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Effect of shear stress on eicosanoid metabolism in endothelial cells by metabolomic
approach

ZHAO Yin-Jiao"?, LIU Le"?, YAO Liu"*, ZHU Yi"?, ZHANG Xu" >~
'Department of Physiology and Pathophysiology; *Key Laboratory of Metabolic Cardiovascular Disease, Tianjin Medical University,
Tianjin 300070, China

Abstract: The article aims to study the effect and mechanism of shear stress on eicosanoids produced by the metabolism of polyun-
saturated fatty acids in endothelial cells. First, human umbilical vein endothelial cells were treated by control (Static), laminar shear
stress (LSS) and oscillatory shear stress (OSS) for 6 h. Then the endothelial cells were incubated with fresh M199 medium for 3 h,
and the cell culture medium was collected. Ultra-performance liquid chromatography-mass spectrometer was used to detect the level
of eicosanoid metabolites secreted by endothelial cells. The results showed that under different shear stress, the level of eicosanoid
metabolites were changed significantly. We found 10 metabolites were significantly up-regulated by OSS compared with those in LSS
group, including PGD2, PGE2, PGF2a and PGJ2 produced by cyclooxygenase; 11-HETE, 15-HETE, 13-HDoHE produced by lipoxy-
genase or spontaneous oxidation; 12,13-EpOME, 9,10-EpOME, 9,10-DiHOME produced by cytochrome P450 oxidase and soluble
epoxide hydrolase. The transcription levels of these up-regulated eicosanoids metabolic enzyme-related genes were also increased in
vitro and in vivo. These results indicate that OSS may promote the increase of metabolites by up-regulating the transcription level of
metabolic enzyme-related genes, which playing a key role in the development of atherosclerosis. This study reveals the effect of shear
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stress on eicosanoid metabolism in endothelial cells, which provides a novel supplement to the systems biology approach to study

systemic hemodynamics.

Key words: shear stress; eicosanoids; endothelial cells; metabolomics; atherosclerosis
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5500 (Sciex) ; [# #H %= B %¢ B # 5 &y Visiprep DL
(Supelco).

1.2 ARMMIEFMNRHINARGHEYL A
JiF &5 bk N FZ 41 g (human umbilical vein endothelial
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Table 1. Enzyme-related genes of PUFA metabolism and the main eicosanoids

Metabolic enzyme-related genes

PUFA  Pathway Eicosanoid metabolites
Human Mouse
COX PTGS1, PTGS2, PTGDS, Ptgsl, Ptgs2, Ptgds, PGD2, PGE2, PGI2, PGF2a,
PTGES, TBXAS1, etc. Ptges, Tbxasl, etc. PGJ2, 15d-PGJ2, TXA2
5-HETE, LTA4, LTB4, LTC4, LTD4, LTE4,
ALOX-5, ALOX-12,
LOX ALOX.15 Alox-5, Alox-12, Alox-15 15-HETE, LXA4, LXB4, 8-HETE,
AA i 9-HETE, 11-HETE, 12-HETE
16-HETE, 17-HETE, 18-HETE, 19-HETE,
CYP2J2, CYP2CS,
Cyp2j6, Cyp2c38, Cyp2c39, 20-HETE; 5,6-EET;, 8,9-EET; 11,12-EET;
CYP450 CYP2C9, CYP2EI,
Cyp2el, Cyp2ul, Ephx2, etc.  14,15-EET; 5,6-DHET,; 8,9-DHET;
CYP2UI, EPHX2, etc.
11,12-DHET; 14,15-DHET
PTGS1, PTGS2, PTGDS, Ptgsl, Ptgs2, Ptgds,
COX PGD3, PGE3, PGF3a, TXA3
PTGES, TBXASI, etc. Ptges, Thxasl, etc.
5-HEPE, 12-HEPE, 15-HEPE, 11-HEPE,
ALOX-5, ALOX-12,
LOX Ay Alox-5, Alox-12, Alox-15 8-HEPE, 9-HEPE; LXA5, LXB5; LTAS,
EPA LTB5, LTC5, LTDS5, LTES
18-HEPE, 20-HEPE,; 5,6-EEQ; 8,9-EEQ;
CYPLJ2, CYP2CS, Cyp2j6, Cyp2c39 11,12-EEQ; 14,15-EEQ; 17,18-EE
C. = 5 ) = 5 ) = 5
CYP450  CYP2C9, CYP2EI, SPID I 12-EEQ; - .
Cyp2c38, Ephx2, etc. 5,6-DiHETE; 8,9-DiHETE; 11,12-DiHETE;
CYP2UI, EPHX2, etc. . .
14,15-DiHETE; 17,18-DiHETE
4-HDoHE, 7-HDoHE, 8-HDoHE,
10-HDoHE, 11-HDoHE, 13-HDoHE,
ALOX-5, ALOX12,
LOX ALOXIS Alox-5, Alox-12, Alox-15 14-HDoHE, 16-HDoHE, 17-HDoHE,
i 20-HDoHE, Maresins, Protectins,
DHA D-series Resolvins
7,8-EDP; 10,11-EDP; 13,14-EDP;
CYPA50 CYP2J2, CYP2C9, Cyp2j6, Cyp2c38, 16,17-EDP; 19,20-EDP; 7,8-DiHDPA;
CYP2C8, EPHX?2, etc. Cyp2c39, Ephx2, etc. 10,11-DiHDPA; 13,14-DiHDPA;
16,17-DiHDPA; 19,20-DiHDPA
PTGS1, PTGS2, PTGDS, Ptgsl, Ptgs2, Ptgds,
COX PGDI1, PGE1, PGFla, TXBI1
PTGES, TBXAS1, etc. Ptges, Thxasl, etc.
9-HODE, 13-HODE,
LA LOX ALOX-15 Alox-15
9-0x0-ODE, 13-0x0-ODE
CYP2J2, CYP2C9, Cyp2j6, Cyp2c39, 9,10-EpOME; 12,13-EpOME,
CYP450 yp<jo, Lypzc p p

CYP2EI, CYPIA?2, etc.

Cyp2el, Cypla2, etc.

9,10-diHOME; 12,13-diHOME

PUFA: polyunsaturated fatty acids; AA: arachidonic acid; EPA: eicosapentaenoic acid; DHA: docosahexaenoic acid; LA: linoleic acid;

COX: cyclooxygenase; LOX: lipoxygenase; CYP450: cytochrome P450 oxidase.
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BT HEFANR RS T, AUy .
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2 mL B IR _ERE 2 mL 5% W EETE G S 1S
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min). 5503 H LCA 70 XAk, Zéid FUR IR L3 ik,
H 6-0 ‘5253 7 S5 LB BNk e A B Rk 2 JhikoRH 351
WEhlk, EYIOH 4-0 548 T84S DNRA
F K (right common carotid artery, RCA) 43 43
BIEIFAGEI, EAXRA. —HE, FHZ%
AL (Vevo 2100, Visualsonics 23 ] ) #E47 2050 ik
R Rl 4 A AR R IR S, BN B LCA,
RCA, i ST ARIBAE RS T HIF L8 IF 42
A2 BRI P R

1.6 E£ RT-PCR &7 F Trizol V%42 UM Kz 48
IR/ B ST LGS P9 B K] RNA, 4 T RevertAid
First Strand cDNA i 7 £ (Thermo Scientific /A &] )
S % 3% 3K 15 ¢cDNA, ] TransStart Top Green gPCR
i 77 &5 (TransGen Biotech /A 7] ) #4T %€ & RT-PCR
N, N R 2 95 °C S min, #RJ5 95 °C 1 min,
55°C 1 min, 3t 40 NMEH. FIFHIHEK 3.

1.7 &itZE 5 A FE ) & A 2 AT
mean + SEM KRR, 2L AR & ) P 41 [A) LL A

@
Syringe Peristaltic
pump pump

[

1. R4 E 3 T BT 1) /) (laminar shear stress, LSS) AR % B BT 4] /) (oscillatory shear stress, OSS) & Zin & &
Fig. 1. Schematic diagram of laminar shear stress (LSS, 4) and oscillatory shear stress (OSS, B) system in vitro.

2. K IRER 4 5 2R GRS AR A
Table 2. Mobile phase conditions of eicosanoids by high performance liquid chromatography

Time (min) Flow rate (mL/min) Mobile phase A: water (0.02% acetic acid) (%) Mobile phase B: acetonitrile (%)
0 0.25 70 30
3 0.25 70 30
20 0.25 40 60
24 0.25 20 80
27 0.25 20 80
29 0.25 70 30
30 0.25 70 30
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#3. % FRT-PCR#Y 3| 4 5 7
Table 3. The primers for real time quantitative PCR

Gene name

Forward primer (5'-3")

Reverse primer (5'-3")

Human primer sequence

VCAM-1 AGGAGCTGAATACCCTCCCA AGGAAAAGAGCCTGTGGTGC
KLF2 GGGGTGAGTTCCCCATTCTG CCAATGCACACAACAGGTGG
GAPDH AAGACGGGCGGAGAGAAACC CGTTGACTCCGACCTTCACC
PTGS1 TTCTTGCTGTTCCTGCTCCT GGAAGTGGGTGAAAGAGGGG
PTGS2 AATCCTTGCTGTTCCCACCC CAAGGGAGTCGGGCAATCAT
PTGDS GACCGACTACGACCAGTACG GCACTTATCGGTTTGGGGCA
PTGES TTCCTTTTCCTGGGCTTCGT GTGTAGGTCACGGAGCGGAT
ALOXI1S5 GCTGTGAAAGACGACCCAGA GCACCCAAGAGTACCAGTCC
CYP2J2 GGCAACATCATCCCCCTGAA CCAACTGTTCTCCGAGGCAT
CYP2C9 CATCAAGATTTTGAGCAGCCCC GGGTTGTGCTTGTCGTCTCT
EPHX2 CAGCCCGTGACTTGGGAAT ACAAAATGCAGACGGACCCT
Mouse primer sequence

Veam-1 TGGTGGAGGCACAGAAATCC GATCAAGCAGCCACTTTGCC
Prgsl AGTGCGGTCCAACCTTATCC CACACGCGGTTATGTTCACG
Prgs2 TTGGAGGCGAAGTGGGTTTT TGGCTGTTTTGGTAGGCTGT
Prgds TGGTTCCGGGAGAAGAAAGC TGGTGCCTCTGCTGAATAGC
Ptges CGCAACGACATGGAGACAATC CCTGTGAGGACAACGAGGAA
Alox15 CGGCGACCAGTATCTCTGAC TTCCAGGAGTTTCGAACCCG
Cyp2j6 CTACCGGCTCCTTGTTAGCC ACCAACGGCTGGATTGAGAG
Cyp2c39 TCAAAAGCCTATGGCCCTGT ATTTCGCAGGGTCGTGAGTG
Ephx2 AGCTATGGCAGCAAGAAGCA TTGGGTTTTGCCTTCAGGGT

FHECXS ¢ Kz, 22 20 18] AR F B IR 32 07 22 73 #T (one
way ANOVA), #f— D 21 [8] 75 9 b 88K FH Tukey’s
multiple comparisons test 4)4/T. GraphPad Prism 8 1T
GiitER, P<0.05 RHANA it~ L. UPLC-
MS/MS 25544 H Analyst 1.5.1 BAF#EAT 704, Muti-
Quant 3.0 # 4 H T i%& £ MRM I B 52 & 3+ 5 H
WEEE R . w3 - #3450 H7 (partial least squares
discriminant analysis, PLS-DA) Fl 4% & #% 5 & 32 1

THE 7 VCAM-1 fJ/KF (P < 0.01), Tfij LSS {4 H: %
ik (P <0.05). BtAb, LSSif & # T T KLF2 [
mRNA 7K (P < 0.01). %45 53 W A 50448 F 1)

3 2.5~ %k %k

T

77

Z

N
1

12}
® 2
3 g
> 2
) sz
ES Z 5 1.5+
o . o P 2 o2
(variable importance in the projection, VIP) 1543 & i# § s ; L
N N N o [<]
AR 4L 22 0 BT °F & (https:/www.metaboanalyst.ca) 3 =1 s €
2 2
2 e [10 k= = 0.5~
EEE[ ]o § &
0= 0
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2.1 (5T ) R GEXTHUVE CRIRIBIE R L8IE

FAT S Xk I B ) 7 0 ) R S B AT PR A
VCAM-1 JiE #& N B2 480 g me &2 OSS 1 B br &,
HOE ] 2 3 LSS [0H] . KLF2 & AS it 5t
K7, 7€ LSS EM T Tt . HFIMH & & RT-PCR 23 #r
ANFEIBIY) A B IS N B2 40 KLF2 il VCAM-1 3£
15, 55 (K 2) R 5 Static HAHEL, OSS &3

2. LSSHIOSS A Gixf A iz 21 M & 2 FA) A A 6 il

Fig. 2. Model verification of endothelial cell phenotype by laminar
shear stress (LSS) and oscillatory shear stress (OSS) system.
Endothelial cells were exposed to LSS (12 dyn/cm’) or OSS [(0.5 + 4)
dyn/cm’], and static as control. After 6 h, real-time quantitative PCR
was used to detect the expression levels of KLF2 and VCAM-1
mRNA. Data were shown as mean + SEM, n =5, 'P < 0.05,
P <0.01.
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Kl 3. LSSHIMStaticZH 2 1], OSSHMStatic 2 [0 2 1 FE B AL & 4t IPLS-DAFIVIP S #7

Fig. 3. Partial least squares discriminant analysis (PLS-DA) and variable importance in the projection (VIP) analysis of eicosanoids
between Static group and LSS group or OSS group. PLS-DA showed that there were significant overall differences between them
(4 and C). VIP showed that the changes induced by LSS mainly included decreased hydroxyl eicosanoids (e.g 12-HETE, 14-HDoHE,
9-HEPE, 8-HDoHE etc.) and increased diol eicosanoids (9,10-DiHOME and 12,13-DiHOME) of LA (B). In addition to the decrease
of hydroxyl eicosanoids and the increase of diol eicosanoids from LA, the increasing trend of several prostaglandin metabolites (PGD2,
PGE2 and PGJ2) also contributed to the overall changes induced by OSS (D). n = 8. PLS-DA and VIP analysis were completed by
MetaboAnalyst (https://www.metaboanalyst.ca).



ARG R A 22 BT S M B 170 5% 9 B AR — R R A ™ M i 545

WFFE T BT T 06 4 B 0 28 — - e B AR i 4L )
o, AT Je b T LSS 41 A Static 4 22 7] 2K
B A 2 . PLS-DA RR, LSS AN
Static 4 [A] 7 75 B & (8 p v 22 53¢ (&1 34). VIP
370 B (B 3B) R - ik LSS J b IR AR
AL ZE AR R T e R 12-
HETE. 14-HDoHE. 9-HEPE. 8-HDoHE %) i LA
ok A W 2K =+ ke R (9,10-DIHOME H1 12,13-
DiHOME) iX % 25 AR =4 o 1 H., LSS i i
R 2R A e R AR KT BRI, LA SRR
BB AREIK T T =

i I X%} OSS ZH A1 Static 2H 2 18] (AR 4 40 Eb 4%,
AT R DL OSS [F) FF fig % 1 i 2 — + e 1R A 41
81 24840 (& 3C). 1H VIP 54> & (& 3D) &R,
OSS Fri i Z 7+ 5 LSS fAE B ARFH, BT i

PGD2 PGE2
0.020 0.015 N
*
c o
£ 0.015 £
g g 0.010
(=3 [-%
g 0.010 3
B B 0.005+
€ 0.005 <
0 - 0-
LSS 0SS LSS 0SS
11-HETE 15-HETE
0.0020 0.003 *
£ * £
'3 0.0015 ]
5 S 0.002
o o
20.0010- 2
2 2 0.001-
0.0005-]
0 - 0-
LSS 0SS Lss 0SS
12,13-EpOME 9,10-EpOME
0.004 - " 0.0025 N
£ T £ .
£ 0.003- 5 0.0020
& S 0.0015
2 0.002 2
5 S 0.0010- -
0.0017] 0.0005-]
0- 0 -
Lss 0SS LSS 0SS

4. LSSHIOSSTEHUVECH i i ) 7 728 — iR

KRR K FRR. LA SRIER R =+
FERR AWK T m ok, JURP TSI IR 22 AR =4
(PGD2. PGE2 #1 PGJ2) it 2 th i) T =y a5 B /2
I AR AR AL ) L TTRR R R
2.3 LSSFIOSSTEHUVECHIERMNER X~ H1nEs
MUL SR EATRIL, 5 Static 21 (X1
FHEG, PRI ET ) 40 5 51k T 28 A b R AR
PV AR S, DRI BRATTR FH B AR ST T L
B 7 LSS F1 0SS Z [a] B A Wi 3 22 i 2R =T e iR
=9, 5 LSS AL, OSS 4 10 fizk —+
BB AR 7= WK 3 T, AR B COX ™7 AR 1)
R =4 PGD2. PGE2. PGF2a UL}z PGI2 ( & 44),
B LOX 8 F & S AAE I P~ AR 3 8 = iR 11-
HETE. 15-HETE. 13-HDoHE ( [& 4B), H CYP450
A AL T RN T MR I S AL W) K fi# 18 (soluble epoxide

PGF2a PGJ2
0.015- 0.0008]
*
£ X 5 0.0006-
£ 0.010 3
s s
0.0004-]
2 2
S 0.005-] o
e £ 0.0002-
i 0 -
LSS 0SS LSS 0SS
13-HDoHE
0.0005-7
= i *
§ 0.0004
2
& 0.0003
o
=
S 0.0002-]
o
0.0001-
04
LSS 0SS
9,10-DiHOME
0.0020-] *
£ L
Q -
2 ooo1s
(=3
2 0.0010-
=)
o
0.0005-
0 -
LSS 0SS

Fig. 4. The different eicosanoids caused by OSS compared with LSS in HUVEC. OSS significantly increased the levels of 10 eicosa-
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Fig. 5. Effects of different shear stress on mRNA levels of eicosanoids metabolic enzyme-related genes in HUVEC. LSS up-regulated
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