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7= S I G BEALRE LAIKPL IR B 38 fa 5 1 O =05
TR AR Z 28, Hoh, o-BioE e, 4
Az UV A s A VA T TR
(ESEN 7 STE =R 1 0 STE RN =0 SIER 378 1 STERO VI
FE B R RS o- B G R (a-ketog-
lutarate, AKG)J& 4= P14 P =32 BR 11 35 v O HE 1)
INGR T IE AR Y, R IR A A0 N Y B - AR
g MU S 5REm . AR . HEARSL
PR YA, WEES SRR B ALk
HRE R KSR A, AR A
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L) 2 T 09 fa 2 Py s A M PR AR b
952 Z AR LA MY, Sun 25O ] UPLC-Q-TOF/
MS R 2445 AR A58 Bl (Carassius auratus) 7 ik
PR R O 22 5 T 2 5 Wk 25 A QU A a3 B 1 A2 1k
FRHAE, Xu ZEPF ] LC-MS AR A AR T A
[ 1Y o FR X AR 9528 & (Eriocheir sinensis)
A B AR AL AR A AR A TR R, L AEPPR A
LC-MS/MS U 2H 27 B AR5 75 1 40 K A0 %] T i
(Oncorhynchus mykiss)#4 i 3# A - 97 76 A . AT I,
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Q-TOF/MS) K H e H = w5 . v SR A0 AN o0
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Triple TOF 5600 i {% (32 E SCIEX /A #));
ACQUITY UPLC /& 80 A 815 {3 (35 E Waters
vH]); Allegra X-30R /5 B0 HL(3E E Beckman
A IRTEIRAI S (EE IKA 24 7]); Milli-Q A10
R4l 7K HL(3E FE Millipore /A F]); Fods# A AL (B Ll
HF AR A BR AT, o-F I —FR(AKG, A4k,
4 =99.0%, iR AR A RAR); ([
R ILFEH R £ 16 H R £h (MS-222, £[H Sigma-
Aldrich A /]); BRER &N AL (o Bral, KT
RRALZERFN) ), HEE, OB . WIRR(FE4l, 78
E Merck 23w]); A FRER K (PUIIEHME 25ML A 7D);
AHHAATENL(13 mm, 0.22 um; FIEFZEEA ),
1.2 EIfA

T 1L 2R 3 Ja A ek A B 2 W) T B e o AL
AR R AR, HEEFR AR RS
i /ANZE . KB BT ER . 4iER . AAERE
JEkE, HOE IR A B A =29.0%, ML
5 <12.0%, HLE4E=5.0%, MK <15.0%, /K
Iy <12.5%, MR =1.4%, M=0.6%, Al
HFE IR LA B i b Ll R R R R
HRAEA 7> kb ARG s
10.0 g/kgo K FEmtl Ry L 60 H i, SRAZEH
PRI A543 7 At R R NS /o 0.10.0
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RIS ENI [ E KRR 5 B SR e TR ™
AF 5 I I 24 3 50 3 (P B WG R TR, B RS =
FH 2.0% NaCl (W : W) = 194 B 20 min, [ 77
Ytk 15 d J5, PRERARISS) . RGN . f@ERTC
i 19 8180 & [ 1K K (20.50£1.00) cm, & H
(130.10+5.64) g], BEHLIT L3 AEFRL, B 1A4%F
HEZH (R 7K)F 2 > NaHCO; 338 4 (NaHCO; ¥
Wh 20 mmol/L), R4 3 A FATF, BAF4T 20 2
i, ikt G NaHCOs Wi 28 o 526 ™= A Sk g
B, LB K 5 mmol/L 1Y & J} & 5L 565 ¥ &
20 mmol/L,

S HE N SEE S5 F 7 d R, 3 AN FEZE 43 )
B AR [ 9 B2 /K SF- i AKG iR 36458 30 d, Bl Con
HARK, FERFEE) . CA 41(20 mmol/L NaHCO;,
LR . AKG 41(20 mmol/L NaHCOs, 1.0%
AKG Tk, HEMERL N AERER 3%, 5K#%
M3 Y%(7:30,12:30, 17:30), FFXRMEHME 30 min
J5 T R RN 20, kK TS Y . SEE N, UK
IRZ°0(24+£1.0) C, XFHRZH pH £5°4 6.8, 20 mmol/L
NaHCO; Z#5 4 pH 210 8.4, A A <1.0 mg/L, &
fi%8>7.5 mg/L; 3.d ek 173, #hFIEE M
NaHCO;5 DA 4 457 52 95 15 70 Vi 32 (19 i, 175 o 2 00
NaHCO; #RJ&), RAERT 24 h 258, MEA-FIT4l
BENLAEL 5 (R0 15 B, it 45 ), 1
100 mg/L MS-222 iFW IR RRIE S, (/] 2 mL Tt
W E S e R ICR MO R B0, 4 CiiE
2 h, 3000 r/min E.{> 10 min, B FiH K T-80 C
UKFADRAE S o
1.4 UPLC-Q-TOF/MS &1k
141 #Hmul&E MDA P REYLIHER 8 1
M¥EFEAT 4 CHEGRIE, WH 100 pL % 2 mL &
D, FFIA 400 pL F AR (P EE © K=4 ¢ 1,
VIV), wHEIRA], VKA 15 min, 20 CHE
1h,4 C. 13000 r/min &5.{> 10 min, B 3HRE
0.22 pm A HUAHIE I8 2 A sh A b R W)

BF, A5 2L LT AR i 25 e Y ) B T A A A
(quality control, QC), H T PFAli i 7 ¥t B ik AU %
AR AR PR FIBCE 1 AT Sk

1.42 UPLC-Q-TOF/MS #ill (4% {F: BEH
Cis B IEFE(100 mm*2.1 mm, 1.7 pm); FEi: 40 °C;
A A 0.1%H FR KW (H B = 7K=1 : 1000,
VIV), gt B: 0.1%F R OIEHEWR (PR « b=
1:1000, V/V); WEMEAEEE: 0~2 min, 5%~20% B;
2~3 min, 20%~60% B; 3~11 min, 60%~80% B;
11~12 min, 80%~100% B; 12~13 min, 100% B;
13~13.1 min, 100%~5% B; 13.1~15 min, 5% B, ¥
#: 0.30 mL/min; PEAEHE: 10 uL,

T Ak RIS & FIR(ESDTEIE .
BT, BT RIEE: 550 C; B TR
HLE: 5500 V/-4500 V (IE/f ), AR
(CUR): 241.3 kPa; W{%5.(GAS): 344.8 kPa; 4%
HiJE(DP): 80 eV; fili## §E 5L (CE): (35+15) eV, TOF
MS Scan #ERCRE —H BT B L E M/Z:
100~1200 Da; IDA #5&2CRAE — Z0 il ey 74
FEl M/Z: 50~1200 Da.,
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UPLC-Q-TOF/MS RAE 1Y Ji b B5 48 kA 7 DG 4 B
WX 5 | WAl Y A AR AL B, AR L ELA R B
LTI Tl B 1 AT AN S L e R o
A A SIMCA 14.1 (Ji #it Umetrics 23 7] )#E A7 =
o, R FE B 5 2 #T (principal component
analysis, PCA)FIIE 32 i /> — 3 #5153 47 (ortho-
gonal partial least squares discriminant analysis,
OPLS-DA) X #4i8 if — 20 4 Hr, LA 45 4 1] 7
AR AR L L VIP>1 Fl P<0.05 g 2540 1k 22
ALY (differential metabolites, DMs), R #5{# &
WFE], AT R E . g R T AR
Y104 e (HMDB) i 5t #1535 PR RN 56 R 41 R 4
(KEGG) it — 2 B DMs, ¥ DMs F A
MetaboAnalyst 5.0 Fd #5478 #5534 o

2 HRESW

2.1 PCA ©##1 OPLS-DA 49 #7
PCA 133 i 7R (K] 1la~1b), QC FE 5 S35 B 4L
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HATHEM; Con, CA Il AKG HANMIEHEM S fE/NEWES, £ 3 dE AR R ENR

a A eCon b eCon+AKG ¢ A
40T ESI+ . “CA 30| ESI- =CA +QC 2000} ESI+ . :gon
30} - *AKG o .. . 1500 A
20t - *QC o° ‘ = 1000 t ° "
10t - . = ‘A 10 L] A u L 500t -
0 &5 ' 0 * A * 0 - :
= -10+ 8," . ~ 10 LIRS Q =500 S L
20t e ‘ 20 LN S IR ——-1000 °
=30+ ° ‘4 ~—1500 | °
—40 —30 —2000 |
=50 - y - - : —> —40 - : ; : > —2500 - >
—80 -60 —40 —20 0 20 40 60 -60 —-40 20 O 20 40 —1500— 1000 500 0 500 1000
q t[1] t[1] ¢ 1.00233 * {[1]
A BSI- eCon ¢ AESI+ =CA A ESI- «CA
600+ “CA . + AKG 400 t + AKG
2000 300 .
—, 400 = =
= = 1000F . . = 2001 =
g 2007 L o N " : 2 100} . .
L)
* 0 o 0 “ ~ 0 Al
8200 ¢ - = s @ -100 .
2 . * & ~1000¢ Q 200t . *
——400 | — —
. ~20001 —300 ¢ .
—600 | —400 |
—800 - - - - » —3000———— e =500 ———— P
—600 —400 —200 0 200 400 —2500 —1500 —500 500 1500 2000 —-1000 —-600 —200 200 600 800
1.00192 * [1] 1.00026 * t[1] 1.00006 * t[1]
g R*=(0.0, 0.93), 0=(0.0, —0.478) h R*=(0.0, 0.956), 0*=(0.0, —0.378)
A ESI+L7 oR? AESI-
1.0} —¢———— —— . 10} - —¢— o ——— ¢ :152
05} I e 0.5f I -
0 /I = 0 /I/
0.5} - 1 I —0.5¢ B 1 !
n
-1.01 | -1.0r :
-1.5f I -15¢ !
2.0t 2.0}
-2.5 : : : : > 25 o : : o
-02 0 02 04 06 08 10 -02 0 02 04 06 08 10
i 200 permutations 1 components i 200 permutations 1 components
A R*=(0.0, 0.774), 0*=(0.0, —0.805) R*=(0.0, 0.967), 0>=(0.0, —0.467)
ESI+ A — .RZ
Lo L—i A e ek 10 g — o — —0——0———0-Q2
0.5} i . e " I
0 — I " 0 -
-0.5} |- 1 1 -0.5 | g I
-1.0¢ i . -1.0}
-15} I -15} "
| |
-2.0 e : : —> 2.0 . : - : : >
-02 0 02 04 06 08 10 -02 0 02 04 06 08 1.0
200 permutations 1 components 200 permutations 1 components

Bl g RIS PCA 1 OPLS-DA 43 #7
FHRE TR T PCA 1543 El(a, b); 1IEH7E T CA vsCon ) OPLS-DA 1843 El(c, d); IEH7E TR T AKG vs CA ¥
OPLS-DA 1843 E (e, f); IEHE THX T CA vsCon i) OPLS-DA #i B & L I64iF [#(g, h); IEH B THRX T AKG vsCA Y
OPLS-DA 8! # 4: 55E # (i, j); ESI+/R IE B F B3, ESI-F/R 17 8 F B3, Con HIR/KXTHRZ, CA 2 NaHCO; Z#&41, AKG
i NaHCO; B2 # AKG fRHRIN41, QC Ay it it 5 il B i, R® J& OPLS-DA BB (it B J7 22, Q J&: OPLS-DA A (1 T fig
Fig. 1 Serum metabolomic PCA and OPLS-DA analysis
The PCA score plots in positive and negative ion modes (a, b); The OPLS-DA score plots of CA vs Con in positive and negative ion
modes (c, d); The OPLS-DA score plots of AKG vs CA in positive and negative ion modes (e, f); The OPLS-DA permutation test of
CA vs Con in positive and negative ion modes (g, h); The OPLS-DA permutation test of AKG vs CA in positive and negative ion
modes (i, j); ESI+ represents positive ion mode, ESI- represents negative ion mode, Con is freshwater control group; CA is the
NaHCOj; exposure group; AKG is NaHCO; exposure and AKG feeding group, QC is quality control sample, R’ is the explained
variance of the OPLS-DA model, and Q is the predictive ability of the OPLS-DA model.
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WAk, (BTG WA PCA A5 50 217N B S8 2H ) 5¢
S0, Mk, RAA B () OPLS-DA AR 7Y —
A 43 A A1) I3 A 28 M i AR Ak
OPLS-DA 843 (K 1c~hH i /~x, CAvs Con, AKG
vs CA #5241 [A] B A 5 4= 40 A 76 P A AS ] X3
OPLS-DA HiRIFT i 24k, IEE LT CA vs
Con. AKG vs CA 1) RY ERUES 5N 0.989 Fi
0.977, Q* 435124 0.405 F10.913; 1B T4 T CA
vs Con. AKG vs CA i RY {751 % 0.987
10.998, Q* 43514 0.796 F10.968, 4] OPLS-DA
B HLAG B A RE I BN BE 1 o #E 200 IR
B (K 1g~j), OPLS-DA #HIf) R #il Q°
1) JE A (R B ML S 4™ A W, 39 IE T #5711
OPLS-DA & HI HA Al 52k, 3G 5 SL 8 347 o
22 ERRKEBHMETE

F T EWJE/R CA vs Con. AKG vs CA #[H]
I35 10 9 ek 22 R AE L, DL 22 5 A% 2 (fold-
change, FC)>1.5. P<0.05 UL & VIP>1 i i 5 {4
224 KL (K 2a), LA P<0.05 i1 VIP>1 Ay i i 4%
4, AT R RS SE 50 20 =2 R e 25 5 ik 59
P ELA G248 S 22 5 AR 134 (differential me-
tabolites, DMs), DMs F4f X3 1 AR 9 2 6] 1)
KR VIR 1 TE k7 SRR (B 2b) 48l 2¢ Fiow,
5 Con #1AHLL, CA 4% 2] 10 4> L8 DMs F
17 A~ TFE/ DMs, 435100 16 FhH MBS, 6
FRARMAMESE . 2 FIE IS LA I 3 AR SEmR . KA
KUY, 5 CA M, AKG 41%5E 5] 25 4~ Fil
() DMs A1 13 4~ F A9 DMs, 24 22 FhH il
25, 10 PG MESLDS . 3 FRESAIE2E . 1 A H I
JEZE . 1 MPEIERR . KA . 1 FhAE 4R R
£y WA 4] CA vs Con 4111 AKG vs CA 4H 5
£ 6 HIE A9 DMs (& 2d).
23 REBEEEESH

J T RSB AKG X iR R L
B e T i v AR AR A, BXE KEGG 3
P55 A1 MetaboAnalyst 5.0 ZidiE %X DMs #4718
T3 I AR AT o AR K SRS SRR, WA 3
fii7n, 7 CAvsCon AP ILE AR T 12 s iE
B, Hop e e . Wam R a1t
AR % A2 ) B 52, 7E AKG vs Con 4

R T 14 ZACNE R, FEbH e A
VPR A o7 R IR A B A0 AN 10 RS U 1 114 21
Y AR 2 B R E W, K 4 8o T2
S S o HE AU B 2 R YOG &R, R I ARDRL
AN AKG  RJ LR B R R B 30 X 80 1 354G
R A

3 itig

Fh K B FE FE TZ A, EL
. W pH, BT H A S K AR P,
FEERWOK SR FIRAK = S A K, K
T2k, Wl EAT, B oK E IR A R,
HEEAAT F4h, hF Rk, Wi
TR K AL T B, K I 1 AR LB W 4 /), FR 08
TR BT JRE IR 7K 01 18 37 FE 1 6 il T 544 T RHF T
YEH B o o K — PR (a-ketoglutarate,
AKG)TE N =R IRAE R 1y b (| 44, BA 15 LR
RE A AU AR, SRE LA
SR oY, SRR RN AKG Xt
R A BT A0 T TR K A B £ 2K ) A e R AR
FABLH 0 AN BB o ASBIEFE LAAS [] ¥ B2 1) i iR 0 A
0L S R Al K S8R 1 BT B S8R, i UPLC-Q-
TOF/MS &y it 2 4 ) AL 4 2 HOR 25 B8 0R
BRI PR AL EhIkER TR AR AKG T
FHAS A 47 22 S A A Gt g% o A, 2551
HW AKG @ P8 H s Ne AU i . A
BRIWTRR A=W i . S i A0 i B S5 i Al LA &
DUKS 245 2 e P oA A3 4 8 R TR A I Ok 2 ik 21
B 300 245 £ 2 A 8 S A N A

A I TR 2K AR AR ) TR P 5 A A AL =2
—PN YRR R BT, LY PR i o ek i
AR AR 7= A i 4 4 (reactive oxygen species,
ROS), HHLAM ARG iR, FEihs i3 bE
Pl AEYRATIP ROS FRE284 AN, ROS 4+ 5
R S8 IO T A O A RS 1 22 AN AR T i 7 PR
M A i I g A BRI B S5 it Ak T
2 A A A 3 A T 2 A BB, A 4 e
ML AT RE ™ B2 3, 2O ST, 2
A WEFE R BB 75 5K A= Sh#7 4E ROS JF
SEEANHCY FfEAEH, % Con 41, CA
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a CA vs Con AKG vs CA
8 =Up

25 d e O
AKG vs CA CA vs Con

32 6 21
10

g

€

8

8
Number of DMs

W

1
0
-10 10 CAvsCon AKGvsCA

0
log, (FC)

Group

LysoPC (18:0)

LysoPE (0:0/18:1(112)) 3 41 Group
LysoPE (0:0/20:3(11Z,14Z,17Z)) Con
LPA (0:0/18:2(9Z,12Z)) 2 CA
LysoPE (0:0/18:3(6Z,9Z,12Z))

LysoPE (0:0/16:0) 1 AKG
PC (14:0/20:3(5Z,8Z,11Z))

PC (14:0/22:4(7Z,10Z,13Z,16Z)) 0
PC (20:4/5Z,8Z.11Z,14Z)/P-18:1(11Z)

PC (14:0/22:4(7Z,10Z,13Z,16Z)) -1
PC (14:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z))
PI(16:0/22:3(10Z,13Z,16Z)) -2
SM (d18:1/18:1(9Z))

PC (14:0/24:0) -3
Stearic acid

PI (18:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z))

MG (0:0/16:1(9Z)/0:0)

Phosphate

PC (18:1(11Z)/P-18:1(11Z))

PC (18:1(11Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z))

PE (15:0/22:1(13Z))

L-Tryptphan

Alpha-Linolenic acid

Linoleic acid

8,11,14-Eicosatrienoic acid

PA (P-16:0e/18:2(9Z,12Z))

Eicosapentaenoic acid

Docosapentaenoic acid

Docosahexaenoic acid

adrenate

Palmitic acid

Myristic acid

13(S)-HPODE

Eicosadienoic acid

9,10-Epoxyoctadecenoic acid

Creatine

L-Acetylcarnitine

PC (14:0/20:1(11Z))

PC (16:0/P-18:1(11Z))

PC (20:2(11Z,14Z)/P-18:1(112))

PE (16:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z))

PC (16:0/16:0)

PC (18:0/22:4(7Z,10Z,13Z,16Z))

PE (18:1(11Z)/22:2(13Z,16Z)

PC (16:0/22:4(7Z,10Z,13Z,16Z))

PE (18:0/22:4(7Z,10Z,13Z,16Z))

PC (14:1(92)/22:2(13Z,16Z))

SM (d18:1/24:1(15Z)

8-Oxohexadecanoic acid

Cer (d18:0/14:0)

PI (16:0/20:2(11Z,14Z))

lysoPC(28:0)

PE (16:1(9Z)/22:2(13Z,16Z))

PC (16:1(9Z)/P-18:1(11Z))

LysoPE(0:0/20:1(11Z))

LysoPC(15:0)

PC (16:0/P-18:0)

PE (14:1(9Z)/24:1(15Z))

Arginyl-Glutamine

Phytosphingosine

(| (7o o

mll

lﬂ-

T--‘—'-'. -E-li- =11 L

K2 iz s s
2SR AL (a); 225 AR SR ISR (b); 22 AU RO H (o), 22 AU JBLE(d).
Con NIR/KXTIE4L; CA i NaHCO; 285 41; AKG i NaHCO; 255 AKG (BRI FC b 22 5454 DMs SH Qi 22 4.
Fig. 2 Identification of serum differential metabolites
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Effects of a-ketoglutarate supplementation on serum metabolism of
crucian carp under carbonate alkaline stress based on UPLC-Q-TOF/
MS metabolomics
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Abstract: China has a large area of saline-alkali waters with high salinity, high pH, and ion ratio imbalance, which
seriously affects the growth and reproduction of fish and leads to extremely low fishery development and
utilization. a-ketoglutarate (AKQG), as the crucial metabolic intermediate of the tricarboxylic acid cycle, has a
variety of biological functions such as regulating energy metabolism, nitrogen metabolism, and lipid metabolism
and improving the body’s antioxidant capacity and non-specific immunity. However, the effect and regulatory
mechanism of AKG supplementation on the physiological metabolism of freshwater teleosts in saline-alkali
habitats are still unclear. This article preliminarily discusses the effects of a-ketoglutarate (AKG) supplementation
on the serum metabolism of crucian carp (Carassius auratus) under saline-alkali stress based on ultra performance
liquid chromatography-quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF/MS) non-targeted
metabolomics. The experimental crucian carp were randomly divided into a freshwater control group (Con group),
NaHCOj; exposure group (CA group), and NaHCOj; exposure and AKG feeding group (AKG group) and fed for 30
days. The UPLC-Q-TOF/MS technology was used to establish a serum metabolomics analysis method.
Multivariate pattern recognition techniques including principal component analysis (PCA) and orthogonal partial
least squares discriminant analysis (OPLS-DA) were used to analyze the changes in serum metabolite composition
and content in crucian carp and identify significantly different metabolites. MetaboAnalyst 5.0 and the KEGG
database were used to analyze related metabolic pathways and construct an interaction network diagram of serum
differential metabolite-metabolic pathways to clarify the regulation mechanism of AKG supplementation on the
growth and metabolism of crucian carp under saline-alkali stress. According to the results of DMs and KEGG
pathway enrichment analysis, there were 27 differential metabolites in the CA group compared with the control
group, and enrichment in 12 metabolic pathways including glycerophospholipid metabolism, linoleic acid
metabolism, tryptophan metabolism, etc; while 38 differential metabolites were identified in the AKG group
compared with the CA group, and enrichment in 14 metabolic pathways including glycerophospholipid
metabolism, linoleic acid metabolism, a-linolenic acid metabolism, and unsaturated fatty acid biosynthesis, etc.
The study showed that carbonate alkali stress caused fish oxidative stress damage, causing disorders of the
glycerophospholipid metabolism, sphingolipid metabolism, and energy. However, AKG supplementation can
promote the TCA cycle to increase carbon source and energy supply and improve the antioxidant capacity and
immune capacity of fish under carbonate alkaline stress by positively regulating metabolic pathways such as
glycerophospholipid metabolism, sphingolipid metabolism, and amino acid metabolism, thereby alleviating
carbonate alkaline-induced oxidative stress damage. This study clarified the effectiveness of AKG as a feed
additive to alleviate the damage to freshwater teleosts under saline-alkali stress at the metabolic level. This
provides a scientific basis for the application of AKG in the field of aquaculture in saline-alkali waters and has
important ecological, economic, and social significance for improving the utilization of saline-alkali water resources.
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