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[ Abstract]  Objective To investigate metabolomic changes in the serum of rats with persistent hypertensive SHR
and reveal the possible pathogenesis. Methods Six male SHR and six WKY rats were selected at random and defined as
the model group and the control group. Rats were given 120 d standard feeding and rat SBP was measured using the BP2000
platform once a week. Rat myocardial tissue was stained with HE and Masson staining and rat serum was detected by UPLC-
MS to identify significant metabolites. In addition, a GO and KEGG pathway enrichment analysis was performed. Results
The SBP of the model group gradually increased and peaked at aged 20 weeks, which was followed by a plateau period. The
SBP of SHR at all time points was much higher than that of the control group (P < 0.001). HE staining showed that the

myocardial tissue of the model group was in a disordered arrangement, and the vessel walls were thicker, while their lumen
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was narrower. Homogeneous, pink-colored substances were largely found in both the myocardium and around the lumen.

Masson staining revealed a very large amount of collagen fiber accumulated in the myocardium of the model group. The

serum metabolic patterns and individual differential metabolites of the two groups were evidently separated from each other,

and a total of 44 potential landmark metabolites were finally identified, mainly involving neuroactive ligand-receptor

interactions, 5-hydroxytryptamine receptors, and arachidonic acid metabolism pathways. Conclusions

Myocardial and

perivascular fibrosis were identified in SHRs under long-term hypertension. Serum metabolomics of SHR obviously deviated

from the normal metabolic pattern, and significant metabolites were primarily involved in regulating vasoconstriction and

vasodilation, modulating the activity of the sympathetic nerve, and inhibiting the inflammatory response.

[ Keywords ]

and metabolism pathways

Conflicts of Interest: The authors declare no conflict of interest.

e L 2 22 ik PR 5 22 PR 3R S [l T S m AL
WTE R AR S e B . S 00T, 31 2025 47, 4
B U BRI 2 156 120 & il 2
O AR A8 S PR S5 B Y T 2T R
Z, 2010 4F, & S B0W N D ET- O M 42 8k
NFUBBET I 40% 2, Ry A™ 4K B A7 51 15 B A
FARFRRYBEEE 1, A G H A L LU T 5
FRA R TR BHLLEH i 1 DG B I 1] 2 R A ik D 1Y)
R, TSR R RV SR AT TN e AL R 0 Y
JER T T R 5T , (8 AR B K A= & e pL il
A58 4 A ARG o 2l o vl A T B
A" H R IER B (R B AT T HLA R A
FHIER) —Fh R G007, 5 HA A 507 AN A, AR
202 A B VR P BB A TR AR 1R B | T 4%
F W RS A B A 2L RS 5 AR AR TS PR BT
IS T e R B, o
J A 2 R e AL 25 9 A O ) 35 o B e it —
AR F R L A 80k . B R I
JE K B ( spontaneously hypertensive rats, SHR ) J2& /& IfiL
FERFSE S 12 AR S R e e i TN
KRS ARL 3 %F b 5 il R G R E - L
TR KB ( Wistar-Kyoto rats, WKY ) 1] AT H 5 75
IR A G AL

SR, FHTEL SHR A 52 i) A 2H 27 0 50 4
Bl Z 0 4 A4 HZ UL R T TR i it
FER R HZ X TR L ERZS T SHR LV
FRIIH AR A SRS R R RIS, 52 b i R
T AL T g i PR A8 (L P A 42 ) 54 ) AN SR A )
MR IR 28, B TR TR, 2808
BHALTCE K2, mifs T8 H i 2 % W K
ESUSTIPUE s B sl IRER /AP W NI R R AW e
AR RO 5 R a5AE A — M B TR b AR F 5 400 F1)

spontaneously hypertensive rats; serum metabolite differences; metabolomics; UPLC-MS; signaling

SHR #5838 58 4 o R0 (0,385 — 5 1% 16 (ultra-
high performance liquid mass spectrometry and tandem
mass spectrometry , UPLC-MS)) 9 J5 ¥4 458 58 3 =5 1L
HORZSTH M i G 8 1k, /N3Gl i
FPEE M THR O SHR BRZ IR, -4 I A9 T e
AIARAEY, 424 v i O B9V LA I R 2
WrFIAYT RS

1 HR5HE

1.1 ##
1.1.1 S2Esh¥

FEMLAR I SPF 2% 8 J&l & b4 SHR (] J&] i
P WKY KA 6 H,SHR AH ) 180 ~ 200 g, & H
RERIZE WKY K EAFZ) 185 ~ 205 g, i% M X IR
M, B KRG [ b 5T 4 A 46 S5 sh P 4 R
HHRAF[SCXK ( 52)2016-0006]) . LAbr i Rl
P AR B A 0 25 1 b B A0 B Bt I F T 3l 4
SEEG L SPF 43250 % [ SYXK ( 5) 2016-0043]
I3 HOMEUE R IR (25 £ 3)CAEL, BE
WBhT 45% ~ 55% 22 [0], 38 KR 4F G IEETE] 12 h
FRIFAS K, To S W R, T 1A B ARBOK T4
SR R A FE 3 AR H BE T H R I IR e AR B B
SELR (H LS 1 No.180209)
112 EZEEF S5

A BEER 7K (0.9% NaCl) ;4% HRE VA ¥R B
41 -5 K ZE (hematoxylin-eosin,, HE ) 4«8} ; Masson =
YT RIS (B354l BB BioBioPha /A ]/ &
Sigma-Aldrich INFE]) 5 R ( a3 4l , 32 [# Merck
SN BEE 11014107923) 5 N (63540, 35 [ Merck
3], 55 JB0886630)

BP 2000 /Iy 3l ¥ Jc A 1l & o3 i & 58 (35
Visitech Systems 2A#)) ; A Y] A #HL( H A SAKURA



430 of [ S S AE R 2021 4E 8 A5 29 %45 4 8] Acta Lab Anim Sci Sin, August 2021, Vol. 29, No. 4

N B R HER ERE O (FEE Eppendorf 23
A)) 5 IE BYE2E B 88 ( H A Olympus 23 Al ) 5 QTRAP
6500+ = H PUZL AT BT 3% ( 35 [ SCIEX 23] ) ; Mm%k
W AR (5,35 ( H 48 SHIMADZU A ) 5 B384 ( 26 [
Waters 2y 1] ) o

1.2 Fik

1.2.1 —fB4F1E

BHRHERBUE EFRAEMOIRES A E | 3
B FTF AR RAENE L,

1.2.2  IfiJE

FERRIE R AL F R T, 8 T [ —
1] | ] — 3 38 ¥ H BT 39°C )L BP2000 - 5 [ /&
arth, CE 2 10 min (R B Y R Bl Ik R4
i), FEH B R B ik SBP, HUER 0.30.60,90 120
KA M2 T3 B, e B A~ k8] 5 45 2H KB
FESERTIN 20 ZH Y45 (systolic blood pressure , SBP)
{H, B BOR T B AR Y 6 4180 B9 B (EAE it
A
1.2.3 HE 4% {4 F1 Masson 448

3% 2 (1 mL/kg) 161 508 K BRUBR
1 E S CR LS 10 mL 3 53 2 BG4 R Ak # R K
TLOPHEN EE 2 E K R 2 THEAE
ARG i O 0, R VK K PRk i vk, R R 1 T
DA ZE 2y o 173 A D) BEREWr4H 220 1 em,
BN 4% WS, 5 24 ~ 72 h JE AT Bk
A P1H(3 mm) , 588 HE Z& {4 F1 Masson 4%
SE2 DTl N UK 238
1204 IERAE S AR 27 A T

B 24 h, 3% E (1 mL/kg) 8 S G
R J5 22 W 3 3h kR L, = R & & 2 h, 3000
r/min & 0 10 min J5 B L3 {@—l, oy a%E R T
-80°C , BUMI AT B T vk b IR 21, B S0
L FEAR I 42 BT 23 B A TR B K R B (N
FR) o i€ 3 min, 12 000 r/min . 4°C &.0> 10 min
JE BV, RIRE S5 P 250 5 min, 15 31 13 W
T,

WAH S50 HSS T3 €18 1.8 pm (2.1 mm x 100
mm) 3% H:; #E 1R 40°C ; i E 0. 4 mL/min; #FAE &
2 pLAE, B A NK(0.04% ZTR):B KON
(0.04% L TR ) ; Ve WF & 0 min, 95 :5 V/V;
11 min,5:95 V/V;12 min,5:95 V/V;12. 1 min,
95:5 V/VHI 14 min,95:5 V/V [5]F g44E A6 14
FaEPERIAT E N, 4 10 NI BEAS TR Al A

1At BT A AR A SR BBORR & TR R PR AS i
F544 - Ha 8 55 B8 T U (electrospray ionization , ESI) ik
JE2 500°C, 75 - PRI 23 0 1E G B 1R B
FHEIN + 5.5 kV Al - 4.5 kV, B F AL
PR 55 psi, M I K 60 psi, A SN 25.0 psis
73, BCE RS R B SO
L3 SiTESN

B2 mab )5 4 H R 42 (www. r-project. org )
5E W F A 43 43 BT ( principle component analysis,
PCA) B K A | Pearson K56 P 25 3 F) H
MetaboAnalyst R 52 i 1F 28 fi 35 /1> — 7 | 51 53 Hr
(orthogonal partial least square discriminant analysis,
OPLS-DA) , 7E78 - H 2 AR 5% (variable importance
in projection, VIP) > 1 MYFiiibr i FL Al _[- HISPSS 22
Xf PR 2E SR AR Wy AT B i e T o A, B
ZHVIP > 1 H P <0.05 (REIE bRtk 22 5
R, 38 i 30 48 AC I BOE i ( Metware database,
MWDB) %5 4f5 5 #1550 A< 4k R 55 2k 4 7 ) & 43
(Kyoto encyclopedia of genes and genomes, KEGG )
(http://www. genome. jp/kegg/ ) BCHE X H 171
R i S A GEit o A 7 A IR S A Y
THEBORPFIME + brifE2E (x £ 5) FRn, MALER
K K5, AR IE ST RGOSR AR S G 5, U
P< 0.05 FnZFAAGI#E L,

2 HR
2.1 FARR—RIER
HORAL K B T 5 0 AL L, B35 120 d U

REREmR D WH KRR EFAERE2ZR(P <
0.05) (WL 1) s BRI ZH BB ot HLKE O
K AR R T Ay, By Vi, X | 75 S R A
IO IE L N 2, 2R AT 3 53 B R AT AR B
i ELAT e A 8], i 220 AR K A 2 Rl R
H A 5 o B ZH K BB 35 11 AR DGR RS -
JRBEIE T SR AR E AT SR> oK R
o KRERIEH
2.2 AEIRESAFEHKR SBP tLig

PRI KB SBP 7E4f 0.30,60.90 120 K 5 4~
B S T XL (P < 0.001) , 5 5 B BEM
(W 1), 8 ~ 12 JAiEHIE], X IR 2] 588 20 K B
SBP ¥R BT A X A KRR A 12 R 4h
SBP Hita THaE , & 24 JH#% SBP AR AbAR /)N ; MM #5i 78
ZHRE SBP MIZEZ T 12 ~ 16 R 0% B e E



Hh [ ST BSR4 2021 4E 8 H A5 29 #4554 1 Acta Lab Anim Sci Sin, August 2021, Vol. 29, No. 4 431

Ja, T 20 JE IS B RGO BRI TS OB TR RY
T,
2.3 Mm% HE &5 Masson L ELER
EXTRRALAE L, BEAVZH K B HE G a2 5] I,
LHVHSHES ZE L, #8453 C K R IEH B, WLH HE
A Y TR G W B, B 7 0 WL PR T 4k Ak UL IR o 7
ERENG L AR AE A I R AT DL 34 SRy Y ) o
PR M5 T8 FEAFAE LR AL 5 TR, O ULZH 2T Masson

__ 400 STHEZH Control group
g 3(5)8 ] T WA Model group
& B 250 [
o £ 200
2 150
A 100
50
0 0d 120d
B} Al (d)
Time(d)

T SXHRA L, " P < 0.05,
B 1 fFE 120 d A5 PR BUAE Hik
Note. Compared with control group, * P < 0. 05.
Figure 1 Comparison of rats weight before and
after 120 d standard feeding

Pe g5 R 0 R B2 0 LA BT BT 55, 1
B2 MR R AR (Rl ) (R 2) .
2.4 I UPLC-MS R igt#EiL

WA 3 PR, SRR AR s e,
BB TR X B2 RIS R 4 2 ) 25 S e I B
T 5025 1~ 3L I (total ions chromatography , TIC ) L4
AR DX 33 s 1 2 A BRI T 1 A QA R A i
Y Z B
2.5 mMBEREWETHITSHER

=Yk PCA 455 R, B4R BRI 35 AR =2 7]
FAER 225 (UK 4) . OPLS-DA 1371 R 45 R i
PRI AR L 0 B2 P o AR = A B R 4y
B, Mi7E OPLS-DA S-plot & H | A Ak R e 7R 32 1l 40
SACHPI UIMEOC R EL, DAL bR R R 3 5 AR
PIRAHOC 28K BRI A7 B A AN T M AR &
TNHZE S AT 1) S R I X AR Y VIP
H = 1,500 8RR xR VIP H < 1,3
HVIP H = 1 Hom 2 A bR R s i SO R e R
BV TEAE YIRS (WLE 5A,5B)

1 FKARBRSAFERE L SBP L (& + s, mmHg)
Table 1 SBP of rats in each group at different time periods(x + s, mmHg)

2051 Groups 0d 30 d

60 d 90 d 120 d

X HEZH Control group

FERIZH Model group

166.33 + 5.47 181.00 = 13.08

212.33 £ 10. 65"

220.50 £ 6.25 ™

179. 67 = 12.47 179. 83 + 6.31 178.67 + 6. 86

221.83 = 10.96 ™ 229.33 + 6. 74 230.17 = 7.86 ™"

P {f P value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
T SXH AL IEE, ™ P < 0.001,
Note. Compared with the control group, “* P < 0.001.
AN

LN

Blood vessel

DALHL

Myocardial tissue

2 IME O LU R (45 R

Figure 2 Pathological staining results of vessels and myocardium
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' R sFX BEEEREE Ak B
No. Name Formula VIP Fold change  Trend
MEDN009 L-RA R L-aspartic acid C,H;NO, 1.75 2.95 1
MEDNO041 C B H AR Hexanoylglycine CgH, sNO; 1.71 0.28 l
MEDN090 AR A ZEFE IR 2-Methoxybenzoic acid CyH0,4 1. 66 0.00 !
MEDNI115 #82EAfR Chenodeoxycholic acid CyyHy Oy 1.36 0. 36 1
MEDN284 2- 2Kk -4-F R 2-Hydroxyisocaproic acid CeH,04 1. 10 2.37 1
MEDN348 It B2 TXB2 CaoH3, 04 1.72 3.89 1
MEDN349 HIZIHRE D2 PGD2 CyoH;, 05 1. 40 7.66 1
MEDN351 12-3 B UERR 12-Hete CyH;, 0,4 1.80 8.17 1
MEDN461 D-5t K P 7-w iR D-sedoheptulose-7-phosphate C;H;50,,P 1.77 3.74 1
MEDN496 N-Z B FE R AR N-acetylmethionine C;H,;3NO,S 1. 62 2.40 1
MEDN539 3'-N-L P 2 E R FL MG ER 37 -Sialyllactose CpHyoNO g 1. 81 6.51 1
MEDN562 N[ E-3-F i [ndole-3-carbinol CoHyNO 1. 69 3.44 1
MEDN570 L-FR&EFIIE L-Erythrulose C,Hg0, 1.78 2.10 1
MEDN606 5-H & L ng| k-3 2, i 5-Methoxytryptophol C;;H;53NO, 1.82 0. 44 1
MEDN729 KR LR Phenoxyacetic acid CgHgO4 1. 66 0.00 1
MEDN750 (%)-12-¥33£-57 87 10,147 ,172- PR FLIHAR (+) 12-HEPE CaoHs 04 1. 60 5. 86 1
MEDN751 (£)12-¥23£-57,87 ,10E , 14Z-— R PUIEHFR (=) 12S-HETE CaoHs, 04 1. 80 7.29 i
MEDN754 (%) 17-%%£-47 77,107,137 15K ,192-Z+ "8N8 (+)17-HDHA ~ C,,Hj, 04 1.94 834. 84 1
MEDN756 (£)-18-¥23-57 87,117,147 16E- "+ 4 (=) 18-HEPE CgHgN,0,S 1.57 5.91 i
MEDN763 (+)-9-}23£-5Z 7E, 11Z ,14Z-—+ERVUSERR (+)9-HETE CyoH3, 04 1.81 9.08 1
MEDN765 (£)11,(12)-H%-57 87, 14Z- "+ TR =HFR 11(12)-EET CayoHs, 04 1. 80 8.83 1
MEDN767 (£)12, (13) R -9Z-1/\BkM R 12(13) -EpOME CgH3, 05 1.87 0.17 !
MEDN769 148-$235-47.77.10Z ,12E ,16Z.,19Z-—~+ — BN MR 14(S)-HDHA Cy,H;, 04 1.76 11.45 1
MEDN771 15-540-52 87,117, 13E- B DU R 15-Oxo-ETE CyoHj004 1.53 8.74 i
MEDN782 (+)8,9-F48-5Z,11Z ,14Z-—+ B =} 8,9-EET CyoH;, 04 1.76 3.63 1
MEDN791 AiFIRZE D1 PGD1 CyoH3, 05 1.41 9.71 1
MEDN793 HIFAR % E2 PGE2 CyoH3, 05 1.73 5.22 1
MEDN795 HIFIIRE F2a PGF2a CyH3, 05 1.79 5.17 1
MEDP002 D-fE2EEE R D-homocysteine C,HyNO,S 1.83 0.38 i)
MEDPO16 L-B %R L-glutamic acid CsHyNO, 1. 86 2.33 1
MEDP089 LIRFEANE N-acetylhistamine C,H;N;0 1.94 0. 02 !
1,4- 50 1-F S 4- 48403t Y G .
MEDPLLS 1 ,4-dihydro-jl‘-melhyl-4-0igc-pyridinecarboj;mide €7 Hs N, 0, 194 0.02 !
MEDP118 4-TEIEFR 4-Pyridoxic acid CgHyNO, 1. 90 0.16 }
MEDP205 L-P5 L-Carnitine C,H,5sNO, 1.73 2.07 1
MEDP247 JEEEH %8R Nicotinuric acid CgHgN, 05 1.30 0.49 !
MEDP251 FP AL Trigonelline C,H,;NO, 1.85 0.43 |
MEDP276 5| W-3- % Indole-3-carboxaldehyde CoH,;NO 1.70 3.49 1
MEDP318 KR IRE W Kinurenine CoH,N, 04 1.82 0.38 !
MEDP454 SR Tsoquinoline CoH,N 1.67 3.27 1
MEDP523 DL-A## DL-carnitine C,H,CINO, 1.52 2.01 1
MEDP545 2-NE & LEAA 2-pyrrolidinone C,H,NO 1. 84 0.24 i)
MEDP577 ST R Isobutyryl carnitine C,H,, NO, 1.39 2.21 1
MEDP831 DL-1-2#£-2-N% 1-aminopropan-2-ol C3HgNO 1.54 2.01 1
MEDP860 HREBREL Glutamate CsHyNO, 1.91 2. 68 1
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metabolites’ hierarchical clustering analysis. D. Heatmap of correlation significant metabolites.

Figure 6 Analysis of significant metabolites
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