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R, B 2 RFAT— AR A0 ) I e SE5,
K 40 N R 1x10° (%85 BE 3 AT T 96 fLAR h JF R %
24 h AFIL 7RI WEEE, 2 5 23 ) I AN [ 2 f P i
(0.01, 0.05. 0.1, 0.15. 0.2, 0.3, 0.5, 1.0 mmol/L)
o TS B2 5)(0.01 mmol/L)4k 4R 7%, HAEfR €
(FIFIA] 2524 48+ 72 hybJ 41 MOdEAT 40 . T2
T 00 5 BEAE g A A b AT ARG
122 KRJRARIIZ TG, 228 18 K1 SD KR,
WAL R W Z 4108, 5] DMEM B3R 3L(5 6
10% a2 MF ) B T 6 FLBR P, WikE 24 h 5, ##
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Fig. 1 Effect of exogenous formaldehyde on cell morphology and proliferation

Microscopic images of SH-SYSY under the treatment of formaldehyde at indicated concentrations and time points are shown in panel (a). Changes in

cell viability under the same experimental conditions are shown in panel (b). Cells without the treatment of formaldehyde are used as control (n = 3;

%+ 5 ¥P<0.05, *P<0.01). =—m: 1d; e—e: 2d; A—A:3d.
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Arbitrary unit/%

0 0.05 0.1 0.15 0.2 0.3
[FA)/(mmol+L™)

(b)

[FA]/(mmol-L™)
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0 0.05 0.1 0.15 0.2 0.3
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S(%) 2271 21.19  20.82 24.12 33.17 46.28

Fig. 2 Effect of formaldehyde on cell cycle
of unsynchronized SH-SYSY cells
SH-SY5Y cells were treated with different concentrations of
formaldehyde as indicated for 48 h. (a) Graph in bar charts shows
percentages of cells in S phase (white), G2/M phase (grey) and GO/G1
phase (black) examined by flow cytometry. [1: S; H: G2/M; B
GO/G1. (b) The same data collected from graph in panel (a).
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Fig. 3 Effects of formaldehyde on cell cycle of

synchronized SH-SYSY cells
SH-SY5Y cells were treated with formaldehyde at indicated
concentrations for 48 h and then collected for flow cytometry. Bar charts
show percentages of cells in S phase (white), G2/M phase (grey) and
GO/G1phase (black). Cells were synchronized at G2/M phase (a) and S
phase (b) before the treatment of formaldehyde, respectively. (J: S; @ :
G2/M; B : GO/G1.
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Fig. 4 Effects of formaldehyde on cell cycle
of SD rat primary neurons
SD rat primary neurons were treated with formaldehyde at indicated
concentrations for 48 h and then collected for flow cytometry. (a) Bar
charts show percentages of cells in S phase (white), G2/M phase (grey)
and GO/Glphase (black). [1: S; E: G2/M; B: GO/G1. (b) The same data
collected from graph in panel (a).
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Fig. 5 Different concentrations of formaldehyde cause impairment of DNA in SH-SYSY cells
Microscopic images under bright field show DNA fragments in SH-SY5Y cells detected by TUNEL assay. Concentrations of formaldehyde were as

indicated. Cells in the absence of formaldehyde and treated with DNase [ were used as negative and positive control, respectively.
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Fig. 6 Excess formaldehyde promotes apoptosis and necrosis in SH-SYSY cells

Representative cytograms of SH-SYSY cells were detected by flow cytometry. Cells were treated with indicated concentrations of formaldehyde for 48 h

and then stained with annexin V-FITC and PI before detected. LL, viable cells; LR, cells with early apoptosis; UR, cells with late apoptosis and necrosis.
(a) Control, cells without the treatment of formaldehyde. (b) [FA]=0.01 mmol/L. (¢) [FA]=0.05 mmol/L. (d) [FA]=0.1 mmol/L. (¢) [FA]=0.2 mmol/L. (f)

[FA]=0.3 mmol/L.
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Fig. 7 Formaldehyde scavenger can rescue SH-SYSY cells in the presence of formaldehyde
(a) Formaldehyde solution was incubated with EGCG(2), RES(3), GSH(4) and DMD(5) (final concentration was 0.01 mmol/L for each reagent) for

40 min, respectively, and then formaldehyde concentration was detected by HPLC. Formaldehyde (3 g/L) without any scavengers (/) was used as control

(n=3;x % s; **P<0.01). (b) Cell viability examined with CCK-8 assay. Cells were under the treatment with 0.2 mmol/L FA and EGCG, RES, GSH

and DMD (final concentration 0.01 mmol/L for each agent) for 24 h, respectively. /: Cells without treatment of formaldehyde as a blank control; 2:

Cells only treated with 0.2 mmol/L formaldehyde as a negtive control; 3: Cells treated with formaldehyde and EGCG; 4: Cells treated with
formaldehyde and RES; 5: Cells treated with formaldehyde and GSH; 6: Cells treated with formaldehyde and DMD. (n = 3; x + s; **P<0.01).
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%, AEENA, T S RS AR I (0 1
JEHIH] DNA ()G G 40 B [ 204 T S e,
BEIRF T K320 40 i DNA & 1l & %2 FHL, B A
0.1 mmol/L X} DNA A 4 il 225 SR A% AN B
Bk, HEEW S FHIEAn N G2/M . 4
Fi U 5 3K 31 0.3 mmol/L i, HEEARE e —
PH I DNA £, #8536 i DNA Fif . Wi,
RGN A e S /1, ANREREAN G2/M 1.

AN, YEF i TUNNEL SZB6f L 45 5k
AT TAESE. 4[FA]=0.3 mmol/L I, HEH &M%

DNA W& fr S 30 (R BH P 1. Ui B — e IR B
FHE(0.1 mmol/L< [FA]<0.3 mmol/L)%} DNA it ik 1]
P, (RA IR I I ([FA] = 0.3 mmol/L),
25| DNA P B, SRl

3.2 HEBMETET S HeEMENH

TG, AT LA DNA 2 4k A 24k,
SEGLK VB, M4 Bohnuud ZE3HRE, HIEEA] LA
i DNA 1 (1w s i & A= 5 AL, IR A
HARRCF L. Lu 2600 I H AT DL DNA 3T %
N, 77 FIEAL DNA. DNA HEEAL A DLAS 5L Rt
BR, F0HISH M DNA A B8, 31X n B2 F AL
REZ AL T S IR 2 —. Btk 4k AE
TR, AR T4 DNA, 1 DNA F AL R RE
T, SEmIE DNA I fgsE . ZH5 ARG A
M T 41BN DNA A BOHZEAN N —AN 1, {4
MO B AE S 1. PRk, R WA 2] S W1 41 iy
H5H BA 3.

Lk, WEAEEE PO RS AR, 51k
HARG STt As. WA S o BIHELLK
TR TR IEMN o TIERAE RN, TBRAFE
[ 7= %) Schiff's Bi&, 4k 3L, a5
. BB B PUR IR 5 D) REI g
SEMTCEAN N T RER. MRS TR, B
MRS R R 2, 0 TR, AU REZR A,

PR, RS fd 2 A2 Tau 8 FUEBRER 1L
MG 2200 28, s n, PR ] LUl R 1
EAHCHE H Tau W BEBERAL, o FEBEIR AL AL Tau
EASWERE, SRR (ERYHEEL
TRy, TS IR SR T G5 22 1) 1E W B
B, MTTBHAS 747 2253340, Rk, 76 srI/ER
T, AR LT 2R, [EERE T G2/IM
W, AEAZIN I 40 Bk 5 5.

HAERNE, YHBKREHXSETIa R
0.3 mmol/L i, 4b-F S WM 40 fu ki H 4% 452 12 23
(2 50%), SR, AT G2/M AT 40 i be A s i
Wb R, AEFIACK, TR YR T
AR, A RE R T LA A3 DNA 5 8 i b
S FoAh oy 1 R AR RS T, B i DNA- 8 [ 55 34
W), T2 DNA 55 T 258 ORI D) fiek
SR Ak, ok BERE IR A R B 5 3L Tau & 51U
EREAN, A5 Tau A5 DNA fR2E, il
DNA k2% Tau S MR YEM, Ak, DNA fR%
5% B H I B i e, i, K
MU JCIESE R DNA 6 %, A5 0fE S B, Ahegk



<648+ EMUFEEYIEHR

Prog. Biochem. Biophys. 2013; 40 (7)

se1a) G2/M IRk, IR BLN S W40 i L) @ 2
B, i G2/M B4 M Le Ay

FRAIH SH-SYSY 4ii it S=AE A s vt %46, A
FIEWFFT T AR T g, gt R an
MR R —2, AE—DUESE T FIRHENT.

e, W Res 5 a0 msE b ) B 1 i R A R
N, W la fron, BT 800 M LR kA U
MM i 2B 2= ohie. Bk, 9 W R Tt
I, O PR R 2 T T, AN AR A e
JE W s v RIS LL A W R K . DNA 65k
PeAmihl. DNA 7> T 25 RPN . 20 Bty B2 ) 4
%7 NN ZENIOPIAR S E AT
3.3 YARREHAF BRI B A K E R

Wil 8 frow: — W (1) H I AT F 5L Tau B2
SRR AL, f Tau &GS FARE, 18
i3, FEMSRR L IEH T, WA N A5 T
L4328, RIS G2/M 1400 LA 5 s 24

Mﬂf% ST v I, AR ) DL & 22 1 T
B, IBRERSAE T T#% DNA, 1 DNA FFIEALFLRE N
Jil, BHAG DNA f#5E. =i, M4l DNAS K,
05 i M d v 1 S B, P I G2/M B S T
SN M LB NI G S R P T, —
JrT AT LS8 DNA RAEACHE, 53— J5 & AT LA™
AEALN AR, DNA 8% 3 a5, M
MRAWZL. BT DNA B3R, 4 i o ik 56 i
DNA &, TN N — NI, I8k
S HA4H M Le A7) Wl 2 380, i G2/M 4 A bl 4] I 2
WD, T ARSI SAT NI FEAGA M S, T
X T 40 i 3 1 s g 3 sk T DNA SR sk
. XFEPPAT G2/M WA 40 i, FE R T
DNA 14 a8 DNA 2 2R XA 40T S
WM AN, S B B FE 1L DNA [ & sk, i
231G DNA B2 400, Ji R k.

Formaldehyde

Ko®
el v

y
\1|¥
yPe o
“P\O\\f\? \402

Cell cycle

Proliferation

Apoptosis

Tau hyperphosphorylation

|

Microtubule disassembly

|

Spindle apparatus
impairment

Cell cycle

Necrosis

Fig. 8 Formaldehyde inhibits cell proliferation and induces cell apoptosis and necrosis via its effect on cell cycle

Excess formaldehyde induces hyperphosphorylation of Tau protein, resulting in disassembly of microtubule and damage of spindle apparatus, so that

cells are restricted in G2/M phase. Excess formaldehyde also has an aberrant impact on nuclear DNA. When 0.1 mmol/L < [FA] < 0.2 mmol/L,

formaldehyde induces hypermethylation of DNA, while [FA] = 0.3 mmol/L, it causes crosslinking or damage of DNA, keeping cells staying at S phase

and restraining cells from entering G2/M phase. Since normal cell cycle is impaired and proliferation is inhibited, cells undergo apoptosis and even

necrosis as the concentration of formaldehyde increases.
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The Effect of Formaldehyde on Cell Cycle Is in
a Concentration-dependent Manner”
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(" State Key Laboratory of Brain and Cognitive Sciences, Institute of Biophysics, Chinese Academy of Sciences, Beijing 100101, China;
? University of Chinese Academy of Sciences, Beijing 100049, China;
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Abstract A certain concentration of formaldehyde can cause protein misfolding, cell death and biological
dysfunction. Though it has been reported that formaldehyde has cytotoxicity, how formaldehyde affects cell cycle
of neural cells and the molecular mechanism still needs to be clarified. In this study, neuroblastoma cell line
SH-SYSY was utilized to incubate with formaldehyde and the effect of formaldehyde on cell cycle was in
formaldehyde concentration-dependent manner. No significant changes in cell cycle could be detected when
[FA]<0.1 mmol/L (cells were incubated for 48 h), while the percentages of cells in S phase and G2/M phase were
markedly increased with the elevation of formaldehyde concentration (0.1 mmol/L < [FA]<0.2 mmol/L). In the
medium with 0.3 mmol/L formaldehyde, 46.28% of cells were in S phase while only 16.05% of them were in
G2/M phase, that is, cell proliferation was obviously inhibited under the conditions. When cells were synchronized
at G2/M phase, formaldehyde (0.1~ 0.3 mmol/L) could markedly increase the number of cells in S phase, though,
to some extent, the number of cells in G2/M phase decreased. When cells were synchronized at S phase,
0.1 mmol/L formaldehyde could decrease the number of cells in G2/M phase, while 0.3 mmol/L formaldehyde
could markedly decrease the number of cells in G2/M phase and significantly increase that in S phase. In the
presence of formaldehyde, primary neurons of SD rat exhibited similar changes in cell cycle as that in SH-SYS5Y
cells. Furthermore, early and late apoptosis was markedly observed when 0.1 mmol/L <[FA]<0.2 mmol/L, while
DNA were obviously damaged and most cells were apoptosis and some of them underwent necrosis when [FA] =
0.3 mmol/L. In sum, formaldehyde at a low concentration (0.1 mmol/L <[FA]<0.2 mmol/L) mainly suppresses
DNA synthesis in S phase via hypermethylation of global DNA, while formaldehyde at a higher concentration
([FA]= 0.3 mmol/L) causes DNA damage, both of them lead to the aberrant effects on cell cycle.
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