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[ Abstract] Objective To investigate the regulatory function and mechanism of B-hydroxybutyrate (3-OHB), a
ketone body, on the mitochondrial oxidative stress of inflammatory human umbilical vein endothelial cells (HUVECs:).
Methods Lipopolysaccharide (LPS) and adenosine triphosphate (ATP) were used to induce macrophages to release
proinflammatory factors, and the culture supernatant was collected as a macrophage-conditioned medium (MCM) to
culture HUVECs. A total of 7 groups of cells were used in the study: (Dcontrol group, or normal cultured HUVECs;
@MCM group, or the MCM-cultured HUVECs; groups 3 to @) were all HUVECs co-cultured with different reagents,
including @MCM+B-OHB group, @MCM+N-acetylcysteine (NAC) group, ®MCM+B-OHB+NAC group, ©®MCM+p-
OHB-+histone deacetylase agonist ITSA1 group, and DMCM+B-OHB-+histone deacetylase inhibitor Entinostat group.
MitoSOX immunofluorescence staining was conducted to analyzes the mitochondrial superoxide levels, real-time
fluorescent quantitative polymerase chain reaction (RT-qPCR) was performed to examine the mRNA expression of
antioxidant genes, and Seahorse mitochondrial energy analyzer was used to measure mitochondrial aerobic respiration
capacity. Results Compared with the control group, mitochondrial superoxide production was significantly increased in
the MCM cultured HUVEC:s cells, while p-OHB treatment significantly inhibited mitochondrial superoxide production,
which was accompanied by an increase in the mRNA expression of antioxidant genes, and significant increase in the basal
mitochondrial oxygen consumption rate and respiratory reserve capacity. NAC treatment did not further enhance the
protective effect of f-OHB on mitochondrial functions. In addition, ITSA1 treatment could completely offset the
antioxidant and mitochondrial protective effects of p-OHB, and these stated effects were still maintained after Entinostat
treatment. Conclusion The ketone body B-OHB attenuates the mitochondrial oxidative stress of vascular endothelial
cells through activating the antioxidant pathway and inhibiting histone deacetylase activity.

[ Key words] Inflammation Oxidative stress Mitochondrial function Human umbilical vein
endothelial cells (HUVECs)
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A L A S AR S5 B AH SCATL R

1 #RFTFTE

1.1 ZHpaEEsF

Raw264.7/NR B W40 itk (G R ATCCAH) LA &
10%Jii 4 M35 (FBS, 3 [E Biological IndustriesZs &l ) il
1%75 75 % -4 55 % (3£ F HyClone/A A A i I DMEM 1
Fr3E (£ EHyClone A W] ) K737, HUVECsHH itk (£ H
ATCCATH]) LA 10%FBSHI1% 7 8 % - 55 87 2 1 OB
DMEM#i 55 (3L [ HyClone /A R K578, iR 4iffis T
37 C RT3 E5%CO, A1 M35 T2 47 h 15 5%, B2 ~ 3 dift
W, FHO.25%JBREHH AL . 1% 255 RIS ER 4l .
1.2 MCMiJ#H &

Raw264.741 i 15 5% 2 80% % &, #uik, %S /11200 ng/mL
g Z ¥E (LPS, £ E Sigma/A H] ) 4k 245556 h, U N
2 mmol/L =B IR 17 (ATP, £ E Sigma/A 7] ) 1EH
20 min, YWAERFFEIE, F2 000 r/min, 4 CE.L>10 min, it
JESE DA MCM, BAF& o G SR IR $010%
MCM#F 7525
1.3 ZAAEsKIe sy 4E

SERG A o O X B AL IEH B IR HUVECS;

@MCM41: MCMEFFEHUVECS; @ ~ QA K IAR
[F I M HUVECs L85 77 41, 1 45: @MCM+B-OHB4,
@MCM+N- LB ER(NAC) 4, ®MCM+B-
OHB+NACH, ®MCM+B-OHB+4 % 11 % L Bt L
(HDAC) ##hIITSA12H, DMCM+B-OHB+HDACHI il
FEntinostatfl . HHMCMB HIEF3510%, B-
OHB( 3 [FSigma/A 7] ) ¥k 3475 mmol/L, NAC(3E [H
Sigma/s 7)) 29k 3445 mmol/L, ITSA1(ZEEMCEAH])
LR IR 10 umol/L, Entinostat (& [E Selleck 2y 7] ) 4L
JEXI 250 nmol/L. A5AFHF7HE B 25 21 25 Wy A I [ 2
24 h,
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L4l SARE AN LR A 5 555
AT LAGE 1 ok Ao AL A R R S e, AT e
K HIMitoSOX B e ¢ e (7, Lok A N R AL W) 7 A 21
e, KX, MCM, MCM+B-OHB, MCM+p-
OHB+ITSA1HIMCM+B-OHB+Entinostatix 541 1 4l /3
SR T 6fLiR, FFLINAT mL Hoechst33258 (1 [H 3 =
KAWL F)) M, 37 CHREGHFE 20 min, PBSPE
BEANMLE I A0.5% — H IF A (DMSO, 36 [E Sigma’s & ) il
£ 115 pmol/L MitoSOX™ Red (3 [EInvitrogen/A )
TR AN, 37 “CREEIFE 10 min, PBSURRAIILG , 7E98%
BB (A1 51X83, HA Olympus 2~ Al A& W &K
346 nmWLEE AL, WUR DK 510 nm WS LRL A A AL
YAl ol . (RIS, 25 LA MLR T96 fLIR, ILAS pmol/L
MitoSOX"™ Red, 37 CHEIEHEFH 30 min, AEbr{X (L[
BioTek/A A, 21261610) F580 nm e 7 I 5 638 B {H,
ELE RS A K

1.4.2 @ EAR TR ae4m i FHSeahorse XF24fE
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MG RE . R HT1RTE24FLIREN R (36 [H Agilent A ] ) o
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i B s 5 3 (B2 mmol/LAAEBEE, 1 mmol/LINFRIR
#5, 10 mmol/LA 1) , IR 51 £37 ¢, 5 mmol/L
NaOHFEpH 7.4, MEIKXFT30 min, K4 15 773 4y
IR RT IR 2, FRRAE37 “CICCO,ME AR 7 30 min; K41
WABCFLH 7l A A(5 pmol/L oligomycin A); B
(3 umol/L trifluoromethoxy carbonylcyanide
phenylhydrazone (FCCP) J; C(1 umol/L rotenone#l
1 umol/L antimycin A), A, B. CFLAYIFIERIE T H
Sigma/AFl.  EHURHERET IS A A AR AT, 45 2]
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2ok (A PR i) (] #E 4 i (oxygen consumption rate, OCR)
MR R AR I TR, 45 5 LA AL AN I A — T b B,
(24 (pmol O,-min)™'/10* cells, Jll Aoligomycin AHijfY
OCR{EHI 2R A FERIFE AR, I AFCCPH#UAK i i K
OCRAELH, 2 HEAFE AR A8 R Ky WP fith 5 i
143 EHRAEZFREEEXRE (RT-qPCR) #
M i I Trizol (g 50 MERE A= WU R A W] ) B2 O AR
MCM, MCM+B-OHB, MCM+-OHB+ITSA1FHIMCM-+p-
OHB+EntinostatiX 541 4}l (1Y M RNA . #1250 & (Fg 5t i
MER A DR 20 5] BB T 1 5% 42 °C )% 532 min,
50 °C 15 min i S e ¢ 85 “CARFF2 min. 4% T 52
JFi BRT-qPCRE$L: 95 CAH3 min; =5 = i :
95 °C 12’5, 6 °C 30's, 72 °C 30 s, 40 MEFF; REWN(E
S % AREMAN KNS GAPDHEERFI M WLEL, 5184
B A AR AR ARG RA R . HIEERIE L
GAPDH N NZ IR, Lh2 KR H B BE I mRNA R AH X 2R
K,
1.5 FitER*E

IR BRI LAY £ sRR . AR LWECR AR R

Control group MCM group

HUVECs
MitoSOX

I

5 524
%1 RT-qPCR3|#15 7l
Table 1 RT-qPCR primer sequence

Gene Primer sequence (5'-3') Product length/bp
FoxO3a  F: AGGACCTGCTCACTTCGGACTC 210

R: CAAGGCTGCTGGACTCACTCAAG
Mt2 F: ATGGATCCCAACTGCTCCTG 124

R: CGACGCCCCTTTGCAGAT
GAPDH F: GAAGGTGAAGGTCGGAGTC 123

R: GAAGATGGTGATGGGATTTC

FoxO3a: Forkhead box O3; Mt2: Metallothionein 2A.
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SR PR 38 (P<0.001), 44T B-OHBJF £ ki ik

MCM+B-OHB group

800
o)
% sk stk
g 600 |
g —+=
g T
S 400 F o =
=
b
2 200}
o]
=

0
Control MCM MCM+

group  group [-OHB

@ group

[ Control group [] MCM group [[] MCM+NAC group [[] MCM+f3-OHB group [ MCM+NAC+B-OHB group

1
20 AA/Rot

OCR of HUVECs/

([pmol O,-min]~'/10* cells)

t/min

150 ¢
EETS
> ke koksk
e
§ "; 100 | Hokokok ool
— sk
=T —
s &
& O
8 = 50f
E
Basal respiration Spare respiratory
capacity

B 1 & HHUVECsZH AL A 48 S AL 4 U A0 28 B PP IR T BE U 7€

Fig 1 Exmanimation of mitochondrial superoxide and cellular respiratory function of HUVECsS in each group

A: Representative fluorescent images of the HUVECs stained with MitoSOX red after the indicated treatments; B: The fluorescent intensity of the MitoSOX-stained

HUVEC:s after the indicated treatments (n=4 per group); C: HUVEC:s cell respiration oxygen consumption curve, basic respiration and respiration spare capacity (n=3 per

group). Oligo: Oligomycin A; FCCP: Trifluoromethoxy carbonylcyanide phenylhydrazone; AA/Rot: Antimycin A and rotenone. **P<0.01, ***P<0.001, ****P<0.000 1.
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MitoSOX%¢ Y15 555 (P<0.001) , B B-OHB A i 417
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(F11B) . #E—2H, SeahorseZk i AT i M4 S B,
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P<0.01; F1C); NACXT 2 AR Ty g i ek 38 /E HI 5 8-
OHBHEA—F, HPIF A WHHEER (K1C)
2.2 FR{ER-OHBE T HIHIHDAC EIAHUVECSA &
1. E E FoxO3afi M2 mRNA K&
RT-qPCREGIMHUEV Cs#i il FoxO3aFl M2 1) FRiE7K
S, RS X R ZHAE e, MCM 4 M2 mRNAFE A K F-3%
AR, H:FoxO3a mRNAZ L R (P<0.05) . B-OHB
B JS, MCME; 3% (I HUVECs 40 il f) FoxO3a Fl Mt2
mRNAFRLY B E L (5MCM4LH ., P<0.000 1F1
P<0.001) ([¥12), Ak, ITSAIANH AT 5E 4 B B-OHB X
FoxO3aMMt2 mRNAFKILH FIR/EH (5MCM+p-
OHBALMH L, P<0.000 1), [fiiEntinostatih B Ji5 I A HLH B-

[J Control group [] MCM group
[ MCM+B-OHB group
[l MCM+B-OHB+ITSA1 group

[0 MCM+B-OHB+Entinostat group
ok

L5 sesfesfesk
< KKK
L
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o LUF
g L T
g T
a.
5 050
=
=
)
~
0
FoxO3a
4 -

ok
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I
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0 i
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-

Relative expression of mRNA
(38

B 2 &ERENERE FoxO3a#l M2 mRNAR LK P
Fig 2 The mRNA expression levels of antioxidant genes FoxO3a and Mt2
in each group
Control group and MCM group, n=7; other groups, n=8. *P<0.05,
**P<0.01, ¥*¥*P<0.001, ****P<0.000 1.

OHBXJ I iR [F iy A #/E FH (55 MCM+B-OHB+ITSA14
HHLE, P<0.0018P<0.01, M5 MCM+B-OHBALAHLL, 255
gt EE .
2.3 [{EB-OHBE T HIHDACK ZEHUEV CsHI £ FiL ik
SR B AN TR I g

MitoSOX Y i 45 1 i /R, B-OHBAb F ] i 3 )i />
HUVECsHIZ R R MitoSOXZT (156, 145 ik & B
— 5, HEEAYE, ITSA LN AT B % 675 H (5
MCM+-OHBAI ML, P<0.001), ifiiEntinostatdb 5 %4
VR AR 4EF: (5 MCM+B-OHB+ITSATZ A HE,
P<0.001, Ifif 5MCM+B-OHBAAH LY, 22 7 T4 iTH2#E L)
(KI3AFIEI3B) . SeahorseZk RiiA Ty AEAG I 45 5L 7w, B-
OHB A $ 5 MCM % #2 HU VECs 14 2 47 {A S i I W% A g
W fiti 45 BE 77, MCM+B-OHBZH 5 MCMAL ML, 27 A 5
F12F 3 L (P<0.001) . 5MCM+B-OHBZH A L, MCM+B-
OHB-+ITSA 1 41 4 i 2 Ao {4 5 il 7 R AT IF: W £ 25 R 7 ok
553 (P<0.001), MMMCM+B-OHB+Entinostat&] 4il i £ 4 {4
BE Tilt O VR R E A e BE D AN AR RRAE AR K, S
MCM+-OHBAIAH [t 22 7 et it 2 SL(F3C) .

3 g
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TR TG RN R, v B- O HB 2 (5 46 B4 v i 44 6 1 A
70%"* . FRKTT ATEE IR 62 AURBoK AL S P ik e i
PR RN L O B R LA AR 2L B R RR U
It H., BARIE 7T LR S 007, 1 A B A 1
1 LA B AR A RV A I e A vh R AR AR A AR
AT, AN p-OHBYR JE 4EH57£0.02 ~ 0.1 mmol/L,
281148 ~ 72 h B-OHBIR FE #2722 ~ 3 mmol/L, B [H]
(A8 b AR TR IR SR 2 g — 2L B i B-OHBHR B %5 ~
8 mmol/L, FLiZ3t [l 1Y & vk B B- O HB 1T & 4% I 2 1) 24 ffd
PR o SCRRARTE, B-OHB T LA F A At 1 iy
M ATPFILPSIF T 1/ B 6 B W4 s (BMDM) 4 i
IR BRI, 0 S PR T R . A, B-OHBIS D
SAE /ML (VR AR O 32 B A AR 3 TIESE",
AT SCiHk & IAE ARG B 4 (HEK293), B-OHB AT LA i
SUR RN AN R R i R AR €L TR 59
S B RAEARAS I, MU N B AR R AE R B 53,
IR RIELI AR E T S R T BB A4
ARG 2, 5N A RERERR R DIADC, 25 T Ml
s B TR 1 30 J ok A RSB A S8 T L O L A7 1) K 2B R
JRU 1 RMHR I 9 AE NI, B-OHBXT PN Bz 41 il 4L ik
N PR 1 FFIBIL I 5T AR 0 2
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Fig 3 Results of mitochondrial superoxide examination and cellular respiratory function measurements of HUVECs in each group

A: Representative fluorescent images of the HUVECs stained with MitoSOX red after indicated treatments; B: The fluorescent intensity of the MitoSOX-stained

HUVEC:s after indicated treatments; C: HUVECs cell respiration oxygen consumption curve, basic respiration and respiration spare capacity . Oligo: Oligomycin A; FCCP:

Trifluoromethoxy carbonylcyanide phenylhydrazone; AA/Rot: Antimycin A and rotenone. Control group, MCM+p-OHB+ITSAlgroup, n=4; other gourps,

n=3. ¥***P<0.001, ****P<0.000 1.

A5 K, MCM 2 5 IVHUVECs I i, £k 14
AL A B S 1S 22, TR BH A R RO TS T N
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D] b 9 2 A A N SO VR 2 BRI IR YT A RGR AR, AR
WF5EH, B-OHBAL 1] i 29 /b MCM 75 S Y HUVECs 4
Ji A AR R A A I, S GBI T RE . A
By LRGP 1 FE A5 02 Tl T bR, 3R
T ABTEALFINACAE FIMCM % 75 U HUVECs 4 Jifd, %
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FoxO3a Mt 2P Fh L R ] G4 S (b 2 11, s S fe
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B 1 A W B- OHB B S A A4 S Ak 1 38 1) A AL
il , A5 38 33 RT-qPCRAG M HUEV Cs 41 A bt 420 £k 2 A
FoxO3aMIMe2i /K254, % BLB-OHB AL d ok |- ik
FERZRIB, LR A SN, SRR RE . STk
Hi, 48R (BB T 358, FoxO3a M 25 )5 sl T
ghify, MifE PEH R 418 A & Bk K [ i 52
HDACHIHAT (418 1 £ B 3L 54 B Bl ) 98 452> >0, i
FoxO3afIMt21)#ik T ZHDACHE MR, HIk
WG AH FTHD ACELE FITTSA 1R #I ] Entinostat K 5
UEB-OHBAYMEFHALN, & BRITSA1fEHEBH K B-OHBXt
FoxO3afM 2323k W45, 306 4% o4 S Ak B i/ F 5 A6
JZ, Entinostat} - AN B-OHB &1 ik R EM . Btk
Al UL, B-OHBX it Hi S fb 3 A B 45 4E FH RIHD AC#YL
SN FHA I, 15 HD ACHN il 551 A 2500 — 550, B3 sk 1
S84 1 LA B i R A 2E FoxO3a i M2 363k, #2241
AL AR . DA R 25 SR SE, B-OHB ] 38 i 4 %
542 1117 K 5 2 20 2 M O A LR A N A St el 4
R, 5 3CAGE N —38" 25 BT, A0Foes

UESE, Bl & B-OHB W] i@ i M HDAC, {2 #F 41 A i 3
FoxO3aFfIM23RiR, Wi R AE S HUEV Cs 4 b A 4 Ak
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