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Abstract; Testosterone is mainly discharged into the external environment through livestock manure and incom-
pletely treated wastewater. As one of the typical endocrine disruptors, testosterone can lead to the masculinization
of fish in ambient water, and cause adverse effects on environmental health and ecological safety. The L1 larval of
Caenorhabditis elegans (C. elegans) were exposed to environmentally relevant concentrations (0.1, 1 and 10 pg-
L") of testosterone for 48 h. The primary metabolites were detected by ultra-high performance liquid chromatogra-

phy tandem mass spectrometry (UPLC-MS/MS) to observe the changes in metabolic activities, screening out the
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differential metabolites and metabolic pathways and exploring the potential toxicity. Additionally, a model was es-
tablished with Lasso regression analysis to screen out the metabolites that play an important role in the metabolic
disturbance after testosterone exposure in C. elegans. Results showed that 519 metabolites were significantly in-
creased and 539 metabolites were significantly decreased. Furthermore, those alteration of metabolites were ana-
lyzed by KEGG pathway enrichment, and main pathways was involved in sphingolipid metabolism, glycerol phos-
pholipid metabolism, tryptophan metabolism, fatty acid degradation, pantothenic acid and coenzyme A biosynthesis,
cysteine and methionine metabolism, histidine metabolism, arginine and proline metabolism, and purine metabolism.
Among them, the disturbance of purine, amino acid and lipid metabolism was more obvious in 10 wg-L™" exposure
group, indicating that with the increase of testosterone concentration, the reproductive function was more seriously

impaired. Lasso regression analysis showed that acetyl-N-formyl-5-methoxykynurenamine may be a potential bio-

marker in the disturbed metabolism of C. elegans under testosterone exposure.

Keywords; testosterone; Caenorhabditis elegans; metabonomics
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Note: (a) and (b) represent total ion current diagrams in cationic and anion modes, respectively; (c) PLS-DA score chart between control group and all

experimental groups; (d), (¢) and (f) represent PLS-DA scores of 0.1, 1 and 10 pg-L™!

experimental groups and control groups, respectively.
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Fig. 2 Graphs of differential metabolite results after exposure to environmentally relevant concentrations of testosterone

Note: (a) Venn diagram of differential metabolites; (b), (c) and (d) represent the volcanoes of differential metabolites between 0.1, 1 and 10 wg-L™!

exposure groups and control groups, respectively; (e), (f) and (g) represent heat maps of differential metabolites between 0.1, 1 and 10 wg-L™

exposure groups and control groups, respectively; re

d and blue represent up-regulated and down-regulated.
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®1 RETO.1 pg L EMEEBIRIAINRREERR Y
Table I Representative differential metabolites identified after exposure to 0.1 wg+L™" testosterone

TR 2 P CREWE/min - Bififlt BEBGEEEE  PHE log,(FC) D
Metabolites Retention time/min ~ m/z VIP P value Control 0.1 pg-L™!
N8-Z I I i
B %HK 16.56548 188.99876 63714 0.0024016 1 -4.8511 C01029
N8-acetylspermidine
FLBZ Lactose 5.891 113.92622 1.1138 0.0024513 1 -1.0748 01970
R Shikimic acid 3474 115.00333 14587 0.0025566 1 -1.3407 C00493
PP BRI -N- £ Pt -5- Y 4 R PR Jie
B B AR ir. 15.856 9292753 1.992 0.0031094 1 -2.0229 C05642
Acetyl-N-formyl-5-methoxykynurenamine
IR R4 A A
R E 14.776 11293673 1.8424 0.0002601 1 19357  HMDB0001373
Dephospho-CoA
ik =0%- %Nl
0.54 88.04037 25013 0.0026118 1 -3.865 HMDB0032585
4’ -methoxychalcone
24T EE-2,6- R BE IR I
-1-34,5- = WU IR AE)-1- T
¢ . =) 13.36 89.02379 26416 0.0023976 1 -2.0449 HMDB0030828
2-(4-allyl-2,6-dimethoxyphenoxy)-1-
(3.,4.,5-trimethoxyphenyl)-1-propanol
6-B-D -1 1R 4 2 4 Bk -8-B-D-
N e A2 A 0
RGBT H T 15302 9498139 12816 0.0028013 1 -13932 HMDB0033571
6-beta-D-glucopyranosyl-8-beta-
D-ribopyranosylapigenin
4-FZFIE PR 4-hydroxycinnamic acid 11.004 78.95892 2531 0.0028504 1 -3.9895 C00811
#54#% Sphingosine 7.062 99.9264 1.7713 0.0001387 1 -2.008 HMDB0000252
JHHf2 Oleic acid 17.842 10495336 1.3808 0.0071509 1 -14331 C00712
®2 EBET1 e L' EWERBIANHRKREERREY
Table 2 Representative differential metabolites identified after exposure to 1 wg+L™' testosterone
TR 25 PRERIF/min - Bifflt EREGEEE PH log,(FC)
ID
Metabolites Retention time/min ~ m/z VIP P value Control 1 pg-L!
IBE& Cholic acid 15.083 80.96369 12504 0.0015914 1 C00695
N8-Z A
ﬁ, ) 16.56548 188.99876 63714 7.60E-07 1 -42828 C01029
N8-acetylspermidine
PP BRI -N- £ Pt -5- Y 4 R PR Ji
§ . 0.76465 189.1231 19373 0.0031094 1 -13572 C05642
Acetyl-N-formyl-5-methoxykynurenamine
(k=0 "% FNl|
" " 0.54 88.04037 3.0101 1.30E-06 1 -45619 HMDB0032585
4’ -methoxychalcone
2-(4-JTIHE-2,6- P S AR EUAE)
-1-(3 4,5- = HU R BEIRIE)- 1- Y
¢ qj%k ) m 13.36 89.02379 2.6416 0.0023976 1 -1.8755 HMDB0030828
2-(4-allyl-2,6-dimethoxyphenoxy)-1-
(3.,4.,5-trimethoxyphenyl)-1-propanol
Wi %A IHER Deoxycholic acid 15.089 9292753 32567 0.0022976 1 -4.6207 C04483
6-B-D- LI #i % H - -8-8
-D- T PR A T
el 15302 9498139 12816 0.0028013 1 HMDB0033571

6-beta-D-glucopyranosyl-8-beta
-D-ribopyranosylapigenin
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2E3R2
R 44 8% TREANTE/min - Witk AAREGEELE PH log,(FC) D
Metabolites Retention time/min ~ m/z VIP P value Control 1 ug-L™!
94F Guanosine 17.982 96.9592 1131 0.0000221 1 19701 C00387
L-Hi%(# L-arginine 16.559 969595 52182 0.0000554 1 34066 C00062
JIEF Adenosine 0.179 9695971 12292 0.0000765 1 18326 C00212
BkmE 2,/ Imidazoleacetic acid 14.048 108.01993 17673 0.0000113 1 -1.8723 C02835
i A Coenzyme A 0497 109.01125 36912 0.0000885 1 -15922 C00010
x3 BRET10 pg L EFEHBIRINKRREERREY
Table 3 Representative differential metabolites identified after exposure to 10 wg-L™" testosterone
R 44 Pk e A /min - Fimilt AREBGEERE PH log,(FC) D
Metabolites Retention time/min ~ m/z VIP P value Control 10 pg-L7!
S 7537 gtrlh;dif‘:: jjfifffone 0476 12202451 12268 0.0009567 1 -1.1687 HMDBO0030746
BN HEZ F e Phosphatidylethanolamine 1.105 124 01459 18067 00010841 1 16952 C00350
WERR Estrone 4806 125.02693 1.0488 00012116 1 19357 C00468
N8-Z. Bt W A% M N8-acetylspermidine 1656548 18899876 63714 0.0024016 1 ~5.4024 C01029
BifR Shikimic acid 3474 115.00333 14587 0.0025566 1 -1.1989 C00493
Aczpjﬁfsmay]@ii;hiiijii}fme 15856 9292753 1992 00031094 1 -23315 C05642
MR 4 A Dephospho-CoA 14.776 11293673 1.8424 0.0002601 1 13531  HMDB0001373
48 34 /R 4 -methoxychalcone 0.54 88.04037 25013 0.0026118 1 -4.8466 HMDB0032585
2-(4-HNFE-2,6- P E LR E L)
Z(L(jnifZEjifffg;oi%l 1336 89.02379 26416 0.0023976 1 -2.1789 HMDB0030828
(3.,4.,5-trimethoxyphenyl)- 1 -propanol
Ji %R A2 Deoxycholic acid 15.089 9292753 32567 0.0022976 1 -3.5249 C04483
Z55 B Leucyl-leucine 048 130.92909 12962 00017735 1 12301 C11332
54 Guanosine 17.982 96.9592 1.131 0.0000221 1 3.026 C00387
L-Hi4%(# L-arginine 16.559 96.9595 52182 0.0000554 1 27217 C00062
JREF Adenosine 0.179 96.95971 12292 0.0000765 1 29013 C00212
Ji 48517 Deoxyadenosine 16.363 132.86804 1342 0.0021429 1 -13123 C00559
i A Coenzyme A 0497 109.01125 3.6912 0.0000885 1 -1.6741 €00010
5115 Guanine 0.538 14091197 1.7961 0.0027239 1 17869 C00242
M2 BERE Ceramide 7465 149.00017 13755 0.0030508 1 13185 €00195
EE R S-adenosylhomocysteine 4.94 149.0603 2.0307 0.0032307 1 19021 €00021
R Oleic acid 17.842 10495336 13808 0.0071509 1 ~1.0402 C00712

2.3 FPREEAHOCUHK BE S A 5 58 I 75 0N PR T 4 R 2%
(AMLIE7BTIN R S

Xof 2% 0 i 20 22 AU Y E A T i L3
A 13 F S KEGG USRI IT L (35 4), 0.1
pg- L7 S22 85 5 RE 5 KEGG R id 728 4 VT Bc i
Y545 . Sph, N8-Z, it *f: i (N8 -acetylspermidine) |
FH IR 5L -N- £ P BE-5- FH 480 2 R IR % (acetyl-N-formyl-

5-methoxykynurenamine, AFMK), Ilt, 3 22 #4154
Ao R R 1 pg - L SRR ESRES
KEGG i A= AHVC C 149 4 S5t 6,455 . WK k-4~ £ PR g
(imidazole-4-acetic acid, JAA), CoA  N8-Z Pt i .
AFMK 5 W5 AR+ (adenosine) , L-K§ & & , H Al
4 Fh 22 AR A0S 1 B R, S5 3 R B T
10 pg L BE R TG AE S KEGG 1Rk 12 4 UL fic
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*4 PBEHEEAXREEMEEESFIEAS KEGG RFEEHEEMNERRBHYTHIBER
Table 4 Changes of differential metabolites matching KEGG metabolic pathways in each dose group

after exposure to environmentally relevant concentrations of testosterone

-
SV log, (FC)
Apg-L™) . £ B4 Bi5f 8] /min . ARy )
TR ) A L g Pii
Testosterone ] Retention EEE ID
) Metabolites ) ) m/z P value Control ~ Exposed
concentrations time/min VIP
Apg-L™")
5 4i Sphingosine 9.667 30028989 13224 0.00002345 1 -2.008 C00319
N8- L P2 Jiz
16.56548 188.99876 1.992 0.0015914 1 -4 8511 C01029
N8-acetylspermidine
01 N-FH B 36-N-Z 7t
He-5- B AR IR M
0.76465 189.1231 38915 0.0031094 1 -2.0229 C05642
Acetyl-N-formyl-5-
methoxykynurenamine
5 IEEW% Guanosine 15.883 150.04309 1931 0.00086928 1 19701 C00387
MR Adenosine 3464 266.08926 12292 7.60E-07 1 1.8326 C00212
K -4- 2, TR i
17.692 125.03164 1.7673 0.00001233 1 -1.8723 C02835
Imidazole-4-acetate
il A Coenzyme A 1942 766.10339 1.1403 337E-09 1 -15922 C00010
1 L-f54 & L-arginine 0.633 173.10428 29675 0.000013711 1 3.4066 C00062
N8-Z Bt
16.56548 188.99876 1.992 0.0015914 1 -4.2828 C01029
N8-acetylspermidine
N-F BBt 5E-N- £ 1t
H-5- WAL R PR
0.76465 189.1231 38915 0.0031094 1 -13572 C05642
Acetyl-N-formyl-5-
methoxykynurenamine
54 Guanosine 2.008 282.08408 1.131 0.0001112 1 3.026 C00387
11 Adenosine 3464 266.08926 12292 7.60E-07 1 29013 C00212
M5 IR Deoxyadenosine 1.136 252.10909 1342 0.00007734 1 -13123 C00559
5, IZ04 Guanine 15.883 150.04309 1931 0.00086928 1 1.7869 C00387
4l A Coenzyme A 1.942 766.10339 1.1403 337E-09 1 -1.6741 C00010
BRARIE 2 Wi
6.651 734 44269 1.8067 0.00004382 1 1.6952 C00350
Phosphatidylethanolamine
L-Ki & L-arginine 0633 173.10428 29675 0.000013711 1 27217 C00062
10
MZBENE Ceramide 13.766 538.51843 13755 0.00007776 1 13185  C00195
R
2529 383.11301 2.0307 0.00009876 1 19021 C00021
S-adenosylhomocysteine
N8-ZMF: i
16.56548 188.99876 1992 0.0015914 1 -54024 C01029
N8-acetylspermidine
N-HIBEE-N-2
I JE-5- FH 4 B R DR e
0.76465 189.1231 3.8915 0.0031094 1 -23315 C05642

Acetyl-N-formyl-5-

methoxykynurenamine
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FEMMEH, AFMK & 3 A5 & 4] A7 1 22 S AR i
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Fig. 3 Overall view of differential metabolic pathways after exposure to environmentally relevant concentrations of testosterone

Note: Red and green represent differential metabolites up-regulated and down-regulated, respectively,

after exposure to environmentally relevant concentrations of testosterone.
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Binomial deviance

TE:2 FR ML T AYELR: log(A)BYIE SRl 22 AT L, 2300 ) BE R SRR AR B 12 22 B/ NI R I S8 log (M) B, A =8 IR 8

8§ 8888888777777 77766666665443332210

1.2 4 I

0.8 + .....

04 i .......'!.

0.0 - éoonnou.oi'ooonu?oooo-.oo.nulnoou- I | |
-5 3 = % .

log(%)
B4 Lasso 33 XIGIELER

Fig. 4 Cross-validation results of Lasso regression

=2
AR,

Note: The value in the middle of the two dashed lines is the range of positive and negative standard deviation of log(A); the dashed line

on the left represents the harmonic parameter log(A) with the smallest error of the model; 8 variables are selected when A =8.

Coefficients

8 7 6 4 1
47
0.000 | ‘i‘é 7
¥ -
_— =
e "
~0.00247°  —
10— — 7
0004 s —
T T T T T
-5 -4 3 2 -1

log Lambda

B 5 ZIBRILENEES Lasso RH O HE

18 AU = LR, 30 17 N-H EIE-N-Z B 2E-5-F S R IR A% ,35 A0 2-(4 - T 3E-2,6- — H IR 4 3E)- 1-3 4,5 - = H AR L 2R 3 - 1- T

42 RFNN R R 47 AR LA 65 BN EWTT 70 AR H 550,86 fAFRIEFIM .,

Fig. 5 Distribution of Lasso coefficient after removing invalid variables

Note: 18 means triethanolamine, 30 means acetyl-N-formyl-5-methoxykynurenamine, 35 means 2-(4-allyl-2,6-dimethoxyphenoxy)-1-

(3,4,5-trimethoxyphenyl)-1-propanol, 42 means nobiletin, 47 means L-arginine, 65 means gabapentin, 70 means phlorisovalerophenone,

and 86 means jasmonic acid.
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