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Abstract: N-Acetylaspartate (NAA) is a highly abundant brain metabolite. Nowadays, as an important marker
reflecting the function of nervous system, NAA is widely used in the results analysis of nuclear magnetic resonance
spectroscopy (*H MRS). NAA is synthesized in mitochondria of neurons and metabolized in oligodendrocytes.
Additionally, NAA may be converted to the dipeptide N-acetylaspartylglutamate (NAAG), and catabolized into
NAA and glutamate in astrocytes. NAA is related to a variety of central nervous system diseases, including Canavan
disease, multiple sclerosis, depression, schizophrenia and other mental diseases. Therefore, NAA may be a biomarker
of these diseases, and its related enzymes may be used as therapeutic targets for drug screening. Here, we combined
the current research on the molecular mechanisms of NAA to reveal the process of NAA generation, metabolism
and transport in the brain, explain the possible physiological effects of NAA and discuss its relationship with central
nervous system diseases, explore the prospect of NAA in disease prediction and diagnosis, as well as the targeted
treatment that may become the breakthrough of refractory diseases.
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Figure 1 Chemical structure of N-acetylaspartate (NAA)
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Y 9 1R L- K A 2 R N- £ Tk 56 %% 2 B (L-aspartate N-
acetyltransferase, Asp-NAT) 1 1k 4= i NAA (K 2), i#
K %174 0.55 pmol-gt-hL, J& 1] 4 16~ 18 hi4sl,

LT CoA1E N NAA & R 2 —, AT 5 K
A B G 1 R A BE R 5 R 2 A Ak OB # 4 5
NAA )5 8o A4 A % A o A2 1) o 26 77 0 VA I TR A2
PRI T 2, i 1) A R B &L AR 1 & T8k CoA, it LA i
HEBE (Gle) A 5 NAA & R E S, K44
40 mol Glc 4r T4 1L & i 1 mol NAA 43 79, [A] i,
NAA {1 & i n] e 52 L& 3 8E 1 TR 715, 215 CoA 24k
WOE e T R = R BRI 24 (tricarboxylic acid
cycle, TCA) ()R, e o= Az (1) M It fiic JIR M vy — 4%
R % B2 (nicotinamide adenine dinucleotide phosphate,
NADP) 2 5 B 7L dE . Li 2500k DL o 115 i 5
IR R A KT SH-SY5Y 41, AN NAA KI5
o FRAR, X U0 F A B B 2 SR T TS 2Bk CoA )
NAA [ #A4L, .
1.2 NAARR S
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HTAsp. ASPA )3 P A JE A0 B2 RS 1), FE IR
JZNAA (< 0.3 mmol-L?) 1548, Bl s B s 5 23S %
R A 2B AE, TR =k EE (> 1.0 mmol-L*Y) 355
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THE N 310,
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24 N-ZEtRZRBEEAESER (N-acetylaspartylgluta-
mate, NAAG) BI4 ¥4 R ATIR

TE A2 TG AR, NAA TT7E N- 21 K 4 2 4
% R & HCBF T (N-acetylaspartylglutamate synthetase I,
NAAGSI) M 1EH T 5 % @ B (Glu) £ % NAAG.
NAAG 2 7L 304 CNS 32 43 A I IR p £ i 120,
NAAG L5 4 M 77 M 5 A J5 B & o BT, 12
Z% fult 18] SR 4% P9 Fh B 4 8 25 H B GCP 11 (glutamate
carboxypeptidase I1) A1 GCP II/K fit iy NAA F14 & 1R .
GCP II th #% % & NAALADase (N-acylated- o -linked
I-aminodipeptidase) 5% 17 41l i 5 5 M B 5t )50 (PSMA),
T — PR L R A 5% 08 e bR S A RASTRRR SE BT
Jefh 24 1) 8 5026270 i o /) GCP THX AE I J5 441 i 3% T 3%
AP 5 GCP ITAH H, GCP TITE A # K 1 NAAG 7K fift
TP, TE/NI R R 2 S i R AR .
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AT TR A 4 4 2R 32 /R ) mGIUR3 SIE Y, ATty 47 1
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i 51 M 4T H 3 1% © NAAG BUE mGIURS Ji 2 s
B & IR ¥ iz 5 @ GLT-1 (glutamate transporter-1) Fll
GLAST (glutamate/aspartate transporter) (1] % &2, {¢
A [A) B 22 R 28 S R A 1% L @ HH NAAG 7K
=) NAA B R, I8/ NAA-Na* L5752 T S 501 2
TR 5T 21 1 Nt 25 AN 1T k2 81 p 22 OR 4P VR FH
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Figure 2 Schematic diagram of NAA synthesis, utilization and breakdown in the brain. NAA is synthesized in neuronal mitochondria, and

can then either be transported to oligodendrocytes for fatty acid synthesis and energy production, or can be used for the synthesis of N-acety-

laspartylglutamate (NAAG) in neurons. NAAG is hydrolyzed by glutamate carboxypeptidase II (GCP II) and GCP III on astrocytes, which

then take up the breakdown products
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NAT (1) i) 7584 31 E 52 BR_E NAA A IR 5k = 25 55
22 T R SR B AT R W T R I6 R A, DR
76 39 T /b 98 52 5 41 B ASPA i f) 35 1480, H T,
B DR B AT VR IR 9T IO B A R ST iR T % 52
Ky, B ) 4 e 40 Mo 5 B AT B I i B B RE 7 0 ZH iR
KB (AAV) 2K 0% 25 T ASPA 3 [H & AR iR
Jr 738 5 AR U BT 95 i, AR /> 10 2 46 T T T AL
Wb, B i 52 MU, WA 5 SL IR A AL .
32 ZEAMEUE

% kM #g AL E (multiple sclerosis, MS) J2& — Fi
CNS ) G 2 14 Jiod & A 0 1, MIS 28 25 oG P HH 3 NAA
RN RO H L A T AR S R R A OG, MR A i
Jo 4T B 3 A A BE R 22 e AR MERY . IR 2R B MS
w22 20 R PR A PR R A 5 2R DG . R VS T
A B 22k 35 e 2 o0 2 T M 518 S S ks i, 5
Sk 2% e B SR, e R AR . MR T2k
FLAAAR A 5 2 H B HL A 32 % I R TR 2R 0 R B S5 40
i € 2% R A A U 41 1) 143491 NAVA 8 28 R Ak o 5 B L
ZHTFAEIBEE IR, B R A TR NAA T & &
TE K0 25 45 i L2 0k /b, R M0 i TR B 4
Je T AR YRS, X RN 2R KR ) NAA 2 598
MS (¥R T8, #5 1 B R 7 3R A7 S 170 38 0 NAA )
09T, HVF AT DA R R
33 fEMIEER

R P8 A S 3 R EE O, R R AN B 2
BB S, HOBEAK SE I R R TR 5 AH N5 73 3R K
&, 5 HAt P AR b — B AL TR A B TR S B R T
R, SRS SRR A S W AE bR B oL EE, B
A DA v 6 9 R R IR ML B vE T AR AR, B
B ST T I R VP 4 i R RATAG VR T R IR TR 7 2L
Fo & BT F AR TR AT T I R 1 A i
Y, NAATE R N I & BAL K TR AR, vral LUE R
— AN R SRS A B 1 AR VbR .
3.3.1 HDEBRE  HIHIHE R — b R R R AR T RS A
5, B R RO B A PR E A, PR AR B R
MW BIRA €, NE RS, IR SRR
PR PR RARFIEIZ ) TR AR, I EHE 20 H R
Bil. HAT4EREAAT 3,240 N FEBIAEE, ki
4%, AR RAMARAE B A P8 T AN ZGE A 100 75N

TEFARIRS T NAA & B2 R Ao, (AL
FIEAR 8. 250K TR B, PIHRAE 5 2 ik P i
I X AN 8] 7 2 NAA & B PR 748, X Al g 5 ph 4
JCAR A DRV, (H R HE FARAE £ 3 1 T ARG A R
0 H R 2 A ASPA [ mRNA I 2 PR K, B 7R
NAA F+ & . T S50 K B, SR A I 32 1A Nat8L

(1) /0N B2 T H SRR AT 0S8, 78 KBRS 1 4 B R B
AR RS b, R 5 JOR BRI T N NAA R & & sy T kBt
HK BB, 4y 52 21 R BR IR SCIR AR Y NAA R 3 3
=Sl Eh ) HIARAT D R RE SRR E i X NAA 138
AR, NAA [T 2 1 m s Vot R 2y ik

R 7E A — i X, &80 A [F) R B B AR v 7 )5
NAA FIAR AR A AT . Holndns el X ik, EE4%
fiil f4 ) ¥ (repetitive transcranial magnetic stimulation,
rTMS) 5 AR 52 1697 J5 NAA 25 H B 32 1 18 0 1) 155
115459 7 B iR VA 97 (electroconvulsive therapy, ETC)
S SRR U A2 20 Bl NAA 7 1 PEAIRDS, (H 2
98T )G 1T X NAA I 7 2 AR X — B0 3
JReT, B i X NAA ZK P BVF AT DL R FARRE AR -
332 FEMOTBRAE K FURE & — Fh E RS R
I, Vb BB JB e I BRRNAT AR 2 7 T A, LA
FAEHIG S AT . B — B ERTE R, B A
T, E 2 BB R 5 3 i R 2 R BN R T R 1 45
FHo W BOTE, 2 RERENESCEN . KHL
] 1 AN B, RS S 22 Mjadh 5 p 22 G 1) D e S o

AR, R A 23 L0 o 45 S BRI I 7 X NMDA
ZARTREIIR AR N RIER B2 — . AR
S AT A B2 JZ (DLPFC) o NAA 5B/ AR E &)
(GLx) 2 IEAH B8, $E7~ NAA 1] B8 52 MRS 1 43 240E )
R WEFER I, NMDA 52 4 B W 71 (SRR 25 3F 2
WRIWE) 2 75 KRG w73 245K, NAAG A 1 5t NMDA %2
PRIIAE BT, $275 NAAG AT BE 2 I 25K 1 7 240 1) 9
T, RS 4 20 S40E 55 2 i P9 NAAG Ikl & 10 15 3% %
B SIEE 73X — M Ao (HANGE S — Hb F NMDA %2
1A T 6 A SR A7 R NAAG TEFS #0245 IR PE H -
NAAG i 7] 3 i %} mGIuRS (138 50 1 Fi Sk i /b 23 2 R
(R T, /b PR A 2 B R T80 22 T 5 S 1) 40 7 12
T R AW T v R B AR AT B 2 NAAG )
TEMETIEW N T T 50%, NAA & &1 5 &
{10, A7 R 25 R B OR NAAG & & FRFPI, Ll LA
FLUtH, NAAG 7] G i 6f NMDA SZ 4 [ 1 oA H &
MGIUR3 (1) LN 1F FH 52 Wi A w43 240 1 %, (B AR
W —Fh R 2R 5 S e TR B — D A
3.4 TAENIfIEE

TR, AN T REAR A AR 3 AR A T bR kA 8
A A 70 BRSO A &N 5 ik D R e br (R
B RSE V& 3 51 R B A 26 B A A8 A B i LV ) <2 T)
ISRHK, G5 RIFARE . IE8 NTEME OB e
b DA N iy BRI R RIS NAA T L0 K FE 2 A K
PR3 BTt CNS 959 Jir 51 2 1 DA 60 1y R e 5 i A9 AR
) R AR A AR AR ORI . AT i 8
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15 X NAA KT B 552 1E 5 % 21 Fad i R B AR
SR A AR B R A R BE A RN PR A 7E NAA & & |
A AT IRA, PEA DA RRRRS ) 3 L NAA H IR 2 B
I BRI 7R R R RE IR PR 24038 T R 5 NAA T IR AE7E
IR0 TERS (M 8 2 b, NAA KT B S A A e
o i 2 52 4 <080, FJE 2R T Ji% (methamphetamine, MA)
B R —Ffr i BI040 0 A SR 2 2 % K A
Az 5 o7 681 Kim SEETUR I T N MA 8 7 2D A I 4
Y Z ARSI, B MA 4LNAA 15 BB 5B B,
TE DA 16 8 PR 1 73 B A R0 R 1 1) Stroop €3] P,
MA H 145 73 5 NAA 1) 2 5 A7 75 B B IR AH OG 1%, (HAE
TEH N R A S, LA AT 7E tH MRS He
e DR B 0 PR AR A AR R I P DG EG o R b 4 2R
JiE 5B A M 3 A7 AR A BRI, NAAG JHE 410 1] 751 7T 34 i
R Th BEPA I BH BT NMDA 5 Bt 57 Hh 17 76 735 5 119 A
HITHREFRAS0O) Ui B K5 NAAG 187> 5 9599 2 18] 774
AR FERPEMIX A NAASENAAG & & AL AR 1 1]
DAAE A0S ) 4 4, (ELE AN 5] R 8] 5 9 T
BN X TP AR AL FEAS B, HAR OG0 75 2t — B it 7
35 MEATLMARTE

i 22 BE 41 98 (neuroblastoma) & — F L B
DL A SRR, 2 T B LI RO, R HL R N, AR
PR E A R G MR 2 AR IR YT TR .
FAT 7 4 it A= B R RE 1Y) NAA AT DA ) ik 22 BE 4
JI 98 4 i % SH-SY5Y I AE K, NAA 5 I £ 51 5- %R
W G 3K PR A T 245 P ik IR FH S 7 H B R D 4 PR 2
PR, Ui NAAZEA T o AT e A2 — R 728 1l B 1

B, KUE T V5] Be it B0 v P 22 BEAH R
T A 2 AR, iR 4127 NAA & & 12 5 i
oA 1Y) 7 B R R R A %, T I TR R T A LR
Jo e 2k R e R R T L 02, B R NAA BLVF AT BLAE N
— AR
4 RES5RE

NAA (¥ & I L B A, (B AR 8 4k Py HoAth 43 7
(hn i HE AR SRR T A2, 16 B 20 I 30 4R
I 1) 9 AF T 2848, NAA TETE (K 4 1 I 25 31 2 Th R
TERE— G F2 0, VT 2 9500 BA TIOIRT2 B () A 5%,
B R YT 77 20T R B MR PR 1 S 11 (1 3), 1
EFEIE BT © NAATERZ T I 1E L IE A&
WA, NAA & B0 0] 75 OB 2 o SRR A @
NAA BT 58 57 20 5% J5 S5 4 b % 4% 15 86 4 A= A
KIVER . HRTHE 78I A 1 W NAA R 3612 &2
/b 5% 5400 0 A O L DR, 3T i S 1 R B VR T
(B A5 B ©) NAA ] 7545 Sy — Se 5 o] 5 (1 2E W) b
B, S HACKE MR . KR H MRS #f 7t %
B, R A (1 K AT SR RE S 4 B R
E) T NAA RS BRI, 2593577 J5 B NAA & 53
D[S = e RIS BT et 2 = R = PO N W NG R e
WAl R RE . 25 SR0F S0 AE BB IR B A HE T 50 1 K i
DX 3 R0 23 BT 77 T8 BT AN ], NAA & NAAG 7E3iX
S K AR IR AT B I EE, @ 0 T NAA
TEIEAE R WA, NAA TGRS 5
fiFE 52 IR O 1) R 2, 1) NAA FH G T R 115 NAA
i AT IR T 8 B A AR K AR5, W Canavan J 9

=

Anticancer
therapy
Energy Cancer
homeostasis / Biomarker
NAA
L.. as ]
Canavan Psychiatric Multiple Cognitive
Disease Disarders solsrosis Ability Neuroblastomma
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I i therapy prognosis treatment
Inhibitor therapy | Predict the i i
severity Predict the Predict the
| severity severity
Predict the
prognosis

Figure 3 NAA has the prospect of prediction and diagnosis for diseases, and targeted therapy may become the breakthrough of refractory

diseases
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HH 1) ASPA R B ARTR YT, B LUK LE g 3 5 1 2454
fifiidk; ® NAATRTE TN vz Hh B T 00 16 1S 4%
o FELRRAS T AL S CNS FINCAR, TR RI% &
JE 1 422 9 A 1 BB 3 A7 TR i 5 NAA BRI 1 1 0o, LR
AT TUI B SR A o 8 0 AR 80 K At R o AT 1 A 4
(AT , A3 7 P 2 e o 308 5 407 L7 A0 i 5 270, 552 9 07
XS D e R A R E A EEE .

AR SR, AN AT U6 R % NAA FE CNS Z A
ER o A% 7 40 B o A7 76 K& NAA, NAA K JE
25 R KR €0 i i 40 A 117 2 1000 o TR A FH RN A
filA'E Y, S il ] 2 A N R R R S R UM . BRI
2218 BCJIR W7 20 B NAT8L g b /N BRAE T2, E AT DLdE i %k
76 NAA $5 30077 3 1 75 NAA 2 8 57 41 i 7 4 & fig &
FaAS I 8 BE AR =9, TR 3697 W8 PRI 5 IR EE T
T T REAE BT 52 NAA PR FE 7 i e 2HL 43 b i 35 34
87 T NAA 1A Rz BELAS B 530 40 i 1) AR K
A7 3580, 3R B NAA & — Fi 55 Z2 (1 iR AR 4« 76 R
Sk, B NAABEAT IR VR TT 5 AR s e 4 i i e AR
BA R 5.

PEZTIRR: W R HEAT T A RS KRR, T LB
WOT = K E S 5 RN S U ASCHEIRIEE N E
S, RO E B, 03T T B B SR A .

FlRSR: A (EE AR ZE PR

References

[1] Tallan HH, Moore S, Stein WH. N-Acetyl-L-aspartic acid in
brain [J]. J Biol Chem, 1956, 219: 257-264.

[2] Inglese M, Rusinek H, George IC, et al. Global average gray and
white matter N-acetylaspartate concentration in the human brain
[J]. Neuroimage, 2008, 41: 270-276.

[3] Clark JB. N-Acetyl aspartate: a marker for neuronal loss or mito-
chondrial dysfunction [J]. Dev Neurosci, 1998, 20: 271-276.

[4] Moreno A, Ross BD, Bluml S. Direct determination of the N-
acetyl-L-aspartate synthesis rate in the human brain by (13)C
MRS and [1-(13)C]glucose infusion [J]. J Neurochem, 2001, 77:
347-350.

[5] Baslow MH. Evidence supporting a role for N-acetyl-L-aspartate
as a molecular water pump in myelinated neurons in the central
nervous system. An analytical review [J]. Neurochem Int, 2002,
40: 295-300.

[6] LisS, Clements R, Sulak M, et al. Decreased NAA in gray matter
is correlated with decreased availability of acetate in white mat-
ter in postmortem multiple sclerosis cortex [J]. Neurochem Res,
2013, 38: 2385-2396.

[71 Le Coq J, An HJ, Lebrilla C, et al. Characterization of human
aspartoacylase: the brain enzyme responsible for Canavan dis-
ease [J]. Biochemistry, 2006, 45: 5878-5884.

(8]

[°]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Khrenova MG, Kots ED, Varfolomeev SD, et al. Three faces of
N-acetylaspartate: activator, substrate, and inhibitor of human
aspartoacylase [J]. J Phys Chem B, 2017, 121: 9389-9397.

Huang W, Wang H, Kekuda R, et al. Transport of N-acetylaspar-
tate by the Na(+)-dependent high-affinity dicarboxylate trans-
porter NaDC3 and its relevance to the expression of the trans-
porter in the brain [J]. J Pharmacol Exp Ther, 2000, 295: 392-
403.

Patel TB, Clark JB. Synthesis of N-acetyl-L-aspartate by rat
brain mitochondria and its involvement in mitochondrial/cytosol-
ic carbon transport [J]. Biochem J, 1979, 184: 539-546.

Meclintosh JC, Cooper JR. Studies on the function of N-acetyl
aspartic acid in brain [J]. J Neurochem, 1965, 12: 825-835.
Margolis RU, Barkulis SS, Geiger A. A comparison between the
incorporation of 14C from glucose into N-acetyly-L-aspartic acid
and aspartic acid in brain perfusion experiments [J]. J Neuro-
chem, 1960, 5: 379-382.

Taylor DL, Davies SE, Obrenovitch TP, et al. Extracellular N-
acetylaspartate in the rat brain: in vivo determination of basal
levels and changes evoked by high K* [J]. J Neurochem, 1994,
62: 2349-2355.

Taylor DL, Davies SE, Obrenovitch TP, et al. Investigation into
the role of N-acetylaspartate in cerebral osmoregulation [J]. J
Neurochem, 1995, 65: 275-281.

Nordengen K, Heuser C, Rinholm JE, et al. Localisation of N-
acetylaspartate in oligodendrocytes/myelin [J]. Brain Struct
Funct, 2015, 220: 899-917.

Sumi K, Uno K, Noike H, et al. Behavioral impairment in SHATI/
NAT8L knockout mice via dysfunction of myelination develop-
ment [J]. Sci Rep, 2017, 7: 16872.

Nave KA, Werner HB. Myelination of the nervous system: mech-
anisms and functions [J]. Annu Rev Cell Dev Biol, 2014, 30:
503-533.

Singhal NK, Huang H, Li S, et al. The neuronal metabolite NAA
regulates histone H3 methylation
myelin lipid composition [J]. Exp Brain Res, 2017, 235: 279-292.
Madhavarao CN, Arun P, Moffett JR, et al. Defective N-acetylas-

partate catabolism reduces brain acetate levels and myelin lipid

in oligodendrocytes and

synthesis in Canavan's disease [J]. Proc Natl Acad Sci U S A,
2005, 102: 5221-5226.

Dautry C, Vaufrey F, Brouillet E, et al. Early N-acetylaspartate
depletion is a marker of neuronal dysfunction in rats and primates
chronically treated with the mitochondrial toxin 3-nitropropionic
acid [J]. J Cereb Blood Flow Metab, 2000, 20: 789-799.
Vagnozzi R, Tavazzi B, Signoretti S, et al. Temporal window of
metabolic brain vulnerability to concussions: mitochondrial-
related impairment--part | [J]. Neurosurgery, 2007, 61: 379-388.
Moffett JR, Arun P, Ariyannur PS, et al. N-Acetylaspartate reduc-
tions in brain injury: impact on post-injury neuroenergetics, lipid

synthesis, and protein acetylation [J]. Front Neuroenergetics,



1760

2% %4 Acta Pharmaceutica Sinica 2020, 55(8): 1754 -1761

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

[32]

[33]

[34]

[3%]

[36]

[37]

[38]

2013, 5: 11.

Miyamoto E, Kakimoto Y, Sano I. Identification of N-acetyl-alpha-
aspartylglutamic acid in the bovine brain [J]. J Neurochem,
1966, 13: 999-1003.

Huber F, Montani M, Sulser T, et al. Comprehensive validation
of published immunohistochemical prognostic biomarkers of
prostate cancer-what has gone wrong? A blueprint for the way
forward in biomarker studies [J]. Br J Cancer, 2015, 112: 140-148.
Queisser A, Hagedorn SA, Braun M, et al. Comparison of different
prostatic markers in lymph node and distant metastases of pros-
tate cancer [J]. Mod Pathol, 2015, 28: 138-145.

Foss CA, Mease RC, Cho SY, et al. GCPII imaging and cancer
[J]. Curr Med Chem, 2012, 19: 1346-1359.

Lv QZ, Yang JC, Wang YJ. Advances in prostate-specific mem-
brane antigen-mediated antitumor drugs [J]. Acta Pharm Sin (%4
2£2241), 2016, 51: 234-240.

Berger UV, Luthi-Carter R, Passani LA, et al. Glutamate car-
boxypeptidase 11 is expressed by astrocytes in the adult rat ner-
vous system [J]. J Comp Neurol, 1999, 415: 52-64.

lantomasi T, Favilli F, Vincenzini MT. Evidence of glutathione
transporter in rat brain synaptosomal membrane vesicles [J].
Neurochem Int, 1999, 34: 509-516.

Hoshino H, Kubota M. Canavan disease: clinical features and
recent advances in research [J]. Pediatr Int, 2014, 56: 477-483.
Janson CG, McPhee SW, Francis J, etal. Natural history of Canavan
disease revealed by proton magnetic resonance spectroscopy
(*H-MRS) and diffusion-weighted MRI [J]. Neuropediatrics,
2006, 37: 209-221.

Pederzolli CD, Rockenbach FJ, Zanin FR, et al. Intracerebroven-
tricular administration of N-acetylaspartic acid impairs antioxi-
dant defenses and promotes protein oxidation in cerebral cortex
of rats [J]. Metab Brain Dis, 2009, 24: 283-298.

Sohn J, Bannerman P, Guo F, et al. Suppressing N-acetyl-L-
aspartate synthesis prevents loss of neurons in a murine model of
canavan leukodystrophy [J]. J Neurosci, 2017, 37: 413-421.
Thangavelu B, Mutthamsetty V, Wang Q, et al. Design and opti-
mization of aspartate N-acetyltransferase inhibitors for the poten-
tial treatment of Canavan disease [J]. Bioorg Med Chem, 2017,
25: 870-885.

Mutthamsetty V, Dahal GP, Wang Q, et al. Development of
bisubstrate analog inhibitors of aspartate N-acetyltransferase, a
critical brain enzyme [J]. Chem Biol Drug Des, 2020, 95: 48-57.
von Jonquieres G, Spencer ZHT, Rowlands BD, et al. Uncou-
pling N-acetylaspartate from brain pathology: implications for
Canavan disease gene therapy [J]. Acta Neuropathol, 2018, 135:
95-113.

Leone P, Shera D, McPhee SW, et al. Long-term follow-up after
gene therapy for canavan disease [J]. Sci Transl Med, 2012, 4:
165ral63.

Deverman BE, Ravina BM, Bankiewicz KS, et al. Gene therapy

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

for neurological disorders: progress and prospects [J]. Nat Rev
Drug Discov, 2018, 17: 641-659.

Noseworthy JH, Lucchinetti C, Rodriguez M, et al. Multiple
sclerosis [J]. N Engl J Med, 2000, 343: 938-952.

Gonen O, Catalaa |, Babb JS, et al. Total brain N-acetylaspartate:
a new measure of disease load in MS [J]. Neurology, 2000, 54:
15-19.

Polacek H, Kantorova E, Hnilicova P, et al. Increased glutamate
and deep brain atrophy can predict the severity of multiple scle-
rosis [J]. Biomed Pap Med Fac Univ Palacky Olomouc Czech
Repub, 2019, 163: 45-53.

Waxman SG. Axonal conduction and injury in multiple sclerosis:
the role of sodium channels [J]. Nat Rev Neurosci, 2006, 7: 932-
941.

Dutta R, McDonough J, Yin X, et al. Mitochondrial dysfunction
as a cause of axonal degeneration in multiple sclerosis patients
[J]. Ann Neurol, 2006, 59: 478-489.

Pandit A, Vadnal J, Houston S, et al. Impaired regulation of
electron transport chain subunit genes by nuclear respiratory
factor 2 in multiple sclerosis [J]. J Neurol Sci, 2009, 279: 14-20.
Campbell GR, Ziabreva I, Reeve AK, et al. Mitochondrial DNA
deletions and neurodegeneration in multiple sclerosis [J]. Ann
Neurol, 2011, 69: 481-492.

Ge Y, Gonen O, Inglese M, et al. Neuronal cell injury precedes
brain atrophy in multiple sclerosis [J]. Neurology, 2004, 62: 624-
627.

Jayaweera HK, Lagopoulos J, Duffy SL, et al. Spectroscopic
markers of memory impairment, symptom severity and age of
onset in older people with lifetime depression: discrete roles of
N-acetyl aspartate and glutamate [J]. J Affect Disord, 2015, 183:
31-38.

Tosun S, Tosun M, Akansel G, et al. Proton magnetic resonance
spectroscopic analysis of changes in brain metabolites following
electroconvulsive therapy in patients with major depressive
disorder [J]. Int J Psychiatry Clin Pract, 2020, 24: 96-101.

Gules E, losifescu DV, Tural U. Plasma neuronal and glial
markers and anterior cingulate metabolite levels in major depres-
sive disorder: a pilot study [J]. Neuropsychobiology, 2020. DOI:
10.1159/000505782.

Aston C, Jiang L, Sokolov BP. Transcriptional profiling reveals
evidence for signaling and oligodendroglial abnormalities in the
temporal cortex from patients with major depressive disorder [J].
Mol Psychiatry, 2005, 10: 309-322.

Miyamoto Y, legaki N, Fu K, et al. Striatal N-acetylaspartate
synthetase Shati/Nat8l regulates depression-like behaviors via
mGIluR3-mediated serotonergic suppression in mice [J]. Int J
Neuropsychopharmacol, 2017, 20: 1027-1035.

Akimoto H, Oshima S, Sugiyama T, et al. Changes in brain
metabolites related to stress resilience: metabolomic analysis of

the hippocampus in a rat model of depression [J]. Behav Brain



B LA N-LBER L ZBRAE T 2 R G0 B Tuidk e

1761

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

(65]

[66]

Res, 2019, 359: 342-352.

Coplan JD, Lu D, El Sehamy AM, et al. Early life stress associated
with increased striatal N-acetyl-aspartate: cerebrospinal fluid cor-
ticotropin-releasing factor concentrations, hippocampal volume,
body mass and behavioral correlates [J]. Chronic Stress (Thou-
sand Oaks), 2018. DOI: 10.1177/2470547018768450.

Zheng H, Jia F, Guo G, et al. Abnormal anterior cingulate N-acet-
ylaspartate and executive functioning in treatment-resistant de-
pression after rTMS therapy [J]. Int J Neuropsychopharmacol,
2015, 18: pyv059.

Merkl A, Schubert F, Quante A, et al. Abnormal cingulate and
prefrontal cortical neurochemistry in major depression after elec-
troconvulsive therapy [J]. Biol Psychiatry, 2011, 69: 772-779.
Njau S, Joshi SH, Espinoza R, et al. Neurochemical correlates of
rapid treatment response to electroconvulsive therapy in patients
with major depression [J]. J Psychiatry Neurosci, 2017, 42: 6-16.
Paslakis G, Traber F, Roberz J, et al. N-Acetyl-aspartate (NAA)
as a correlate of pharmacological treatment in psychiatric disor-
ders: a systematic review [J]. Eur Neuropsychopharmacol, 2014,
24:1659-1675.

Coughlin JM, Tanaka T, Marsman A, et al. Decoupling of N-
acetyl-aspartate and glutamate within the dorsolateral prefrontal
cortex in schizophrenia [J]. Curr Mol Med, 2015, 15: 176-183.
Tsai G, Passani LA, Slusher BS, et al. Abnormal excitatory
neurotransmitter metabolism in schizophrenic brains [J]. Arch
Gen Psychiatry, 1995, 52: 829-836.

Tkachev D, Mimmack ML, Huffaker SJ, et al. Further evidence
for altered myelin biosynthesis and glutamatergic dysfunction in
schizophrenia [J]. Int J Neuropsychopharmacol, 2007, 10: 557-
563.

Wood PL. Targeted lipidomics and metabolomics evaluations of
cortical neuronal stress in schizophrenia [J]. Schizophr Res,
2019, 212: 107-112.

Zhang R, Zhang T, Ali AM, et al. Metabolomic profiling of post-
mortem brain reveals changes in amino acid and glucose metabo-
lism in mental illness compared with controls [J]. Comput Struct
Biotechnol J, 2016, 14: 106-116.

Ross AJ, Sachdev PS. Magnetic resonance spectroscopy in
cognitive research [J]. Brain Res Brain Res Rev, 2004, 44: 83-
102.

Nie K, Zhang Y, Huang B, et al. Marked N-acetylaspartate and
choline metabolite changes in Parkinson's disease patients with
mild cognitive impairment [J]. Parkinsonism Relat Disord, 2013,
19: 329-334.

Lin R, Li L, Zhang Y, et al. Electroacupuncture ameliorate learn-
ing and memory by improving N-acetylaspartate and glutamate
metabolism in APP/PS1 mice [J]. Biol Res, 2018, 51: 21.

Morley KC, Lagopoulos J, Logge W, et al. Brain N-acetyl aspar-
tate and associations with cognitive impairment in alcohol depen-
dent patients [J]. J Clin Exp Neuropsychol, 2020, 42: 111-117.

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

(80]

Kim JE, Kim GH, Hwang J, et al. Metabolic alterations in the
anterior cingulate cortex and related cognitive deficits in late
adolescent methamphetamine users [J]. Addict Biol, 2018, 23:
327-336.

King G, Alicata D, Cloak C, et al. Neuropsychological deficits in
adolescent methamphetamine abusers [J]. Psychopharmacology
(Berl), 2010, 212: 243-249.

Janczura KJ, Olszewski RT, Bzdega T, et al. NAAG peptidase
inhibitors and deletion of NAAG peptidase gene enhance memory
in novel object recognition test [J]. Eur J Pharmacol, 2013, 701:
27-32.

Olszewski RT, Janczura KJ, Ball SR, et al. NAAG peptidase
inhibitors block cognitive deficit induced by MK-801 and motor
activation induced by d-amphetamine in animal models of
schizophrenia [J]. Transl Psychiatry, 2012, 2: e145.

Mazzoccoli C, Ruggieri V, Tataranni T, et al. N-Acetylaspartate
(NAA) induces neuronal differentiation of SH-SY5Y neuroblas-
toma cell line and sensitizes it to chemotherapeutic agents [J].
Oncotarget, 2016, 7: 26235-26246.

Brandao LA, Castillo M. Adult brain tumors: clinical applica-
tions of magnetic resonance spectroscopy [J]. Magn Reson
Imaging Clin N Am, 2016, 24: 781-809.

Hansen TM, Brock B, Juhl A, et al. Brain spectroscopy reveals
that N-acetylaspartate is associated to peripheral sensorimotor
neuropathy in type 1 diabetes [J]. J Diabetes Complications,
2019, 33: 323-328.

Liu W, Yu H, Jiang B, et al. The predictive value of baseline
NAA/Cr for treatment response of first-episode schizophrenia: a
(1)H MRS study [J]. Neurosci Lett, 2015, 600: 199-205.

Stovell MG, Yan JL, Sleigh A, et al. Assessing metabolism and
injury in acute human traumatic brain injury with magnetic reso-
nance spectroscopy: current and future applications [J]. Front
Neurol, 2017, 8: 426.

Prokesch A, Pelzmann HJ, Pessentheiner AR, et al. N-Acetylas-
partate catabolism determines cytosolic acetyl-CoA levels and
histone acetylation in brown adipocytes [J]. Sci Rep, 2016, 6:
23723.

Hofer DC, Zirkovits G, Pelzmann HJ, et al. N-Acetylaspartate
availability is essential for juvenile survival on fat-free diet and
determines metabolic health [J]. FASEB J, 2019, 33: 13808-
13824.

Sreekumar A, Poisson LM, Rajendiran TM, et al. Metabolomic
profiles delineate potential role for sarcosine in prostate cancer
progression [J]. Nature, 2009, 457: 910-914.

Fong MY, McDunn J, Kakar SS. Identification of metabolites
in the normal ovary and their transformation in primary and
metastatic ovarian cancer [J]. PLoS One, 2011, 6: €19963.

Zand B, Previs RA, Zacharias NM, et al. Role of increased N-
acetylaspartate levels in cancer [J]. J Natl Cancer Inst, 2016, 108:
djv426.



