CN 43-1262/R " [E Sl k{244 & 2025 4F55 33 455 4 317

ASCGIAT: XUHRSC, £ 5, JH 3, S B AK SUXT 20 A I A S e 4 A e S S HL [0 ). b SRR AR A
2025, 33(4): 317-325.  DOI: 10.20039/j. cnki. 1007-3949. 2025. 04. 006.

>

[XEHS] 1007-3949(2025)33-04-0317-09 . SCOSRREE -
LA 2k g 4 6 7 e ol e 5 Ak 1% 53 i) s AL

XS, % E, B o, =RF, XKE, KR, E, XM
1T RZRBRLERFR THREEHTT 211168;2. dde K50 & & R SR AT 7T, 4 d 8 #4718 421001

[ E] [BH] HTRALLSELEDBSLG PR LBESTIH, [FiE] KAML 0 FERLE@ME
PR i & A 9L, von Kossa ¢ & Fr R T OB 3 3% 5 7) 3 47 B v dm R4S AL AL 69 45 3L iR A Ae tm I M 45 4 2 14T
& FHM B F 5 M, #JA Western blot 7= RT-PCR 2l 524k £ R Fl 7l 3 4= R B & 2 8F 8] T B #%& & (OPN) 8
mRNA F=%& & &3iA , F i, A ] Western blot 4| F-41 & & K& B -F 1 (EGR1) f= 1 i I 5L i A8 % 47 &4 C/EBP R
&G (CHOP) A= H H 45T & & 78 (GRP78) # & ik T AL, 7 M A 3% AR A M 345 F W AR, 5+ 44 von
Kossa 3 &, 4245 & -F 5% RARAT M 3746 AL 5T E 24 fm fe 4540 e %o, i@ ad 40 EGR1 & A Fde A MR W R 8k 3y
H ) 4-F K T B8R (4-PBA) It AL A %o EvE 4 i 454080 o FALH, [ER] 58 NAIKEEIEE G (ox-LDL)
a8k, B-H b A ER 4h (B-GP) +40 ¢/L ox-LDL 4840 L W i R & AR PR B34 dm | ARAL B2 25 37 ) B o 4w L4540, L 2 7]
FAaBt 1R Bk, 5 B-GP+ox-LDL 284836 100 wmol/L NaHS #4324 X R A RE, miN454 1% 66% (P<
0.01) , zm FL 18] 45 3£ AR, 71% (P<0.01) ,0PN mRNA F=& & & ik 4 5 A% 50% F= 48% (P<0.05) , AL &4
4% EGRI #9 &k LA T 21% ,CHOP #= GRP78 #) & ik 5 % FiA T 58% #» 59% (P<0.01) , PI & B & 345 4 7] 4-
PBA 1% OPN %A Fif 73% (P<0.01) ,f T EGR1 F & U] £ 4-3K3H T AAL &3 OPN FiA & 45 3 iU AR 89 7401 4 A
(P<0.01), [£i8] #ALABT LI EGRI AA4pH] AR M L, A fa B 2374 B o4 a0 fi 4548

[E8iF] mich; 4L, Esmm, THAKABBET 1, HARMEH

[FESES] R5;R3 [ SCHEFRIRAB] A

Effect of hydrogen sulfide on calcification during macrophage phagocytosis of lipids
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[ ABSTRACT] Aim To investigate the effect of hydrogen sulfide on macrophage calcification and its underlying mo-
lecular mechanisms. Methods Oil red O staining was used to observe intracellular lipid accumulation, and von Kossa
staining and atomic absorption spectroscopy were used for morphological and quantitative analysis of calcium deposition and
intracellular calcium content in a mononuclear macrophage calcification model. ~ Western blot and RT-PCR were used to
detect the mRNA and protein expression of osteopontin (OPN) at different doses and treatment times of hydrogen sulfide.
At the same time, Western blot was used to detect the expression changes of early growth response factor 1 (EGR1) , endo-
plasmic reticulum stress-related markers C/EBP homologous protein (CHOP) and glucose-regulated protein 78 ( GRP78).
Reactive oxygen species levels were evaluated by fluorescence probe staining, and the effect of hydrogen sulfide on macro-
phage calcification was evaluated by combining von Kossa staining and calcium ion fluorescence probe staining.  The mo-
lecular mechanisms of hydrogen sulfide affecting macrophage calcification were explored by interfering with EGRI1
expression and using endoplasmic reticulum stress inhibitor 4-phenylbutyric acid (4-PBA). Results Compared with

oxidized low density lipoprotein (ox-LDL) group, B-glycerophosphate ( B-GP)+40 g/L ox-LDL group showed a significant
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increase in intracellular lipid accumulation, while hydrogen sulfide significantly inhibited macrophage calcification in a con-
centration- and time-dependent manner.
after incubation with 100 . mol/L NaHS for 4 days.

calcium content (P<0.01), a 71% decrease in intercellular calcium deposition (P<0.01), and a 50% and 48%

Compared with the 3-GP+ox LDL group, the most significant effect was observed
The hydrogen sulfide group showed a 66% decrease in intracellular
decrease in OPN mRNA and protein expression, respectively (P<0.05). Hydrogen sulfide treatment upregulated the ex-
pression of EGR1 by 21% , while downregulating the expression of CHOP and GRP78 by 58% and 59% , respectively ( P<
0.01).

while interfering with EGR1 expression completely counteracts the inhibitory effect of hydrogen sulfide on OPN expression

The endoplasmic reticulum stress inhibitor 4-PBA could downregulate OPN expression by 73% (P<0.01),
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and calcium deposition ( P<0.01).

Conclusion Hydrogen sulfide significantly inhibits macrophage calcification by

upregulating EGR1 expression and suppressing endoplasmic reticulum stress.
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Figure 6. Effect of hydrogen sulfide on the expression of EGR1 in macrophages and endoplasmic reticulum stress(n=3)
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Figure 7. Hydrogen sulfide affected macrophage calcification by regulating endoplasmic reticulum stress via EGR1



324

ISSN 1007-3949 Chin J Arterioscler, Vol. 33 ,No. 4,2025

RIS

T Ak SN —Fh IR B 5 G (A 2 U, XA
fat FREAL B T FE R, 2 5 30 SRR RS G L R
Er O 1 FE LA w0 BESTAR B IR
A B B Ak 2 0 R I R R e 28 PR I 3R
ESTWRa ok i1 I L (=3 R /N TR B i o S R e 2 e e
MATZ BN S G AL S B X RS 25 1 R
5B —F AR 55 0 20, AL = A
A= AR PN ST 2 N T s )

RZWEFEHE H, FE O I 959 1 K e i A v
LA G A e — b ok ) IR 2 70 o L Bl ik
SRR AL, LR R P B A I A RE S Eh DT,
HORTERE S e I B B, N BB A5 AL 3 52 0 R i 2%
X —IGINET BREH A 5152 01 350 T Sy i B
P e 1R B i R L TE Bl K ok A A
AR A 85 1 R T8 ML, 5 A Y Bh e TR
A B AR 0 A 43 T OG5, I A Y R
()BT B O 1 2 A 2 200 L ) 5 3 o AR 5 28
HARR RO R, M, i PKC/MAPK {55 1%
7, B RSB TNF-o TL-1B \IL-6 25 48 4 K 1
AT LA — AR RS AL 0 AR R R

A SCHRIESE , B-GP S 1k 20 i 3 A5 B TR A
KEENEZ—" ) M LAt E 2L 10 K
() B-GP AbFE , REASIE B IA 8 (0 45 1k A, E 1M 4 22 1
S WLAH R B AR A A5 R A B-GP 55 ox-LDL
FL[E AR, H 8 B 2 A A AR A SC I R,
5 mmol/L B-GP 5 40 g/L ox-LDL FIFEF T, 40
PR A5 R DA B S, A0 e PN A A i R
DL BUASAY Ay Fe Ay, A 9 TR AFR T T it Ak 00T g
YHRES fk i 5 ), B B2 R0 IR T T BRI OR
W, DX 0 ok s A Rl A R T ol 5 0

PR B Ak & Ak i 2R A AR LR LA
T3 B 5, SR ok i Ak S A o R AR R £, i
TR MO AR R 3 S R ER (S EZ27 ) o HOK, i
A S ER I 2L 456, B U 0, X —
T FEFIAE W R — S A0 EUR — A AR ik i ARl s 2,
5= B AL R S O R R AR & AR R, O Bk S
A BRI B CE IR AR X T RE S
PUATE B B SRR PLTIAR DG, feJm , B ik &0 nT B
Rt T WL, R £ R AR T BERZ IR
AL EMERRCR . PR, A5 TiF
LR I B AN S Ik o R A Ak | 3 A S R R T
S, RO P = IR L e IR A5 2 B
oy PR 20 AT A SE 2 S0 A P B SRR R ) T B, 1R

PEIE IR 20T R 1 K3k A R b 28 A A8 Ak 7 I8
AT N R A 75 T 0 I A R T R A B
IR H AR 7T #P RS SOREAH DG A

AL LI, Bt Ak A 8 2 1 ) v 2
M54k, H 52500 5 A AR . 100 umol/L NaHS
ALER 4 KA Feoh B3, A0 MRl E5 R TR B D,
A P B A AR, B Ak AR B R 1 OPN Y
mRNA FIHE R W B, O AR RN, 6
AR ZUAT 3 A 22 R S i 5 g 2 R 48] 200 3 sk 40 )
JERE STV V2 S A I TR R A i O s A
SN, & TR Ak U 5 200 1 45 4 v %) LAV L
il v AR TE MR, ARBFSE N EGR1 PN J5it X Rz 35 1
AR T AL S BT AL HLH , i AH G I H it
TR,

EGR1 J&—Fh H M sk K+, 2 5 ¥ 4i i
I R S IR ANA E A U/ SuN - SN
SR, AL A % 8 EGRI 235, 11 T4 EGRI
FEIRNSE LRI T itk &4 OPN ik Fes 3 i
ANEIVE T, #2785 EGRL 7l RE R AL & & P51k
YEHIB 87T, SR, EGR1 7 195 41 ifd 45 1k v
() AR IR B AT 1 — 2B 5T

PR S5 D9 07 38 2 200 L 7 et P R IR ) i 2L A —
AR SN, H Ao B VR P A B  T n )
REREAT " A IT B, B Ak A 5 ) P 5 R
HbREY) CHOP I GRPT78 B, 1M P o I 1z 5 417
Hil57) 4-PBA 7] & T OPN ik, 4875 PN 5t [
FOTRES 5 B MR MBS 1k iy P X — 25 SR A M
TV LA LS Ak A A 9 P A B T ACHIE, Lee 261
58 B C5a-C5aR1 A5 S PN Joa X 1 384, 2F T B
PERK/elF2o/ ATFA 3t % , I il A8 P~ JUL 0 ol
eorfb, BEAb, 57— SE BT AR LR SE T X — W0
APPSR & TP I I SR W 4 S £
AFEFIBLTR B R AT

ABgE 5 i Ak & rT RE i EGR1/ N 5T ) i
PR ) B A B S AL R U, BRI, S Ak A
i i EGR1 3k, i 1 400 ) A Jox X 1 8 A 77
AR, AR B A A A, X — R AR T
ZUULIR A R 3 B, AL A B FH EGRI
Feak; Hk, B Ak A 3 0 BN R A
CHOP F1 GRP78 Wy ik; )5, T EGR1 KL%
Y THALEXT OPN 321k K85 URL ) 4 1 4
o RERBE R T il 2l EGR1/ N M
o7 AT ) 20 S A ) A3 LA AEAT A A —
SR R B A AR O A T A0 M S B, R ok T R
1 S S B A B  HYK , EGR1 #1468 N 5 I iz



CN 43-1262/R " [E Sl k{244 & 2025 4F55 33 455 4 325

PR LA IR 1 R o2 4 1 B, RO 5 B o
FYUFRE B A 2 FHR AT IR AT i),
B Al A 15 240 5 A v A AR R 1 9 I H A A
IR AT R

Li LTI , AR TE LAGLAL SO VA KL, 8 1
LR ARSI 72 R T B AR 0 F A
AL ER DU AR T S AL, 487 T i S o -
A EGRI KA Py Jo o 107 98, 22 T . =5 410 i e
AL ES AL AL, O I S AL B B IR St T
AT R, ARSR A5 Al ik — 2B 4R T EGR1/IN
5t A SO I P B 1 B R P L,
FHIRBIR BRI T S LT (14 8 B

[ &% 30Hk]

[1] HOTAMISLIGIL G S. Endoplasmic reticulum stress and the inflam-
matory basis of metabolic disease [ J]. Cell, 2010, 140 (6):
900-917.

[2] KIMURA H. Hydrogen sulfide: its production, release and functions
[J]. Amino Acids, 2011, 41(1): 113-121.

[3] PAGEL J I, DEINDL E. Early growth response 1: a transcription
factor in the crossfire of signal transduction cascades[ J]. Indian J
Biochem Biophys, 2011, 48(4) . 226-235.

[4] LIJ, LIM, LI L, et al. Hydrogen sulfide attenuates ferroptosis and

stimulates autophagy by blocking mTOR signaling in sepsis-induced

acute lung injury[ J]. Mol Immunol, 2022, 141. 318-327.

WEN Y, WANG H, ZHU Y. The drug developments of hydrogen

—
wn
[

sulfide on cardiovascular disease[ J]. Oxid Med Cell Longev, 2018,
2018(1) : 4010395.

(6] 17 #f, BRARFT, FIRGAN, 45, S04 X A8 3 WLAH ML 5 4k K
AMPK/mTOR {5 s A5 [ )] rh LA BRGE, 2023,
39(6) : 982-987.

YANG C, XUE J L, TAO G R, et al. Effects of hydrogen molecules
on calcification of vascular smooth muscle cells and AMPK/mTOR
signaling pathway[ J ]. Chin J Pathophysiol, 2023, 39(6) : 982-987.

[7] YANG J, MINKLER P, GROVE D, et al. Non-enzymatic hydrogen

sulfide production from cysteine in blood is catalyzed by Iron and vi-

tamin B6[J]. Commun Biol, 2019, 2; 194.

BONETTI J, CORTI A, LEROUGE L, et al. Phenotypic modulation of

—
[ee)
[

macrophages and vascular smooth muscle cells in atherosclerosis-
nitro-redox interconnections[ J]. Antioxidants ( Basel ), 2021, 10
(4):516.

[9] CHEN Y, GAO P, HUANG L, et al. A tough nitric oxide-eluting
hydrogel coating suppresses neointimal hyperplasia on vascular stent
[J]. Nat Commun, 2021, 12(1): 7079.

[10] PANG Q, WANG P, PAN Y, et al. Irisin protects against vascular

calcification by activating autophagy and inhibiting NLRP3-mediated

vascular smooth muscle cell pyroptosis in chronic kidney disease
[J]. Cell Death Dis, 2022, 13(3) . 283.

WIRIE, PP, ZE B AU S T S S IR AR RE AL L) ).
Hh E B kAL A, 2023, 31(4) : 304-311.

XIE L P, SUN Z X, JI Y. Gasotransmitters and atherosclerosis
[J]. Chin J Arterioscler, 2023, 31(4) ; 304-311.

TN, XV, B g, S AMIECPE B AL A R Sl bk ok A AL
TEMALER BT LI ], o I PR AR 4 A 3, 2024, 27 (3)
378-381.

XUAN L, LIU Z H, MA Z, et al. Mechanism of exogenous hydro-

[11

[

(12

[

gen sulfide inhibiting atherosclerosis [ J]. Chin J Clin Health,
2024, 27(3) : 378-381.

(137 B Wk, K #E, 32 Hi, 55 0873 ULA0M 2 A 1 B i e
MAEEIE[T]. R EZIRE AR, 2024, 32(7) : 627-633.
CHEN C, ZHANG Z, PENG Y, et al. Osteogenic transition of
vascular smooth muscle cells phenotype and vascular calcification
[J]. Chin J Arterioscler, 2024, 32(7) : 627-633.

[14] LI H W, XIAO F Y. Effect of hydrogen sulfide on cardiomyocyte
apoptosis in rats with myocardial ischemia-reperfusion injury via the
JNK signaling pathway[ J]. Eur Rev Med Pharmacol Sci, 2020,
24(4) . 2054-2061.

[15] LIU F, YUAN L, LI L, et al. S-sulthydration of SIRT3 combats

[

BMSC senescence and ameliorates osteoporosis via stabilizing heter-
ochromatic and mitochondrial homeostasis [ J ]. Pharmacol Res,
2023, 192 106788.

TESTAI L, CITI V, MARTELLI A, et al. Role of hydrogen sulfide in
cardiovascular ageing[ J]. Pharmacol Res, 2020, 160; 105125.
AGHAGOLZADEH P, RADPOUR R, BACHTLER M, et al. Hy-

[16

[

(17

[

drogen sulfide attenuates calcification of vascular smooth muscle
cells via KEAP1/NRF2/NQO1 activation [ J ]. Atherosclerosis,
2017, 265 78-86.

WANG R. Physiological implications of hydrogen sulfide: a whiff
exploration that blossomed [ J ]. Physiol Rev, 2012, 92 (2):
791-896.

LIU A, CHEN Z, LI X, et al. C5a-C5aR1 induces endoplasmic

[18

[l

[19

[

reticulum stress to accelerate vascular calcification via PERK-
elF2a-ATF4-CREB3LI pathway[ J]. Cardiovasc Res, 2023, 119
(15) : 2563-2578.

[20] DUAN X, ZHOU Y, TENG X, et al. Endoplasmic reticulum
stress-mediated apoptosis is activated in vascular calcification[ J].
Biochem Biophys Res Commun, 2009, 387(4) : 694-699.

[21] FURMANIK M, VAN GORP R, WHITEHEAD M, et al. Endo-

[

plasmic reticulum stress mediates vascular smooth muscle cell cal-
cification via increased release of GRP78 ( glucose-regulated pro-
tein, 78 kDa )-loaded extracellular vesicles [ J ]. Arterioscler
Thromb Vasc Biol, 2021, 41(2) ; 898-914.

(ME3CHmE SCER



