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[ Abstract] Objective; To investigate the changes of the plasma metabolic spectrum of C57BL/6 young
mice treated with different doses of nano-TiO,, explore the possible mechanism of its toxic side effects, and identify
its toxicity-related biological targets. Methods: Mice were randomly assigned to receive nano-TiO, at doses of O
(control group), 10, 30, 100, or 300 mg- kg '. The plasma data were analyzed using UPLC-MS technology
combined with principal component and partial least squares analyses. The results revealed differences between the
control group and each nano-TiO, group, with the effect becoming more pronounced with increasing doses. Topological
analysis of the different metabolites was conducted using the Pathway Analysis database. Results: In total, 35
different metabolites were screened from plasma, and Nano-TiO, treatment was revealed to affect linoleic acid

metabolism, biosynthesis of valine, leucine and isoleucine, sphingolipid metabolism, arachidonic acid metabolism,
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glycerophospholipid metabolism, nicotinate and nicotinamide metabolism, histidine metabolism, and other pathways.

Conclusion ;: The results indicated that the toxicity mechanism of Nano-TiO, after 28 days of exposure may be related

to abnormal amino acid and lipid metabolism.
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1

20 7)) Xf B 10 mg-kg~ 30 mg-kg ™' 100 mg-kg ™' 300 mg-kg ™'
AST/U-1~! 89.90 +19.58 116.00 +15.23" 104.10 +24.46 106.63 +15.85 84.25 £5.97
ALB/g-L"~! 33.12 £0.68 34.66 £1.54" 33.12£1.35 33.66 +1.54 33.04 £1.75
ALP/U-L™! 94.00 £10.02 123.2 +27.08" 119 £20.03" 112.10 £20.72° 115.22 £25.45°
Glu/mmol -1, ™! 9.08 £0.58 6.89 +1.30" 6.49 £0.71° 7.07 £0.86" 7.84 +1.36°
BUN/ pmol - L.~ 5.55 £0.39 5.53£0.47 4.84 £0.45" 4.85+0.56" 4.71 +0.78"
CREA/mmol-L ! 12.80 =1.14 14.90 +2.08 16.20 +2.30" 13.9 £2.33 29.11 £12.63"
TG/mmol-L ! 2.61 £0.53 1.17 £0.37° 1.3 +0.28° 1.26 £0.2° 1.41+0.53"
CHOL/mmol+L~! 2.74 £0.41 3.09 +0.54° 3.18 +£0.30° 3.33 +0.58° 3.17 £0.46°
K*/mmol-L ™' 5.95+0.57 6.99 +0.55" 6.44 +0.25" 6.48 +0.53" 6.47 +0.37"
Na*/mmol-L ! 149.90 +1.37 153.9 £3.73" 151.92 £2.23" 153.50 +3.54" 150.67 +4.58

5% B A, a: P <0.05,b: P <0.01
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F 2 /RIS 22 SRS Y B 2 A2 4 x£s
AACE 53 L/ %
AU AR
10 mg-kg ' /X BEZH 30 mg-kg ' /XFBEZL 100 mg-kg'/XFHRZH 300 mg-kg ' /% B
niacinamide 70.36 +18.1" 30.65 £9.71" 17.58 £3.63" 3.4+0.85"
citrulline 106.36 +21.42° 107.81 £11.12° 67.31 £15.2" 81.14 +16.07"
arachidonic acid 96.92 +17.58" 275.26 £59.79° 197.92 +56.53" 201.84 £45.71°
hexadecasphinganine 73.07 +14.95" 88.29 +21.5" 143.88 £35.36" 167.71 £35.77°
linoleic acid 81.95 +15.12" 182.04 £46. 14" 163.46 £43.02° 170.74 £45.42°
oleic acid 87.87 £16.52" 141.19 £20.03° 159.91 £30.72° 137.86 £13.32°
SM[d18:0/24:1(152) ] 329.62 £28.93° 423.12 £44.64° 408.66 £29.01° 356.42 £45.88°
allysine 58.38 =14.81" 50.65 =7.32" 41.05 =11.29" 30.66 =7.99"
adenine 93.5 +18.93" 58.45 £8.08" 56.76 £12.61" 46.11 £13.55"
L-acetylcarnitine 136.07 £42.36" 131.73 £37.78" 144.82 £38. 13" 142.32 £32.43"
cholesterol sulfate 139.46 +28.34" 139.97 £38.07" 176.16 +44.93* 149.28 +18.7*
adenosine 45.52 £12.44" 28.59 £10.07" 18.97 £5.28" 10.03 £3.07"
histamine 71.91 £18.79" 70.41 £11.17° 61.37 £15.43" 65.84 £17.47"
SM(d18:1/22:0) 386.85 +65.26" 543.75 £90.33" 506. 18 +55. 64" 401.34 +35*
allopurinol 1961.07 +398.08" 2 436.98 +386.65" 1 340.8 +482.57* 1 875.92 +564.06"
SM[d18:0/16:1(9Z2) ] 126.43 £17.35° 139.42 +18.81° 130.9 +18.57° 132.29 +26.96°
SM(d18:1/24:0) 644.88 £40.42° 869.95 +95.2° 882.69 +62.9" 668.83 £62.36"
PC[20:3(57,872,117)/20:3(5Z,8Z,11Z) ] 70.27 +4.95" 65.19 £7.91" 79.66 +10.23" 78.04 £7. 14"
LysoPC[16:1(9Z) ] 118.21 £22.27° 122.67 £33.54° 79.43 +21.96" 77.85 +13.47"
pregabalin 83.55 £16.36" 118.89 £39.71° 140.91 £28.13° 158.51 £35. 4"
LysoPC[20:1(11Z2) ] 111.86 +25.82° 132.16 +34.16" 123.19 £26.75" 135.57 £22.23"
LysoPC(17:0) 113.6 +24.65° 145 +20.85° 123.08 £26.9° 114.65 £27.03°
SM(d17:1/24:0) 296.5 +61.09* 408.72 £32.83" 451.89 £48.6" 351.89 +49.71°
LysoPE[0:0/20:4(82,11Z,14Z,17Z) ] 62.44 +14.73" 77.55 +16.28" 91.51 +16.91" 124.35 £29. 84"
docosapentaenoic acid 152.05 £43.91° 210.31 £49.62° 168.94 +55.36° 120.93 £38.47°
L-Proline 111.53 £25.72° 102 +21.26° 91.52 +13.64" 74.86 +10.67"
phytosphingosine 142.93 £36.28" 119.26 £24.96° 134.98 £23.55° 74.77 +13.82"
PC[0-16:1(9Z)/18:0] 132.63 £27.69° 151.71 £26.11° 275.8 +78.59° 165.63 £40.89°
SM(d18:1/16:0) 126.46 £17.7° 139.13 £19.47° 130.59 +18.38" 132.7 +26.18"
L-leucine 86.54 +11.78" 83.26 +18.38" 75.82 £10.85" 81.76 +14.68"
epinephrine 4.72 £1.34" 30.35 +10.79" 3.57 £1.04" 63.41 +19.2"
PC[14:0/22:1(13Z) ] 115.69 £12.44° 110.38 £7.43" 122.59 £25.72° 115.97 £13.79°
SM[ d18:1/22:1(13Z) ] 175.32 £45.68" 238.66 £36.39° 236.93 +46.86" 202.5 +21.81°
PC[14:0/18:1(92) ] 72.32 £15.31" 56.88 =12.58" 75.86 =£15.37" 61.05 £5.63"
PC[16:1(92)/22:5(7Z,10Z,13Z,16Z,19Z) ] 106.1 +15.39° 94.19 +12.71° 114.55 £21.69° 106.72 £12.55°

a/b: 5 X BRAL UAR, oK Ti0, AN [a) 300 45t 2 A AR 9 ) & L9/

R 3 /PRI A AR AR AR P B A SR INAR L (VIP > 1)

% [ VIP t/min BT m/z
1 niacinamide 9.038 8 0.67 M +H 123.055 28
2 citrulline 4.765 5 10.02 M +H 176.102 96
3 arachidonic acid 4.186 3 8.77 M -H 303.232 95
4 hexadecasphinganine 3.318 4 5.94 M+H 274.274 05
5 linoleic acid 3.106 6 8.89 M -H 279.232 95
6 oleic acid 2.889 1 9.37 M -H 281.248 60
7 SM[d18:0/24.1(15Z) ] 2.484 13.20 M +H 815.700 05
8 allysine 2.434 17 1.48 M +H 146.081 16
9 adenine 2.315 1 1.55 M +H 136.061 77
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TS
) i Vip 1/ min T /s
10 L-acetylcarnitine 2.3125 0.62 M +H 204.123 03
11 cholesterol sulfate 2.2263 13.18 M +H 465.304 40
12 adenosine 2.136 9 8.80 M -H 268.104 03
13 histamine 2.075 6 9.77 M -H 112.086 92
14 SM(d18:1/22:0) 1.873 13.20 M+H 787.668 75
15 allopurinol 1.772 1 1.93 M+H 136.061 77
16 SM[ d18:0/16:1(92) ] 1.565 2 13.15 M +H 703.574 85
17 SM(d18:1/24:.0) 1.526 9 13.20 M +H 816.707 87
18 PC[20:3(52,82,112)/20:3(5Z,82,11Z) ] 1.4015 13.20 M +H 834.600 73
19 LysoPC[16:1(9Z2) ] 1.3817 .76 M +H 494.324 11
20 octanoicacid,2-amino- 1.334 7 0.57 M +H 160.133 20
21 LysoPC[20:1(11Z7) ] 1.297 6 8.31 M +H 550.386 71
22 LysoPC(17:0) 1.1518 7.74 M +H 510.355 41
23 SM(d17:1/24:0) 1.150 2 13.15 M +H 802.692 22
24 LysoPE[0:0/20:4(8%,11%,14Z,17Z) ] 1.133 9 7.01 M+H 502.292 81
25 docosapentaenoic acid 1.122 4 8.82 M -H 329.248 60
26 L-proline 1.104 2 0.62 M +H 116.070 60
27 phytosphingosine 1.100 6 5.94 M +H 318.300 27
28 PC[0-16:1(92)/18:0] 1.099 9 8.86 M +H 746.605 81
29 SM(d18:1/16:0) 1.076 7 13.20 M +H 704.582 67
30 L-leucine 1.076 0.62 M -H 132.101 90
31 epinephrine 1.075 6 0.57 M+H 184.096 81
32 PC[14.0/22:1(13Z7) ] 1.066 9 13.20 M+H 788.616 38
33 SM[d18:1/22:1(13Z)] 1.062 4 13.20 M +H 785.653 10
34 PC[14:0/18:1(9Z2) ] 1.037 5 13.20 M +H 732.553 78
35 PC[16:1(92)/22.:5(7Z,10Z,13Z,16Z,19Z) ] 1.004 4 13.20 M -H 806.569 43

5 BREZH L, BCAR B A5 G 3 50 £ 2 04 TR Dy 1 g
KA TREIR (AA) IR R R = ik 1M
2 (EPA) 2-Z K¢ 1R | (B WA 25 { SM(d18:0/24;
1,SM (d18:1/24:0),SM[d18:0/16:1(9Z)],SM
(d18:1/16:0)SM[d18:1/22:1(13Z)],SM(dI8;:
1/22:0) ,SM(d17:1/24:0) (152) | Y852 BE H
MBENE 2 {PC[0-16:1(9Z)/18:0],PC14:0/22:1
(132)1,PC[16:1(92)/22.5(7Z,10Z,13Z,16Z,
197) ] ,LysoPC[20:1(11Z) ],LysoPC(17:0)} .L-Z,
Pk A B IE [ B A R h | RS B I R Y B B
Fh i, I Bl ) = RG0S B JE v I
Je 2 R MR R YRR T AL 2R S AR T v W AR
#1{ (LysoPE[0:0/20.4(8Z,11Z,14Z,17Z) ] ,PC[ 20
3(52,82,112)/20:3(52,82,11Z)],PC[14:0/18:1
(92) ]| & B35 ) S0 R AV, O i 7)o 0 185 o o3 A1 34
AT SR ) AR A 25 R R B AR /DN B
ANTER g e HUARICI S Re & A4 T 2L .

4.2 BEEVREVHRIE HEBELRKEY

<4
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RS W I PR A2 W7 B — 39 AT 45, 2 ) ROC il 2%
P A W 25 400 138 T 0 2 T T G DR A2 W
s 0.9 R 0.7 Z i AUC 1t 25 5 fp 2k
WIbR R W) 8 T HE P, AUC > 0.9 /4 W dr i i B
W% 0 R . ROC i £k 3 o i FH - i 1 R A
MY SRR & 2 LB Uk (MCCV) 2R 1, 78 5> MCCV
1,273 BIREAR T ITAL FRAE B L SR 1 T
2,3,5,10---100 ( fz K ) T 2L RefiF O b 4 FE AL
HAEB AW HRE S 0 173 FIRAE . £ EE Pt i
T AN R (1 R A DX

ZItfk ROC 2T 3 AL A H
H—— W FF 1A & HL(SVM) \PLS-DA FIFEHLAR bR, 1%
I7 ¥ 2 W T R 222 W e PERE AT . 8
AR WG FE, A5 2 X RUE S5 5 B E, LR
B AR AR AR -5 55 B AR AR, 22 ] ROC il 26, if
B ROC e F i BURIFM 2 Wi, ROC &b
T AR A 2 TR L I 25 S R 0 RS R T A R
L 3
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NN E Y S P T RO
MM- Var. AUC  Cl 4) KFEMMEEMBINEREEREYNZ B
= =3 095 05011 B (5 B VR I G 25 5 A 0 1 O P 3, 21
04 st 1 1 6, 42075 16 A, 4 6 46 7% 1A 56, D I, AR 4
2381 1 T LI 2% M A DB T A G e

-2 o MHHE  ER— /Ny X FHERSFEEY, E
{1760 TE A 56 PE o L B — 25 SRR W A BT
B U S o WA, T 5 2 S B 1 22 S b R A

it Th i B AT

B3 IR 300 mg-kg ™ & 4/ B K
FEAR 22 S hr i ¥ £ 04k ROC {2850 #r

B4 2 R R

5.2 MBERVEVWISERESWER HEE Mo P2 re i iR E, 8w 2 AR
RO AR LI 22 AR S W RO AR IRT DL IR S HEmT | 2 SRS A AR DL g, M 1) SR 6 W] 1A
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e S AR P 2 [8) AR OGN, 208 3R R B E ARG, RGN, & B L B T IR R4 T K
SRR EHMAMC, WK S daf LUFE X |4 TiO0, J& B4R /)N BRI 3 3 43 A 1 A 0 A 2k A 12
HHAAH R E ST, S HYAE DT, AN —E R F U4k TiO, B 9% 52 i Al AR /)
Horpooh B 2H 4% 0 i 2 2 18] A &, B A G 5 R B AR

4 cIasAs
B
C
D
E
0
2
-4
B 5 40BN B 2 SR S
6 I TE 4 AR A AR 5 B 4 P &
FIF Metabo Analyst 3. 3. 0 R 3l 5t il &/ B 25 7 5
A= W HE AT AR08 B 2047, 1% B KEGG R %%
~ 4
B i A B 5 W 9 16 SR 0. 10, > 0. 10 g
A R U 7 B R B A 5 26 A I B AT A A 0T R S -
B 3 PG L NG AR L R L R i
SR I A A B 2 AR AR AA T R S ks i
A T e A3 TR PR S T SOE B R 2 B AN N U I —
PRI B (LR 6 AR 4) . RUIELK Tio, Y i I
B 3ot A/ BV 1 o U 3 2 ) 7 B 6 MetPA Hodis e 422 57 s
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R4 JH MetPA ¥ 73 Hr 1 % 45 R

% i B Total Hits §2mfH
1 linoleic acid metabolism 6 2 1.00
2 valine, leucine and isoleucine biosynthesis 11 1 0.33
3 arachidonic acid metabolism 36 2 0.33
4 nicotinate and nicotinamide metabolism 13 1 0.24
5  histidine metabolism 15 1 0.22
6 glycerophospholipid metabolism 30 2 0.18
7 sphingolipid metabolism 21 3 0.14

YN

ABFFL R UPLC-MS 5 7 BRI 7 A 223 M
PR L 2 B0 #f1 JE X 490 K TiO, HE47 92 A PR . Xt
BLIR 22 5 4% 38 4 19 W I A R T 3 — 25 ik 4 0k
Ti0, % AR /N BUEE PERLE . LR B 258 30 43 v 1
B R ITRHE

TR 5 2 B, X HE L 0 4% e 745 201 /N R 2 1R 3 4
Fy e (R A B A AE T L 25 5, LA AR A B IX A, 4
Kt T 35 Fh s AR LA T Ih BN 2 I BE K
RS2 IR B AT AR 2% . 2 R 8
Rl T H I B B 25, H I B B A 4R B R M A o
(PC) 2 PE 2545 Bt il 40 i B 25 19 i T A
T, 55 KR LY R, LPC & PC {EREHR
A2(PLA2) 1 1 F B K % 77 40, 76 S8 0 rhole 35 28 ¢
MR T R A R R A 1 4L
Yo AREFIEYEE G, /N B S H i #ig 2
H R [ RBE B SR X AT B 40K TiO, RE S A S
BLIR | k2 4 A S B 0 48 A i 5 A 0 5 AST,
ALB , ALP $5 b5 57 3 45 A0 — 5%

B8 P S 200 L S 3 A7 A 0 — 2B R0, B 5 A
) 22 R AN A 30 0 SR R R A 7 R B
2 55 35 9 W B M (sphingomyelins, SM) , #5 i if
Ay T B 0 ML 15 5 7 5 40 T 7 3 0 4 Y
SrAl B RBET S A B R AR T AR
I AT LA S B T 69 1 R AR R Cer, SR U5 38 3
275 T i i 1T SR 2 T S5 60 P 6 A o S 1 A
L A B (STP) 700 1 -l 1 Y 2 I T il i
WOSE AR S S B A S LM ey R0 18
ik 5 e S 5 I R 4 R 1 35 AL ST S
JREE B S 4 A 5 SML Y T AT RE S b
K TiO, AT /N BUNLIA = AR Ak B R 5

B R A EL I 1S 7 R LE W 1 BB T R A K B
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i T %% it ) ) 5 R 28 ] A A L AA AR
MR TR A N FE LM, REN2ZEFERIE KL
AT A= W A A /DN BRI P9 R 0 O 2 e, AL H 2-
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HLAAAS AT e/ 69 AN A6 0 G 07 12, 86 G 35 ) 7 3k 7 T
VIR 1 2T 4 40 6 43 3 R A o, B £ b 9 E TR
F[ R SE I F (TNF) (A -1 (IL-1B) (M
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i B Y o TNF AT Lk AN [ 26 41 15 8 27 4 200 i 7
HE S [R) B4 5 0 - L LA e B M 5 ik )
i T LA 40 7h) B 2T 2 A Mg 0 IL-1B s
il 35 A5 FR A B ET A A M 9 AR A, R OE H R R B
21 A0 5 A2 K, TL-6 X HIL A £F 2 290 g 34 5 6 ) 4
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A B, B SR A e g R R AR
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