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Endogenous formaldehyde regulates memory

FEI Xue-Chao, TONG Zhi-Qian"
Beijing Institute of Brain Disorders, Capital Medical University, Beijing 100069, China

Abstract: Formaldehyde is one of the simplest organic small molecules containing C, H and O elements in the early stage of earth’s
evolution; however, it has been found to be existed in every eukaryotic cell and participate in “one carbon metabolism”. Recent stud-
ies have shown that formaldehyde may act as a signal molecule to regulate memory formation. After electrical stimulation or learning
activity, the levels of formaldehyde in rat brains were increased instantly, and N-methyl-D-aspartate (NMDA) receptor was activated to
promote the formation of long-term potentiation (LTP) or spatial memory. On the contrary, after reducing the levels of formaldehyde
in the brains, NMDA receptor could not be activated, which was accompanied by the deficits in both LTP and memory. Moreover, in
the brains of normal aged rats and APP/PS1 transgenic mice, the concentrations of formaldehyde were abnormally increased, which
directly inhibited NMDA receptor activity and impaired spatial memory. This article reviewed the physiological and pathophysiological
functions of endogenous formaldehyde in learning and memory.

Key words: endogenous formaldehyde; Alzheimer’s disease; N-methyl-D-aspartate receptor; long-term potentiation; spatial memory

S (MW = 30) S b BREAG B B o B, . 4Rt Waniegsd Plo Heck 2K A - i
EEAFERSA C. Hy O TRIAEN/NT Mo a7 543 Sh W A0\ () I B RS —F A
HoA (9 /N4 7 i NO (MW = 30), CO (MW =28).  0.08 mmol/L, FXZHZI4 N 0.2~0.4 mmol/L™, 4k
H,S (MW = 34) 25 BAEMIsHb st N Edr iR G, A8 W ER, WIRMFBS S5ICZHERE, H5 Nk
EMERE R HENESBES TS EEIAMA Y, ZERIORFEDIMIC D, FEEERIINmER S hE
HErFseR o, IR BAAE T DA BUINRBA R IERICIZER MR R —
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AEHREF I ERIR, RFAIHRE
£ 20 20 80 HEANMIEIE . E NPT gL, H
M Tl d5 QeS i il TAE M R N BCIZ 38R, 5l
BEEER IR SE Y, St R BoR, WS
AR R RACHZ TR ™ JE RS H R W] BOK R i
AR R oAt U Y S H R AN R
)i dz U, A2 AR S I i T A £ 3 Y
A P U R U T A IR R R R
PR (AL R IR 1 2R A

2 NEMRBRERFLICIZHEER

1989 4F, Khokhlov 4§ & Bl 2 K M 4 & 2 1)
LR R R IR B S T, T H R R e B
RS, *HtEA MR " BRZ R
1B FHEAEA LR, HiZM kA RS
A2 IR RIATIRTT .
2.1 12 B SR ERNIS KR FRILRE

Conaway ZEAG I T 421 51 A [F) 45 4 fdk R 52 i 3
I RS RE, R DI P A I P R AR B AE 0.08
mmol/L, X 2 (R A L - A7 E B0 1 FR S SR P i &R
(ELE 5 6 4 A 38 o, I 97 P S Ak LS T 1 A )
#at 7, Tong Z5HFFE IR, 236 FIA FIAERM i B2
TR RV I A B R AR B € E 0.06 mmol/L, {H
RREEER K, 22 ET ", Tong %K
W7 141 BUAS [RIF2 B2 10 B 2R 1 BR s A8 3 1) PRV
R ISR PR T A JEE BT 7 P T BRI AR R R TR
BT R BIRWE RN, SRR KR e
ZIRAT MR T e T BN TR R S BT
2.2 BIZR S RRERNEMATRIERE

TEL T ME— W T O R T R PR R 1
. Mg Z AR SAMPS /N . BEIRE A KB
PRIFEBERS K RSB G — AN A2 R R, i
o B A B B ) R 12, fE APP L I[N
BA[ IR ZR I BRI /N BRAR TS o, 6 H W0 1280 2 T B R
S VR B BT . £ APP/PST WA I
K] Be] 7R PR R /N BRABE R o, 3 H e 2 B B R B
I, A R 2 BT, Tong 2 (W TR
HT ORBEIEHE < AR BT 2R 2 A BR R D B A i v R
g K, FH S (0.5 mmol/L, i. p.) 4P 1F & /N &R,
Morris 7K 3% B S 465 B B on /N RS IZ K 9, xR
NI R AR RS T R AR 0 I TR IR M e B IR A

3 MNHBRERNZERE

TE % P9 A R AR BER 22909 0.3 mmol/L. {H
b & A BB R SRR R A, T B AR ) R
B IR BRI E (29 0.5 mmol/L)®, A4 Py F g
Ve fe i 0 B R 0, 15 R JCAE TS 212 T %
P P A SR 52 AR g s 801 o PN R P A8 11 3 20
7% (D,
3.1 FAEEPE RN

FH I A A = 22 El MO 20 Bt H IR (glutathione, GSH)
i) R i i &0 (formaldehyde dehydrogenase, FDH,
N LIENENE 3, ADH3). ZEEMERS 1 (alcohol
dehydrogenase 1, ADH1). AKX GSH ) % 25 it &
2 (aldehyde dehydrogenase 2, ALDH2) 47 ; FLiX,
S- F ik GSH i & g & R A2 f7 By i A0 &l
(catalase, CAT) tH 5g % fi# FH % . FDH 7£fixi (1 i H A
WRRIE, KT ENERIE, RIRPUEZ SR
ZB Mk BY, (BB EARRA LR E 12~30 £51
Zal, R B B s s, R O il
22 HLIE TR P s ALDH2 B FF S (1) Km {55 0.5
mmol/L, Ett FDH (Km = 0.3 mmol/L) [¥] [ fi# 6
s PN, fEAEE MR, HEE 3 E B K GSH 1

BL A R A A

Fig. 1. The multiple metabolic pathways of endogenous form-
aldehyde. Red arrows: formaldehyde-generating pathways; blue
arrows: formaldehyde-degrading pathways. ADH1, alcohol
dehydrogenase 1; ADH3, alcohol dehydrogenase 3; ALDH?2,
aldehyde dehydrogenase 2; LSD1, lysine special demethylase 1;
SSAOQ, semicarbazide-sensitive amine oxidase; SARDH, sarco-
sine dehydrogenase; SA, sarcosine; TET1, TET methylcytosine
dioxygenase 1; CAT, catalase; MMA, monomethylamine; FA,
formaldehyde; MeOH, methanol; ER, endoplasmic reticulum;
MIT, mitochondria.
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Fischer K 5 Jifi 345 B fi# P % f 5 22 . Tong 5 Hf
e, ] FDH A1 ALDH2 &4 7] 5 350K R
FEE 2B, 5IRIIZ TR,
3.2 FAERAE RN

P 32 B T 2 B AR A B - LZ R i S 8 (sar-
cosine dehydrogenase, SARDH)"", TET Hl 3 ity %
IE W IN4E B 1 (TET methylcytosine dioxygenase 1,
TET™ ™) SRS 74 5t F 1L 1 (lysine special
demethylase 1, LSD1)*>" Py J5i W i HH AL Bl . 45
FEMRBUR B IR E A TRRE A . 2ok ik 2
0.3 P450 %5 B, Forf, DNA i F A0 BRI (R )
WG, Bk, BHEAOC, B SR A R B,
W7t 2 7~ , DNA F F I AL g (%) 400 1] 77 5-Aza-2-
deoxycytidine E{£iE DNA it 5, 7 A4 Hg E A B,
3.3 'Y, B, FEEERER

WS, ABaE. 3N 5E |Y6e 5 8k
N EE b AR 0.3 mmol/L, —YLZ5W). g5
ey (IS . BT, RITH. H EAL,
W% ) i 254 (40T B+ AN-7. mitoxantrone) %
AT DB 2R ARG Al (5 2% P4SO BigRE 0= A FiE P
3.4 Z, EEMRKER

T, s, NRIZAE S A Py R R 1,
HEEAE Z P B RN BB, 20 R ER,
A L5 A it B B e TR R R P SR
il 8 EB 2 (e LR AR B e R A T I R
PR R BE . A U0 BT R IR IR R R
e T RIS % o R 75 P R B A 5 1) o ) PR RS I
FET 5 o
3.5 EEEE

AT, FE 32 2 i 8 GSH ) ADH3
R . ADH3 R:K Z BBLRARH W, SRR % B
RIRAER B R ", ADH3 NS EUN R
St R PO 52 4 B S ARG B0 0 SR L A2 R ok
RN R T s, A6 GSH 1) ALDH2 &
FETE B R ARAE R P WSRO, ALDH2 273
G5 BRI R A VIR G, H AR
995 91 5 BT 0 5. 7, ALDH2*2 S5 A5y 3[R 485 7 3
SRR R BT JR VR T B 1AM 2 A AR A T
w5, JFSEIREA E AR 4 (APOE &4) B [F1E

465

1%, ALDH2 3R (¥ 5848 5 550N T I B4 At i
871 R P% 10% “s ALDH2 B[R R b ¥/ SRR B H
IOAZ e e B3 489 sy GSH FEIE I, CAT BCH 4 AR
S () E Bl . CAT J5 DR 7 A R 7R o BRO5 36 3 N\
HEEINR, CAT EHEHFFT XK (1s1001179)
(1 —262 7 B A C/T 244, T /E3h 74T DL
D 1% S R (1) B S R NS 77, N2 TT 4G+
A CT 424 71 CAT IR EE B B F+ 51, {H CAT %: A
—262 {7 C—T 2 251X Bl JR i 2R 93 73 I R R IR
HARY R PO, CAT Bigis /) F B 75 KD 123
BB GSH IR EE KR ME T 2. g0k
A o RN i R R B BT GSH ZKCSE AR B A
AR ARAT MR R AR R R 2 — B,
3.6 FRIWREER

BAHP BN 7 — B AR A2 - AR
[R] Bt FE 2 B3 8 /& DNA I B 25 46, 11 DNA Jid B
FERT AR R PR ngE APP BN P, APP
FEPR AN G R S, SEPR I EE R Ik, X PRREE F
sk s [FIRE, AR AT ADH3 935 /1, X thal g
J2 F R TE APP 5 55 DR BB JR 2 I BR 93 B 28 o 5 R
(K153 — B R o B R PRI BRI AR Y B 6 H 8 I fini P
AB KEFA, FAEBEHFEESRBM Y. Boh, EW
TR BN 24 B R 4 DNA H 240 K-
%P7, ABMERENE MR . SR R A R A
ST E A 21 ) DNA B 245 H kK B, DNA
O 340 SRR RSO 77 A, DR O 3 A 8 3 1 g
0 DNA i FF L5 & B ISR BT 3 f5 0L 1 BT,

4 HIEREHRIFEKERTZHEE(ong-term
potentiation, LTP)F1ig1Z iR

S ONE B Re S K D R FE ) BT, b
AR F R A LTP AR A2 T O b TF 1, $27m N
TR T el NG 50 T2 5l TE R
4.1 FIEFLEDRRRTE

IR TR, R T KR B ISR B AR
5 CAL X245 T E il (200 Hz, 3 trains, 20 pulses)
JGi, ¥ HESIRE EFFE 0.06~0.08 mmol/L™, fijiZ
WRE R B SRIENLEVR DG iRE . A2 iR A
EVE SR P2 A2, T DNA i F 3Lkl ™ HEE
i FF e 4L (histone demethylases, HDMs). #fi% /i -
B 5 M B B 3L Ak B (Lysine-specific demethylase 1,
LSD 1) FILEFL A 41 i 4 25 P450 i . Guo 25 5t
TR, HURIEEENS P K 2 3% I EE 1K DNA fii
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AL, AL TP2 0% N B DNA it B 2846 Bl 2 41
FLf U 40 N IR B TR ke i Y. A
DNA Jlii FF 35 A il sl FC A AH DG BB 3 R, DNA [
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35 71, ARREHE D LTP g pk "™ i i 00 i & v
SF FDH, KB5S LTP B 23240,  FFfk BE K B
ALz R P MR, 7R 32 I 24 KR
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A [ERCAZ T A A EH .
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(e i3 7%, $ER NMDA 52 44 ] B & s A
()80 g, I 4R 1K I8 R NMDA 52 44 I 2t NR1 Al
NR2B |2 Bt g BR 2H B ) — B ke T i 715 NMDA 5 &
MR VO RS AR RS I A R R A
R R B, I RE S % Al AR (I R R IR R R A
A SN B B R B R T SR IA E CHO
4 %) NR1/NR2B A3 085 _ETE,  $0) K R i
O LTP, WA KRAEFHCAZEIER Y. gid Lkt
FERI UL, RS AT REOE I 4k 2 & B AE T NMDA %2
&, IR LTP JERK.
5.2 FAEPERKSEME QFRIEMN TR 55 IN 48
EAR SRR B S B 5% J5 /N R D X NR2A
A NR2B RIE LK B, [ PSRk B H RS (3.0
mg/m’) W\ J5 NR2B [{1 2 %08 /0 ¥, DNA HILH#
(DNA methyltransferases, DNMTs) 3 /7 [&41% ©,
75 BEIK B S AT 33 I 410 ) DNMTs 3% 77 F i NR2B
[k U, Bl IR Vg BR G R R R BOR g
RS Z A O NR2B %A i 7™, SNAP2S 1 VAMP2
e RIKTE WG S 2 2 5 2% 2 FIE 12 10 98 ful B
[P, BEAERYIR, XSS ER [ AR D,
FEBEICAZ TR P22 W 7T S R 2 5 AT R KR
5 i SNAP25 Fl VAMP2 %8 (1378 Tl P9, 23]
CAZRE R, DL EWF R, WES W N i 5 Ak
HEMRIE, W55 KRGS .
5.3 BBHFERCIZEBNRE—ES
KEMTF TR, R RS E TS
T TSI A A R K IS A IR VA 1, REIE
IoF o g R B R 400 i Y, K] o R R TS U
R IR B, 953E, AT T P R R
9T s, PEESVES 0.5 mmol/L FIEE, K KK o Y
MERGE B, VLR R R A A sE N, RS
(1 R Y ok 7)1 22 7 i T AR A SAMPS /)N BRI
R S A R U5 IR, BV R AR 5 K tau
A amyloid 2 (R4, 75 K Bl /R IR BRI B 1
Wi 2 e pe s O IR R R, SR
T B R I T RO HR 10 12 5 3B B R A I PR AR AIE
TR Ty o 5 A TR F A0 22 B A7 i 1) S o —
U DL ERRACR I, SRR 0 B AT DL A N
R, 3 IR DA 22 TCAE T, R IEIZ I R S % A7

6 FRIRARE REERIFKRAICIT
A8 1 3 AR 109 BRI 2 P R T R S L AR R 48 T
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B BEs, FHI 7 AP A, A3 g
fih 2% 19 (1) DNA (345 DNA ) F bk A ). &
A KR R JE M A TR T % 2 L], 5]k
KHdiz E%k.
6.1 FARRTHIFHE EE—HhoSHES
FERATIG RO AR B, F S R R v] 3 8012
FR DI BT R A A Y e R AR o
2o BLAERE Y, T e 4R G B s B R I R 0 R
R W B R R T, XM R
P L 5 R Al 1O 1O B R IR ] R K RO A
RN JZ KR B 2 R I EE R EL g U M, e
Z I I RER 2B E AL T 240, % ]
(B GE TR SZ BH, AT 51 S 1EAZ ISR BTN, T R 3408
J3% (deep brain stimulation, DBS) f¢ & i ¥k & 3 7
R AR, Oz E ", RS A
B AT AR R U B AR U T DR R AT
N, BRI NI 2 R, RIS CRESS, KT
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6.2 FRIFICIZIERHmBIE—DNA
KL AZ T B, 5 2 DNA i B 2R, %5
BPEHICAZ A O H, o DNA i H L2 id 12
TR R g V2 AR, R PEEEM
FHEIZ ERRE, mZih BP0 kg ge 124120

NMDA Ca?*
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NMDA- \
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Zdi77 DDT "7, ys g 29 25 3 Re 15 25 A i
DNA H ALK [FIFE, 5B 7R i B s i 3 T
ok B 7R KN B J2 5 DNA FF AR K7 R B 121,
Tong SEHF TR 7, o3 BRI B FF I B I [ I DNA HH
B, FAECIZ TR P B IR IR B HR
Ik LR A i 5 R0 7 J2 4 48 0 DNA 52 2136 P
A T e, HiI DNA-DNA il DNA- & [
JRAZ B U R N R 3 KBRS
B, £ 25 JE 41 g DNA ) N°-hydroxymethyl-dG mono-
adducts M1 dG-dG KA ZZHK, ‘FE DNA & il I il
W, BAR A SE Y LEPRRYE, R
UK P ) R R ROR L2 R DNA 6403,
AT 2 LA T ALK R Z
6.3 BRBHIFKAICIZEFES—FHE

KRB RN FEE R B JZ 2 st U1,
I BE VR B HI % (0.5 mmol/L) & 35 10 1] £ b 4 41 i
BRBEE 7, PR SR 75 0 K Z 4 oo Rl e
73", 0.3 mmol/L FF % XoF st S5 4 J 3% 1 SR K,
BRI R S IR0 K E & oatr: ™, 22
WA IHTT, IRR R SR, FAVIEKEN
IS 22 G2 i) B DL A A7, 3 AR gk 14
B JR e B 6 WG IR0 R ez i, B
T mie iz M Tong 250 58 o B

NMDA a2+
W) IO 0O

FA 500 pmol/L

8408

|
NR1 'NR2B NMDAR

ut

NMDA-
currents

Fig. 2. Effects of different concentrations of formaldehyde (FA) on N-methyl-D-aspartic acid (NMDA)-currents. Endogenous FA
enhances NMDA-currents by binding to C232 of NR2B, whereas excess FA suppresses NMDA-currents by cross-linking C79 of NR1
and K79 of NR2B. NMDA-R, NMDA receptor. The figure was reproduced from reference *?.
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IR BRI S5 TR H R T A o i R A IR T
e O SRR R SR R B, R B R
Z I EERRIR I ARy, TEIEM AL SRERI 2 5E, [F
IF K tau A RE. R T 1,
g % 5= AREMRER (cysteine, C). HHE R
(lysine, K) S pi g & ™4, AR EATHL, B
IR S5, e A Thee Y. Bt 7t BoR,
2 21 B A IR 18] v %) F I RT A T NR2B 32
PRI C232 37 5, 1455 NMDA 524K 305, #2042
T 9 E R 114 HR I P 2 B NR1 [ C79 A7 5 F1T NR2B
(1) K79 A7 5, K NMDA 3244&, /> NMDA 0%
MR, BEREIZ AR O 2).

7T BENRE

IR A ER E e R AE LN T2 —,
FENANZ S T AN TGS EATEKLT,
5 1 B AT RN UK T S I — e R RN A B
T Z5C1ZRTB R, R TR B RS TR R4
Dife. T4 UEE PR R AT I, b X [ = AR
BB i S AL B (semicarbazide-sensitive amine oxi-
dase, SSAO) ¥ /1M 5 1. FEE (P IE A Ak Bl i 0 B
fiK) JdiE (DNA Jii RS 98 ). B PRI (ALDH2 %=
PRI RAR ) S it 28 3R AT VR A AR, T P PP Ik 2
S TR, BIRMCIZHTE ORI . X Lemf 45 R
PERIRAT,  OxF TR 2R P i BRI A At A i B A AH
KPR, T A A R R T AR R 2 i
1CEREIEIR, X4 HH SRPRIRTT 27 BRI R R At
TR BT .
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