0 12°9¢€C € 0°€8S F €986 TSP FErS 8011 FSLOSI L1S wajoxd [ewosoqu S0y ZTMO0d
TIS®YT  LLITIOO T1°908 Tl +8°68L F LYL6 S°L96 F TSOY LI8TF 68601 ased Ly Suruodsuen-umiope) ¥18100
LLY'6TLT  LLITTO0 £€9°979 I #11°S6F $S68 S901 F6£88 YLITFOPOLI 1 wijoxd spqnjos proeurerg €7L08d
TTSI6E°C  L80100°0 ¥8'¥8S 11 #*LS9TF #5091 €Er8 F¥T86 06€ F 10S°81 SXAd 9sed1RY YN Juspuadap-d 1V 9[qeqoid vP8L1d
LS1€TTT  STIL00°0 S1°029 I +YYTTF LLT 61 9°THEF 800°T 1 11TEF61€°0C G¢ urjoidoueIquIwIsueL], 7dA£sO
1$6°€06'6  $T9000°0 L8°S9€ 8 *LT8I F €19°CI S€8L F 7865 6£91 F8TS'SI [eLpuoyoOYILL dsepuAs [urojord-ioLired-[Koe]-|Aoeoxo-¢  [NMN6O
80S°810°C 1652000 8°THS 6 #6796 F 08L91 ¥€01 F 009 YOI F 10S°ST 0d urejo1d [eWIOSOqL IPIOE SO9 88¢£50d
S65°808°C 861100 8S°9L1 v #I8STFCILLI [‘6LL F ¥EE8 Y0y F ¢SS 81 ©)2q wisjoxd Surureyuoo-jesdar opndadoouyens) you-ounuein(s [rews  0OH9I60
89°920°S  SO-HI9t cI'Iey I *CLTT FH68°SE LTITFSET'LT LYSTF SP1°8¢€ €1 uro101dpajeIo0sse-a[nqnioIoLA 1289%d
6£€°061  ¥E£00°0 LSTLS 4! #0°0£S F 966°6€ €00€ F 066°0¢ TELT F OVE Y ujord gzsdA  00EN60
61€098°C  SO-H80°T 8T0LS 0T *1L6TFSLTLE 8LOS FHT0HT 678€ F TTS6€ ©)0q 7-0d4) aseuny-f speydsoyd-g jousourjApyeydsoyq 96¢8Ld
6LS°0TE  1¥000°0 L8°S6 4 *LOYTF 19V°LE 9TETF 0L 1T L68E F989°LE V1-Urxejukg €79910
SLTTTTT  6LS000°0 60'70S 6 +VTTEFI6°EE SIPIFI€691 L6S9FSLLTE 7 onkoo1pAIe-uou ‘ureyd ejoq uLyoddg 020510
801FbL'6  8LT0000 818 I +81€1 FT86°9T 6T9EF6LY LI 100T F SL8‘EE [p Bunqns OA ‘e 8¢ [ewososA| ‘Suniodsuen +H 9sed LV 12r19d
SLILL'ET  LOHSH9 189% 3 *PLLT F 60591 1061 F ¢SO Y6y F LY 0T [ELIDUOYOO}ILU ‘DSBUYUAS e 06£5L0
L8 I89°T  SITTO0 20°8¢T € *€9LTF 06Y°LE Y18€ F06£°TT 8185 F 8TI1‘0F ¢ urdjo1d Suroueyuo-uorssardxo ojdoosyurejord gdeoy $92000
€1S°010°C €L000°0 86°8L9 €1 #IPETFLITYT 9ETT FH9¢ 98Y9F LO1°ET [ urjoxd3urpurq-urxejukg ¥9L19d
€YL'ST9  8HE000°0 95 1L1 v 9°L16F LE0T TSHEF 89691 8168 F 9¥1°TH ©}0q JOJIQIYUT UONEIOOSSIP D qey $6£05d
69L0VL  SO-H99'8 ¥P798 91 +PS61 F 10T°6€ 1061 F9v€'81 S€99 F 0F0FH [ wojoxd oI~ pueg] Jo T uuojos]  0DYH60
LOT'P68 6920000 1€°c6v 11 #1167 FYI9°TS 681€F 66961 L6STT T £€89°6Y ©1Rq yunqns J1 2d4y sseuny urdjoidiuspuadap-urnpowed;/uniofe)) ¥SSE10
TI6TITT  €£8Y0°0 v6'8€11 91 #PTIETF 10€ Y1 TLILF YIS 801 9ST01 F6LT OV wajoxd ey £ 912u00 YOO0yS 180 willd
8ISYE9T  8YIS00°0 TL'80T1 LT 8617 F €6ETL 68Y9 F £06°9€ 668 F010°1L [eupuoyooyw ‘utaoid ooys 1.y By 09 60801d
60v%90°T  SO-HAI9L 69°T€91 ST *SLOYF 1L6°TE] LT68 F £7€°58 LYIL F¥T1PY1 u10)01dPaJeIo0SsE-o[NqMOIdTIA LETTId
9TL6EL'L  SO-HSS'S 86658 0T SOV'SYTTF000'6L1T 66S61€F000796°T  08E‘88TF 000°TST S 9[OSNW (JOOWS OLIYUL-BUILIES UNIY L97€9d
8ST'SSH'E  €L5T00°0 10°78C1 ST #L €S9 F 8¥9t L'TOE F LLYE S'GET F SS0S [ELIPUOYDOIIU ‘3SEUOSOIPAYRP Y0 )-[Adk oy1oads ureyo-guoy Ao 8¥L6vd
o3ueyo 21098 Junod

proy xey  (d)eaouy  Qouopyuo)  pndod (s} 1 D uondrosag @y 1oxdun

uonoaLI0d SO pue surdjord pasje Y[

L 31qeL

pringer

Qs



Metab Brain Dis (2019) 34:889-907

894

16v6°0C  ¥¥£000°0 s1ee S #9°91€ F0SS¢E STE6F 1LT9 I'LIY ¥ 1S6T 1 [HIQVN] dseronpaijfuogqie) 75191d
900°6S°€T  9LYS10°0 68691 € +6°9PT F €TSE LST1 ¥ 686S Y6'TL T 886 urjoaonN 8ee61d
1T8°S1T°9  ¥66100°0 TL611 v #9°T1EF 88%S 1€9 ¥ 9619 8637 T Y10 orwse[dojAo “aseS1] YN YI--ouLdS 16S6td
LSTTYF'E  91#+00°0 %74 € 1689 F 9988 6'S0TFTITS T919F Th8S SVVSold  ZOHN6OD
LSTEETT  S81000°0 TTT8T S #9°SITF €991 6°80T F 899¢ 8G8TFIIEI eydje yiunqgns | urejoxdxajduwoo-, L86L1d
€SLI8Y T 81TT00°0 SLLST v #8°8F€ F TS8I 0£TF 98¢ L'60F F 0611 aseypuds ojeydsoydordd (Asoure, veerld
876001 8110000 S6°L0T S *LV9TF €TTI T'S81 FTETT 1°80€ F L°986 ¢-0d4y e10q Jrunqnsawoseajol] 0TL6Vd
SYLISYT  ¥60100°0 20°€1T S SSETTF el TEWF 691 1°TL1 F8°0TS sddodNuraioig 98.55d
69€bP0'8  SLT000°0 L9°06¥ 6 €965 T 10€°961 S6°TI F 1LY'60T1 1S€ FSE0S1 oseuaBoIpAyap dreydsoyd-¢-opAysp[eIdkID ¥26810
618%99°T  THE800°0 £€9°60¢C 14 #PSTTF99T1 SP89F eI 7916°0 F ¥ST6°0 ad£y jeiaped “oseunjojongoydsoyd-9 juspuadep-d Iy €18100
ILS'LSY'T 8610000 65781 v *9V¥L F0°0C8 TELTF 0691 S99LF LST9 awosea)01] 10v910
IS1°906C 8850000 S6'v61 ¥ #1°€OI FSLIY LLTS F86E1 TEEIFSTSE  2d&) yZH suoisty LLOE6D
¥L099$°T  €97£00°0 LO°0ET S L6T9 F8YST 9811 F+'908 TIYTF 0901 £T7T wajoad [ewosoqu §09 €5€19d
98T°06Lt  911000°0 1°s0¢ S 6'L91 F 1581 6'9STFLELS 8LVEF 991 V1 uejoxd ey (L YO0ys JesH 10€€40
STLTTY'T  ¥98100°0 vt S «1°OP1 F LOVT LLL9F9I8T 67C1 F981T ase[Kroydsoydueonis ¢ [-eyd|y LiTild
IT1°6¥9°T  L08T00°0 L1°60T S 6¥€1 F79°0C €596 F €6V 95€T F95€T Z-uniquyoid £79660
209°062°C  #S1000°0 OP81 S *91VLF 1°99L SOPSFLIII 88°CS F €00 T 9sed Ly wniofed wnjnoydx onuse[dopus,dnuseidooses S1991d
CLI8SI'E  9£6¥00°0 ¥0°91C 9 08160 F £L61 8SETFSSIY 0F00 [ELIPUOUO0)IW “OSBIRIPAT] 91R}IU00Y 86660
6L6°086°C  LO1000°0 €67 S LLYE F H0SS ¥9°66 F9°€TT 97950 F 0¥01 XA 9sed1RY YN juspuadap-d 1y 66760
_mCUCOLUOtE
TIT'8Y8E  8T0610°0 STTHI € «1189F 66'€H S06TF 64Tl 8106 F8TI¢€ ‘wjoxd3urpuig-jusuodwodqns Q) | Juduodwod juswedwo) 120L00
€8T'8TLY  LOHLT'S 8S1L¢E S #1L°0TF L991 18°S1 FTT'SL S IPFT10C V[-UIuoI0) 9p11ed
€50°9TH' T 69€5T0°0 8808 4 *6VVEF L€9T G8‘G1 FT86€ LO6F LLLT [v-urrydopuy 796660
LYT91TT  618100°0 1261 14 %900V F 1°SLT SHOTF 1G9 L'9STF € 18¢€ ure)S 6+691d
SS6TEYT  196000°0 L'LYT ¥ +06°9¢ F 0498 1816 F S vt [8°CL F6'8S8 1 2d&} gzH duoIstyg L0879d
€00°9¢'T  SOHTE'T 681 S #L‘SOTF LEY] 6T T16FL1S6 G591 F8SHI Z-UIueI30101008 125€1d
€TT'ET  LTLIVO0 6£°S0€ 9 #9T'SLF9LOT €T 9891 6LIF IVII ¢ osexoysuen[A[Apnkoarepneydsoy ¥L9560
9P1°€T6 T 919510°0 11vey 9 €Y6F06L1 8€ET F0£0T T60TTFYILT [ uregokaeoyuLIe[) 019000
L6808 SO-H99°1 LLT6 ¢ «€TSHF63¢€1 ¥T91 FL°0¢8 T60TF 9ELI [eLpuoyopw Juduodwod ¥ uajoidoseudgoIpAydp sjeanikd 0€££000
9L1°1TS‘T  SOEIST #0°50€ 9 6Ly 1 FTOLI 88ETFIEST €ETIFLEVT | urnpowodox], 68787d
95T°L0C  8¥0T00°0 78°8LI S #6' VST F 67T 6601 F 1981 LELYE F €98CT ve-unydgey 0rZA60
8S1°0€9°C  T1T800°0 8°LTE L #5661 FSO11 TTSSFTSLI S€0T T 8STI TwqemdN  €d4S960
998°TII'T 9091000 19°0€ 9 8TY1 FHOE1 L'L6T FHIET LSOV F 1¥ST 1 wjordpajeroosse-ouBIqUIOW [BWONS  SHAISO
LLY90TT  $0TLOO0 Syiese L V0P F 1EP1 6°€STF8°8ET 8Yb F0LST wojost uof [-PIL  [AH960
65T'SSTT  L16610°0 LY'8¢Y L #9°91ZF017C 1021 F+001 1°9SS F 16V [ELIPUOYD0JIUI “WLIOJOST AQUPDY dseurtueIn|oy ST6Y60
80L°88ST  ¥£9L00°0 86°S1T S %506 F 9097 SLIEF €061 S901 F €6£€ 7 Sojowoy a3re] sysiq 00LS1O
TT6009°T  16£€X0°0 L8‘SOY 9 69€1 T €681 6687 F98ST 8°CTE FS0T€E [-2d£) eydye yunqnsawoseajold 98.5Td
600°8TE€  LLEEOO0 85vTT S *SLITFLITT 189 F0°L6Y ¥T65 F LOST uukydon  £XON60O
T69°TI0°C 201000 L6°ELE 3 #€°8E€9 T 9¥SE €'86EF 17T 9IS F 1¥T 081dV uoj01dA[quuiosseizoouLIyye) 1¥9090
LLIT60°T  L6STIO0 89°LST v %9°L81 F90T€ L'STHF8SLI Y LYS F €8¢ T oseuny uj01d-ouIodIyQULRS  0HIA60
€PP'8ET  8TLOI00 1L°68T 14 0°86€FL8L1 6'6SEFSTHI P8 F I18LE ewured yungns | ujoidxadwod-, 89¢6vd
LTS99LT 9550000 T8l 14 #9°T6S FH9TT 8TH1 F0°L9S Y906 F 66T [ELIPUOYI0IW ‘210G IUNQNS ISBUIUAS J 1V 9,590d
IPP'SETC  90-H0€T €v'e6¢ L P 181 FS1€T 99°TT FHL61 1LY1 F9TLT ‘u10)01d004]13 914001pUdPOSI[O/UIPA €59910
TEEOV0T  9£000°0 89°v9 4 #S‘LLTF €TSE 891 F9°0€H 6£TSTFSIIE urxowruI-eydry 756910
LEYCEL'T  PSEST00 81°00€ L STETFLIOT YTSEF P6vI 1516 F TLTY oseudgoIpAyopapAtopeAne | 8¥916d
S00°16°1C  612000°0 €€°L6T L *L‘TSTTF 6ELS 1018 72029 0°8TI FLS16 ©)[op ungns || ad4y aseuny urejordiuopusdop-urnpoues/wnid[e)) LSSETO
961985‘C  108700°0 €8°091 L #1‘0L6F LILS SISSFISTH S6ISFLLIL 9V uIxouuy €€180d
Dwﬁmao AI0JS Jjunod

pioj xe]N  (d)eaouy  Qouopyuo)  pndod D 1 o) uondiosog  y1o1diun

(ponumuoo) 1 J[qeL,

pringer

Qs



Metab Brain Dis (2019) 34:889-907 895

3 ELF2RSALE0T L8288 I ; : :

o | 828mmeESREI a4 mmunohistochemistry analysis

| S oSS oy

SE| 25EERGEITELNEE TGN

= LSt LR S DR S . .

ST ademmadEmaaan Immuno-detection of CD56 and CD68 biomarkers, used
= 2808828 § 52,8 gRs to evaluate inflammation that occurred into stressed hip-
3 SZEEE-2dR2-=28¢8% pocampus, supported data of proteomic analysis in such a
S S35 =3535355455335%
< Sood -~ STFS SIS way that I/R decreased CD56 (also called NCAM) but
3 increased CD68 labeling and GSE protected these distur-
§ © — bances till control level (Fig. 6, Fig. 7).Von kossa staining
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A S g 28z 8 E $ag s afforded by GSE pre-treatment. Oxygen and glucose depriva-
5 N § Sd-vdIsiagyeed tion (OGD) occurring after altered blood supply leads to ATP
depletion within few minutes (Caplan 2000), inducing the
- inactivation of Na*/K* and Ca** ATPases (Racay et al.
oo 0 S ; a8sE2 o § S ; 1998), alteration of neurons and glial cells membrane poten-
S E R AN ARy tial, opening of voltage-dependent Ca®* and Na* channels,
=3 5 FES CH82gaES E giving rise to the first wave of excitotoxicity and cell
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— SRS N IS E AR SN death (Yamashita 2012). The burst in calcium constitutes
one of the most critical events triggering proteases activ-
= ities as calpain (Kadri et al. 2015) or phospholipase A2
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2011; Chen et al. 2015). The use of global transient model of
brain ischemia and early reperfusion allows the standardiza-
tion of the whole brain behavior to I/R insult, which might
explain why proteomic studies of focal ischemia always reveal
a limited number of altered proteins.
Over-expressed proteins ontology reveals that most
enriched BPs are related to glycolysis process. Depletion of
ATP and lack of cellular energy force the brain towards urgent
< energy fueling via anaerobic glycolysis and similar data were
2 - described for OGD cultured astrocytes (Amaral et al. 2010).
—-: £ Moreover, NADH and NADPH metabolic processes are up-
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§ dance with our previous work on I/R-induced transition metal
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putative way could be the rapid burst of free iron through L-
type calcium channels (Oudit et al. 2006). However we
have no idea on the mechanism of I/R-induced depletion
of other transition metals as Cu, Zn or Mn. Noticeably is
the depletion in Cu/Zn SOD abundance confirming the
decrease in Cu/Zn isoform activity (Kadri et al. 2015) or
of glutaminase abundance, a Mn dependent enzyme.

Under-expressed proteins are also involved in several BPs
and the synaptic vesicle priming process the most down reg-
ulated BP. Other BPs related to synaptic function such as
synaptic vesicle fusion to pre-synaptic membrane or synaptic
vesicle endocytosis are also down regulated, likely altering
most synaptic contacts. Our data are in line with those of
(Fernandes et al. 2014) who showed that ischemia triggers a
transcriptional response to down-regulate synaptic proteins
and that inhibition of synaptic functioning is considered pro-
tective to ensure minimal brain injury.

Most enhanced MFs are peptidase and lyase activities,
leading to the first wave of cell death within the ischemic
core as described for calpain (Curcio et al. 2016).
Enhancement of protease activity may also be associated
with the switch to alternative energy fueling i-e from gly-
colysis to lipolysis. Although calpain activation is consid-
ered as one of the earliest events of stroke (Jiang et al.
2004), its delayed and sustained activity may play a great
role in the development of ischemia-induced dementia.

carbohydrate catabolic process

pyruvate metabolic process

fatty acid beta-oxidation

regulation of cellular amino acid metabolic process
single-organism carbohydrate catabolic process
iron ion transport

regulation of humoral immune response
glycolytic process

trivalent inorganic cation transport

ferric iron transport

regulation of protein activation cascade
transferrin transport

regulation of complement activation

NAD metabolic process

monosaccharide catabolic process
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NADH metabolic process

glucose catabolic process

canonical glycolysis

glycolytic process through glucose-6-phosphate
glycolytic process through fructose-6-phosphate

o

Myosin heavy chain binding constitutes one of the
most depleted MFs, followed by neurotransmitter vesicle
docking and priming which are related to neurofilament
disorganization and degradation. (Schafer et al. 2009) ar-
gued for the implication of calpain in the degradation of
ankyrin G and beta IV spectrin. Modulation of such MFs
in the brain could also explain the biological remodeling
leading to the alteration in exocytosis process.

Concerning proteins localization, under-expressed and over-
expressed proteins are clearly not distributed uniformly in the
various cellular compartments. Major under-expressed proteins
are located in the prolongations more exactly in the clathrin-
sculpted vesicle, as I/R dropped the proteins associated to vesi-
cle endocytosis and recycling. One putative explanation could
be the calpain-induced hydrolysis of « and 3,adaptins leading
to a fall in clathrin-dependent endocytosis (Rudinskiy et al.
2009). Noticeably that under-expressed proteins are also located
at the dendritic shaft and spine, neuron spine and main axon,
suggesting the down-regulation of synaptic activity and plastic-
ity upon I/R whereas most over-expressed proteins are located at
the cytosol and cell body. Moreover, non-membrane bound or-
ganelles such as ribosome, proteasome and microtubule orga-
nizing center are also enhanced upon I/R which confirm previ-
ous data (Caldeira et al. 2014). Proteasome related proteins (26S
proteasome), non-ATPase regulatory subunit 5 (PSMDS5) and
proteasome subunit beta type-3 are over-expressed as well
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Fig. 2 Up (a) and down-regulated BP (b) and Up (¢) and down-regulated MF (d) upon I/R insult and GSE correction
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Fig. 3 Up (a) and down-regulated CC (b) and Up (¢) and down-regulated reactomes (d) upon I/R insult and GSE correction
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Fig. 4 Effect of I/R and GSE on brain sodium (a), labile iron (b), potassium (¢), and magnesium (d)

andPSMD5 was proven to be implicated in 26S proteasome
assembly and activity (Shim et al. 2012).

I/R provokes plentiful physiological changes in the brain as
assessed by reactome enrichment analysis. Ischemia enhances
mitochondrial fatty acid beta-oxidation which could represent
an alternative pathway for cell fueling. Such data were previ-
ously described by (Ma et al. 2010) who found that fatty acid-
binding proteins 5 and 7 expression increased after ischemic
brain damage in a primate model. Along with fatty acid beta-
oxidation, glycolysis and related reactomes as gluconeogene-
sis are also enhanced and these data fully support the BP
ontology enrichment. It is also important to underline that
I/R induces the down-regulation of almost all neurotransmitter
release cycle such as glutamate, acetylcholine, serotonin, nor-
epinephrine, dopamine and that such effects are likely linked
to energy depletion (Boulland and Levy 2005).

GABA metabolism is one of the most depleted reactome
and GABA the major inhibitory neurotransmitter and modu-
lator of excitability, implicated in the reduction of glutamate
release. Recent studies showed that OGD decreased GABA
receptor recycling and expression thus contributing to neuro-
nal death (Mele et al. 2016). Furthermore I/R decreasing the
nuclear envelope reassembly reactome is fully supported by
our current ultrastructural observation of the nuclear mem-
brane disappearance in cells of the dentate gyrus area and also
by previous related studies (Zhang et al. 2015).

@ Springer

Almost all disturbances on protein abundance generated
upon ischemia are prevented by GSE pretreatment
reaching78% of altered proteins. GSE prevents from major
changes in BP enhancement except partial enrichment of
some terms associated with inflammation such as complement
activation and humoral immune response.

GSE corrects several key glycolytic enzymes as GAPDH,
enolase, pyruvate kinase and aldolase that are up-regulated
upon I/R. GAPDH was implicated in ATP synthesis at the
synaptic terminal(Ikemoto et al. 2003) and played a critical
role in cell death after glutamate-induced neuronal
excitotoxicity inducing apoptotic cell death by means of its
nuclear translocation and complexation with Ps3 (Zhai et al.
2014) or with PARP-1 (Nakajima et al. 2015). GAPDH has
even been assimilated to a GABA receptor kinase that links
glycolysis to neurotransmission (Laschet et al. 2004) and sev-
eral reports highlighted its involvement in neuro-degeneration
by means of non-glycolytic activity as protein oligomerization
(Qvit et al. 2016) as occuring in the brain of AD patients (El
Kadmiri et al. 2014). Although GAPDH increase is not strictly
linked to reperfusion, this latter enhanced GAPDH over-
expression (Tanaka et al. 2002). Accordingly GAPDH activity
is clearly enhanced upon I/R and restored to near control in the
presence of GSE (data not shown). Enolase exhibited impor-
tant functions for brain cell survival as protection from
amyloidp accumulation and glutamate excitotoxicity
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Fig. 5 Effect of /R and GSE on
hippocampal dentate gyrus area
ultrastructure. Sham group
exhibited intact and smooth
nuclear membranes, well
distributed chromatin and normal
organelles although ischemia (I)
group exhibited disrupted nuclear
membranes, abnormal chromatin,
sparse cytoplasm and collapsed
organelles, whereas GSE treated
animals exhibited ultrastructural
appearance (GI) close to control

Fig. 6 Immunohistochemistry of
CD56 antigen into dentate gyrus
area (arrows: brown color). CD56
labeling decreasing upon I/R (I)
and restored with GSE (GI) till
control level (C)
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Fig. 7 Immunohistochemistry of
CD68 antigen into dentate gyrus
area (arrows: brown color). CD68
staining increasing upon I/R (I)
and restored with GSE (GI) to
near control level (C)

Fig. 8 Von kossa staining of
calcium into dentate gyrus area
(pink color). Calcium burst
occurring upon I/R(I) was
restored with GSE(GI) to near
control level(C)
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(Butterfield and Lange 2009) and aldolase, another key gly-
colytic enzyme, was recently reported to be strongly enhanced
(5 fold) in the ischemic cortex (Chen et al. 2014). Overally, it
seems that brain cells especially astrocytes, respond to
hypoxia by increasing glycolytic pathway, to cope with
OGD insult for providing sufficient ATP for cell survival
(Marrif and Juurlink 1999). Nonetheless glycolytic en-
zymes functioning as moonlighting proteins should also
be considered (Gancedo et al. 2016).

Likewise, GSE prevents the depletion of synaptic vesicle
priming, ion homeostasis and many other terms. Thus for
instance GSE protects from I/R-induced magnesium, potassi-
um and sodium dyshomeostasis likely by acting on key pro-
tein abundances or post translational alterations as ion
transporting ATPases. In this respect Mg**was recently shown
to protect against the bio-energetic consequences as cellular
ATP breakdown that occurs after glutamate excitotoxicity
(Clerc et al. 2013). Furthermore GSE potently restores the
abundance of the microtubule associated 1 {3 protein, spectrin
3 chain, SNARE protein Sec22b, o internexin, neurabin2,
rabphilin-3A, the synaptic vesicle calcium dependent protein
stathmin, the synaptic vesicle endocytosis protein endophilin
Al and coroninlA, an actin binding protein. GSE partially
corrects other cytoskeleton proteins such as y actin, CLIP
associating protein2, tropomodulinl, but not clathrin depen-
dent endocytosis as stromal membrane associated protein or
clathrin heavy chainland cofilinl. In addition we also identify
other GSE-protected proteins such as secretory factor like
secretogranin II, Purkinje cell protein 4 (PEP19), Pro-SAAS
and dihydropyrimidinase-like 3 (Dpysl3). In fact,
secretogranin II coupled to enolase and through its derived
neuropeptide secretoneurin, are known to act directly on neu-
rons after ischemic insult allowing their survival by activating
theJak2/Stat3 pathway(Shyu et al. 2008). PEP19 is also neu-
roprotective via its implication in calmodulin inhibition fol-
lowing glutamate excitotoxicity as well as Pro-SAAS through
the inhibition of A3 1-42induced cytotoxicity (Hoshino et al.
2014) and Dpysl3, a member of the collapsin response medi-
ator protein family, implicated in the inflammatory reaction of
microglia through inhibition of the phagocytosis process
(Manivannan et al. 2013). By acting simultaneously on this
large array of proteins, GSE appeared as a multifaceted
and multi-targeted mixture capable of efficient neuropro-
tection via its well established antioxidant and anti-
inflammatory properties (Mezni et al. 2017b) which con-
firmed recent proteomic data on GSE efficiency against
lithium neurotoxicity (Mezni et al. 2017a).

The use of high dosage GSE (2,5 g/kg) is a highly relevant
feature which was inspired from the pionneering work of
(Bagchi et al. 2000) and other subsequent studies that led to
the elaboration of calibrated commercial preparations of GSE
(Li et al. 2015). Owing to its safety and tolerability, GSE is
increasingly used at high dosage (1-4 g/kg) according to our

own data (Mokni et al. 2012; Charradi et al. 2013; Kadri et al.
2015; Khazri et al. 2016) or to current literature (Li et al. 2015;
Margalef et al. 2015) as we recently demonstrated the lack of
any toxicity and the dose effect safety till high dosing range
GSE reaching the tremendous dosage of 16 g/kg (Charradi
et al. 2018). In addition repeated high dosing range GSE im-
proving polyphenols bioavailability into the brain (Charradi
et al. 2018), the translational application of high dosage GSE
in the prevention of human stroke is realistic as we already
conducted clinical trials on chronic kidney disease patients
administered with repeated high dosing GSE with no side
effects nor drop out during the 6 month-long treatment
(Turki et al. 2016).

Conclusion

This work provides evidence of the potent prevention of GSE
on brain ischemia, paving the way to clinical trials targeting
high risk or predisposed stroke patients that should be under-
taken rapidly due to the safety and tolerability of high dosage
and GRAS certified GSE.
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