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[ Abstract| Objective To investigate the relationship between metabolite levels and the time of cerebral ischemia-
reperfusion in the left cortex of rats, so as to explore the molecular mechanism of cortical metabolic disorders induced by
ischemia-reperfusion injury. Methods Stroke models of focal cerebral ischemia in rats were established by middle cerebral artery
occlusion (MCAQO). Then a nuclear magnetic resonance (NMR)-based metabolome analytical approach was carried out to
analyze the metabolite levels in the left cortex of MCAO rats at different time points (3, 6, and 24 h) after reperfusion. Results
Some changes of metabolic pathways, such as energy deficiency, glycolysis aggravation, and neurotransmitter disorders, were
observed in the left cortex of MCAO rats at 3 h after reperfusion. All the above-mentioned disorders were alleviated by the
autoregulation at 6 h after reperfusion. However, the forementioned metabolic disturbances became severe after 24-hour
reperfusion. Conclusion Our results suggest that different extents of metabolic disturbance appears in the cortex at different
time points after reperfusion, which might help to understand the molecular mechanism of cerebral ischemia-reperfusion injury,
providing reference for regulating metabolic disorders at different time points after stroke in clinic.
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Fig 1 Two typical 1D 'H NMR spectra of aqueous metabolite extracts in the left cortex tissues of rats

A: MCAO group (24 h after ischemia-reperfusion) ; B; SHAM group (24 h after ischemia-reperfusion). NMR: Nuclear magnetic resonance;

MCAO; Middle cerebral artery occlusion; NAD™ ; Nicotinamide adenine dinucleotide; AMP; Adenosine monophosphate; Ino: Inosine; Tyr;

Tyrosine; FMA: Fumarate; Uri; Uracil; Lac: Lactate; CRE: Creatine; Glu: Glutamate; Gln: Glutamine; Myo-ins: Myo-inositol; Tau:

Taurine; Pcho: o-Phosphocholine; Cho: Choline; Car: Carnitine; DMA: Dimethylamine; GABA: y-Aminobutyric acid; Ala; Alanine; Val:

Valine; Leu: Leucine; Nic: Nicotinurate; ADP; Adenosine diphosphate; For: Formate; Phe: Phenylalanine; Asp: Aspartate; Gly: Glycine;

GPC: sn-Glycero-3-phosphocholine; Mln; Malonate; Mal;: Malate; Succ: Succinate; NAA: N-acetylaspartate; IB: Isobutyrate; Ile: Isoleucine
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Tab 1 Resonance assignments of metabolites in 1D 'H NMR spectra of aqueous extracts in the left cortex tissues of rats

Metabolite Group 'H (multiplicity)

Leucine 5-CHs 0. 96 (d)
3'-CHs 0.97 (d)
v-CH 1. 70 (m)
Half 3-CH:, half B-CH; 1.67 (m), 1.73 (m)
o«CH 3.72 (m)
Isoleucine v'-CH3 1. 02 (d)
0-CHjs 0. 95 (v)
Half y-CHz ., half y-CH; 1.22 (m), 1.46 (m)
B-CH 1. 95 (m)
o«CH 3.67 (D
Valine ¥'-CHs 1..00 (d)
v-CH; 1.05 (d)
g-CH 2.26 (m)
«CH 3.60 (D
Isobutyrate 2X3-CHs 1. 08 (d)
o«CH 2.47 (m)
Lactate 3-CH; 1.33 (d)
«CH 4.12 (@)
Alanine 3-CH3 1.49 (d
«CH 3.78 (@

N-acetylaspartate Acetyl
«-CHj3 2.03 (s)
g-CH 2.54 (dd)
v-Aminobutyric acid v-CH: 3.01 (O
B-CH: 1.91 (m)
o«CHjy 2.30 (v)
Glutamate Half y-CH;, half y-CH; 2.33 (m), 2.37 (m)
Half 3-CH2, half 3-CH: 2.13 (m), 2.07 (m)
o«CH 3.77 (dd)
Succinate 2XoCHz 2.41 (s)
Glutamine v-CH: 2.46 (m)
Half 3-CHz, half 3-CH; 2,12 (m), 2.16 (m)
o«CH 3.76 (m)
Malate Half 3-CHz, half 3-CH: 2.36 (dd), 2. 70 (dd)
o«CH 4.30 (dd)
Dimethylamine 2XN-CHj3 2.72 (s)
Aspartate Half 3-CHz, half 3-CH: 2.80 (dd), 2.69 (dd)
o«CH 3.91 (dd)
Creatine N-CH3 3.04 (s)
a-CH3 3.94 (s)
Malonate «CH: 3.16 (s)
Carnitine N-(CH3)3 3.22 (s)
N-CH: 3.43 (m)
g-CH 4. 56 (m)
oCH, 2. 44 (dd
Choline N-(CH3)3 3.21 (s)
N-CH: 3.55 (1)
oCHy 4. 07 (m)
o-Phosphocholine N-(CH3)3 3.23 (s)
N-CH; 3.60 (0)
oCHy 4.18 (m)
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Metabolite Group 'H (multiplicity)
sn-Glycero-3-phosphocholine N-(CH3)3 3. 24 (s)
N-CH, 3. 68 (m)
oCHz 4.32 (m)
Glycerol
Half y-CH;, half y-CH> 3.61 (dd), 3.68 (dd)
g-CH 3.77 (m)
Half «-CH> ., half «-CH, 3.95 (m), 3.99 (m)
Taurine N-CH: 3.28 (O
S-CH: 3.43 (O
Myo-inositol 5-CH 3.29 (v)
1,3-CH 3.55 (dd)
4.6-CH 3.63 (V)
2-CH 4.08 (1)
Glycine N-CH; 3.57 (s)
Uracil 5-CH 5.81 ()
6-CH 7.55 (d)
Inosine 5'-CH 6.11 (d)
2-CH 8.22 (s)
8-CH 8.36 (s)
Fumarate CH 6.53 (s)
Tyrosine Half 3-CH: , half 3-CH: 3.03 (dd)» 3.18 (dd)
Phenyl moiety
3,5-CH 6.91 (d
2,6-CH 7.20 (d
Phenylalanine Half 3-CH: , half 3-CH. 3.12 (dd), 3.27 (dd)
oCH 4. 00 (dd)

Adenosine monophosphate

Adenosine diphosphate

Formate

Nicotinurate

Nicotinamide adenine dinucleotide

Phenyl moiety
4-CH, 3,5-CH
2,6-CH

Adenine moiety
1'-CH
2-CH
8-CH

Adenine moiety
1-CH
2-CH
8-CH

CH

Phenyl moiety
5-CH
4-CH
6-CH
2-CH

Nicotinamide moiety
2-CH, 6-CH, 4-CH
5-CH, N-CH

Adenine moiety
8-CH, 2-CH, N-CH

7.38 (1), 7.43 (O
7.33 (D)

6.15 (d
8.27 (s)
8. 61 (s)

6.16 (d
8.22 (s)
8.59 (s)
8.46 (s)

7.60 (m)
8.25 (dd)
8.72 (dd)
8.95 (m)

9.35 (s), 9. 14 (D, 8.83 ()
8.19 (m), 6.08 (s)

8.43 (), 8.17 (s), 6. 04 (d)

NMR: Nuclear magnetic resonance; d: Doublet; m: Multiplet; t: Triplet; q: Quartet; s: Singlet; dd: Doublet of doublets
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Fig 2 Time trajectory plots of metabolite levels related to energy metabolism in the left cortex tissues of rats

C: Fumarate (FMA);

A: Leucine (Leu); B; Isoleucine (Ile); C; Valine (Val).
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Fig 3 Time trajectory plots of branched-chain amino acid levels in the left cortex tissues of rats
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Fig 4 Time trajectory plots of inhibitory amino acid levels in the left cortex tissues of rats
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A y-Aminobutyric acid (GABA); B: Glycine (Gly). ** P<C0. 01 vs SHAM group. Middle cerebral artery occlusion (MCAO) group. n=56 at
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Fig 5

Time trajectory plots of excitatory amino acid levels in the left cortex tissues of rats

A Aspartate (Asp); B: Glutamine (Gln); C: Glutamate (Glu). * P<C0. 05, * * P<C0. 01 vs SHAM group. Middle cerebral artery occlusion

(MCAO) group, n=6 at 24 h and n=38 at other time points; SHAM group, n=6 at each time point. T=s
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Fig 6 Time trajectory plots of metabolite levels related to the cell states in the left cortex tissues of rats

A: N-acetylaspartate (NAA); B: Choline (Cho); C: sn-Glycero-3-phosphocholine (GPC). * P<C0. 05, ** P<C0. 01 vs SHAM group. Middle

cerebral artery occlusion (MCAQ) group, n=6 at 24 h and n=8§ at other time points; SHAM group, n=6 at each time point. T=s

RIS i

iR Ae Fp R 5 A R I BE R A 3 U TR S AT
SIIREBRIE R RN . R R C 2T
07 S BR R AR AS A EURE iy AR i 7R A2 R T
VABGIFROE WIRTAYT B AR HAS RO AU A
2 SV I 2 . R HURE R Bl
P JC ) 7 B 22 R I B A5 7 A B R iR 7
T 05 A HLRE LA SN RSl R R A R i . T
NMR MR BB 13 BI = 2 A WTRE i A R AR
IR E AR R A O0 AL I FZ AR 234 ik e 1408
G e R A KT B 1] A2 A B, 45 P

i PR AR R R AT R B

3.1 fEEARM ISR AT ST A
WA A A AR R A B = R IR SRS IR
JR i o — ol 2 i [ B R o X AL AR Y
FEMRE . AT R IAE 3 AV [H] A5 (3,
6.24 h) MCAO K A= Bz Jot rh— W R B 1 17 & it
fiKF SHAM 2. H H:Ah Al s AR A 4 5 6 45 228
RIR RN AL RWERESE & 7 B #8 H
o (B 2 5 BN AR = A A b R 3
AF ] i MCAO 41K B Ze 10 iz JoT 2 21 ik 26 46 5 1)
(2 e SHAM A 22 figi K 5 T =7 » 2% BH ol it 708 1
ORTTRRZYaTBS =15 TSI EZE



55 11 1. R 4 TR AIRBOR BT 0 e -0 T U B B A 2R /K PR A 9 43 T LR

« 1345 -

Creatinine «——  Creatine

S |

DMG «—>

TMAQ,

—

Phospholipids Triglycerides

N/

Fatty acids
l B-Oxidation

Glucose

Glycolysis
Pyruvate L»

Fatty acyl carnitine —
L

Methylamine » Isoleucine~—— Ny o
metabolism Protein 7 e Acetyl-CoA FA-CoA
Betli degradation ... \
TMA etaine R—
AN >4 B-Alanine *
Cholinel¢ ‘___. Oxaloacetate Citrate T Pyrimidine metabolism
Uridine «—— Cytimidine
[N-acetylaspartate| [Malate]
o-Phosphocholine Phosphatidycholine TCAcycle Isocitrate
[Tyrosing—— ATP ADP AMP
\ 2-Ketoglutarate «——[Glutamate J¢——— [Glutamine]
v Succinate /
GDP-choline Phenylalanin N PR

Succinyl-CoA ~_

Isobutyrate

[y-Aminobutyric acid]

B 7 MCAO kR R Bz Ji ik 0 7 7 S 454 L BL B A 1138
Fig 7 Metabolic pathways disturbed by ischemia-reperfusion injury in the left cortex of MCAO rats

Metabolites in the box represent changes in MCAOQ left cortex compared with SHAM group. The bolded words in italics are pathway’s names.
MCAQO: Middle cerebral artery occlusion; DMA: Dimethylamine; DMG: Dimethylglycine; TMA: Trimetlylamine; TMAOQO: Trimetlylamine
oxide; GPC: sn-Glycero-3-phosphocholine; GDP-choline; Guanosine diphosphate choline; Acetyl-CoA: Acetyl coenzyme A; FA-CoA: Fatty

acetyl coenzyme A; TCA: Tricaboxylic acid; ATP: Adenosine triphosphate; ADP: Adenosine diphosphate; AMP: Adenosine monophosphate;

Succinyl-CoA': Succinyl coenzyme A
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