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Establishment and evaluation of radiation-induced “inflammatory-fibrosis” heart damage model in rats

GU Jing, LIU Run, LIU Kai, ZHANG Xue-yan, LI Hai-long, WU Hong-yan"
Institute of Integrated Traditional Chinese and Western Medicine, Gansu University of Traditional Chinese Medicine, Lanzhou
730000, Gansu, China

[Abstract] Objective To screen and optimize the modeling condition for radiation-induced heart damage (RIHD)
models characterized by inflammatory-fibrosis pathological injury. Methods The rats were irradiated with single whole-
body X-ray to screen the maximal tolerated dose. Based on the screened whole-body dose, single local heart irradiation doses
were used to screen the minimal X-ray dose which could induce the significant cardiac damage. And the RIHD rat model was
established by exposure to the screened dose of X-ray. Tissue samples were harvested 1 day, 1 week, 2 weeks, 4 weeks and 6
weeks after irradiation. The cardiac pathological injury score, collagen volume fraction (CVF) in myocardial tissues by Masson
staining, plasma myocardial enzyme level, and the expression of inflammatory and fibrosis factors in myocardial tissues were
examined for evaluating the animal model. Results The tolerance dose of whole-body irradiation was lower than 16 Gy for
rats. Local irradiation dose at least 25 Gy could induce RIHD in rats. The pathological injury score of myocardial tissues, CVF
in myocardial tissues and creatine kinase isoenzyme MB (CK-MB) and cardiac troponin (cTn) in plasma were increased in the
RIHD model rats. Inflammatory factors including nuclear factor (NF)-«B p65, NF-kB p50 and tumor necrosis factor o (TNF-a) in
myocardial tissues were increased 1 day after irradiation in the RIHD rats and maintained high to the fourth week. The expression

levels of fibrotic molecules transforming growth factor B1 (TGF-B1), collagen type 1 (Col I ') and Collll in myocardial tissues
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were increased gradually, and reached the peaks at week 4 after irradiation. Conclusion Stable RIHD rat model can be

established by irradiating the precardiac region with 25 Gy X-ray. Pathological observation and CVF can dynamically reflect

the early inflammatory changes and the progression of fibrosis in RIHD rats. The sustained high expression of NF-kB p65,

NF-«kB p50 and TNF-a at early stage and the progressive increases of TGF-B1, Col I and Collll can be used to evaluate the acute

inflammatory injury and delayed fibrosis in the RIHD inflammatory-fibrosis model.

[Key words] experimental radiation injuries; radiation-induced heart damage; animal disease models; inflammatory

reaction; fibrosis
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E 1 RIHD XROAHEZL R RETS
Fig1 Myocardial pathological changes and pathology injury scores of RIHD rats

A: H-E staining was performed 1 week after irradiation; B: Pathology injury score was obtained at day 1, and week 1, 2, 4 and 6 after

irradiation. RIHD: Radiation-induced heart damage. Original magnification: X200 (A). “"P<C0.01 vs control group. =10, x+s
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B2 RIHD AR OABEREM CVF EL
Fig2 Myocardial collagen staining and CVF changes of RIHD rats
A: Masson staining of myocardium at day 1, and week 1, 2, 4 and 6 after irradiation with 25 Gy X ray showing the changes of
myocardial collagen of RIHD; B: CVF in myocardial tissues of RIHD rats. RIHD: Radiation-induced heart damage; CVF: Collagen
volume fraction. Original magnification: X400 (A). "P<<0.01 vs 1 d. n=10, x*s
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3 RIHD KRM% CK-MB #1 ¢Tn iREZ
Fig3 Changes of plasma CK-MB and cTn concentrations in RIHD rats
A: Changes of plasma CK-MB; B: Changes of plasma ¢Tn. RIHD: Radiation-induced heart damage; CK-MB: Creatine kinase
isoenzyme MB; ¢Tn: Cardiac troponin; PI: Pre-irradiation. "P<<0.05 vs control group at the same time point; “P<<0.05 vs PI of RIHD

group. n=10,x%s

225 kE-AEALETFHMNER KEOMAR Rk, B 1 d. 1L 2 L 4 ARG
GREHLU YO R (4, # 1) BoR, %P NF-xB p65, NF-xB p50, TNF-a k55 W8S
K7 NF-kB p65. NF-kB p50. TNF-o JJ7F 4 i 5 Fe¥ien, ZR¥ASIFE L (P1<0.01) .

Post-irradiation

1 week 2 weeks 4 weeks

NF-«xB p65

NF-«xB p50

- -----

TGF-B1

Col I

4 REAAUFEEKT RIHD X RO MK S E F 44 EFRik

Fig4 Immunohistochemistry staining of inflammatory and fibrotic factors in myocardial tissues of RIHD rats

Collll

RIHD: Radiation-induced heart damage; PI: Pre-irradiation; NF-kB: Nuclear factor kB; TNF-a: Tumor necrosis factor o; TGF-B1:
Transforming growth factor p1; Col I : Collagen type I ; Col Ill: Collagen type Ill. Original magnification: X 400
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Tab 1 Average optical density of inflammatory and fibrotic factors in myocardial tissues of RIHD

rats deteced by immunohistochemistry staining

n=10,x*s
Group NF-kB p65 NF-kB p50 TNF-a TGF-B1 Col I Collll
Pre-irradiation 0.270£0.011  0.1850.004 0.2624+0.014  0.253+0.011  0262+0.014  0.28530.011
1 d after irradiation 0.365+0.015" 0.32940.0117 0.377+0.0107 0.284+0.014"  0.304£0.015" 0.304+0.017
1 week after irradiation  0.362+0.0117 0.321£0.005" 0.37340.012" 0.3184+0.006" 0.319+0.004"  0.34940.019"
2 weeks after irradiation 0.355+0.009" 0.318+0.002" 0.368+0.003" 0.348+0.007" 0.339+0.015" 0.465+0.027"
4 weeks after irradiation 0.354+0.012" 0.316+0.004" 0.366%+0.012" 0.371+0.018"  0.371£0.005" 0.51440.024"

NF-kB: Nuclear factor kB; TNF-o: Tumor necrosis factor a; TGF-B1: Transforming growth factor 1; Col I : Collagen type [ ;

Collll: Collagen type Ill. "P<<0.05, "P<<0.01 vs pre-irradiation
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FRERIEAGI , 25K BRAAL 1 d 4 NF-xB p65.,
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554 J8, WU T USRI AN, 255 A
A 4 JHIZH TGF-B1., Col I . Col I X}k 5%

MRAUAREE 7 B 8.8, 9.0, 18.91% (K 5B) o
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Control irradiation M: (X 10%)

col 1 [

0 Control
25~ M 25 Gy irradiation

il

TGF-B1 Col | Col I

Relative expression

B 5 Z|BREEEQN RIHD kﬁlﬁ\ﬂﬂﬁ'fﬁ?%ﬂﬁé’ﬁ%?ﬁu

Fig5 Expression of inflammatory and fibrotic factors in myocardial tissue of RIHD

rats detected by Western blotting

A: Expression of inflammatory factors at day 1 after irradiation; B: Expression of fibrotic factors at week 4 after irradiation. RIHD:

Radiation-induced heart damage; NF-kB: Nuclear factor kB; TNF-o: Tumor necrosis factor o; TGF-B1: Transforming growth factor p1;

Col I : Collagen type I ; Col III: Collagen type Il ; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase. ~P<<0.01 vs control group

3 3t 8

3.1 RIHD A A 447 RIHD A &4
TZAaiy, HEIHT RIHD #F5E R s K

RO NI R I RS, sk
B hiE 2 KRGS S ORI AR5

A RO AR 47 s B A A 045 O LR 17
Mer4ifl,,

AR
XAFA RIHD B Ak - 21 4 Al B b2



S0 B R, S RO RS B RS A T STAG « 1075 -

FEmis BLAh, TS50 3 W /N BB R X0 S 2 it 52 2
( SHA A ) 2 Go X S48 LA RRR T U B g
ORBIE ) | ETRENE, RN BB E A
A=W RGBS BT . B, ARBFST R
FECA RIHD R4

£ RIHD Ao, ANEBFSE TR
HESI 22 B4k . DeBo Z51% Bl 6.5~8.4 Gy 1YY
BALYR 4 B3R PR A A RO, AL O L
Yl Lo0E AR/ NS B SORE RV A s (HK
ZHTER B ISR AE 10 Gy DAL, dmiik s
50 Gy'™. 60 Gy!'", HH1LL 15 Gy, 18 Gy. 20 Gy,
25Gy. 30 Gy MHIFIEEHAITTTE LY, shi st
Rl 22 R, 5 R/NG 5 4 BRI
ZARE AL Z BIG L R05, SIASRE 32 M5t
T2, WOEBIIRFF AN 7.0 F D0 R
TGN, shi 4 B2 e, RERET 2 5k
IR AT AR, O SR
B, PRIt EE 4 B R T RRIN R o RO, SR A
SO E R OB i B3, HEA T
314 RIHD BF5E R R AL E

A THESL R R G4l i AT T8 —BEL 0.,
4. 6.8, 12, 16, 18 Gy &MY}, fHikilishy
4 B MRS I IR R 32 0 B 16 Gy, SRJE L
FARIEIEATHE B BE 16, 18, 20, 25, 30 Gy [LoE
JriFR RS, O BE 5 | O W J8 2408 473 19 i 75 S 56
. RHISE R EIRLL =16 Gy 152 )R EE a5 R
OHER] 5 RS BER PR, MLL=16 Gy RYHTZit
114 B RG] FEOC R ATET . #7816 Gy nIfE
5 RS EAR U B —— R B O a5 14 B AR
by B TR AN N, O e B
TN, BRI 25 Gy HDRES IO oA e
(A RAEBG AL NSRRI KRR AR K 2B ST
T=o WMERATTAK BRI 2500 25 Gy FRU RIS
HEHE: RIHD K BB AR 450
3.2 RIHD ### A 6934 B S WL LT
JESTH RIHD hW Rl i sk i orAh ikt . At
e A R B LS BEAR TR |, BT o3 48
I, AR 75 20 35 B4R 405 174 Bt A 5 J B i) 4B K 1
Fhimr, Ua T SR YR IR SR 2 {2 A A
fAfe H 2%, Xl i 5 5Lt iR &
RN A . Masson et CVF A5 IRk
B, LT YAk B B )4 RS A P O R R X

SBZEIEI 25 Gy B IR ST ] T 94k 2 vk B
FHR BT .

L WLEE CK-MB Al ¢Tn ZEIlfG R FNERE 5T o
BAE A OIS bR S . ARWF5EH, RIHD B
KEZ X LMY S, CK-MB 1 cTn &4 FEPERY
=, HAEMRSTE IR AR AR IR E RS 1 d 25805
g, XA SRS TR B TS 4~6 JH, $R
SR R T R O I 2 E U R S A AR A K At
6] ; {HRHERTEER CK-MB Hl ¢Tn &%, Xn]
it 5555 CK-MB F1 ¢Tn 1 HIIKE A ., 1E%
TR, ANE ML cTn e fdod G, H2
AAFELE R BR X RZH KB ¢Tn 3 1.5 ng/mL,
X AT HE-S sl B R RS FHPLEE T R
B BRI AT RS R AR, X O
=SSP ST T A =l N TN 52 15
IS, CMEEE M, o U En . S & A+
WHE, S cTn K¥-; BUBERIFERWA fH
far, I cTn WA KZIEH M, MENESESIERE
BB R-BUAR R N, FEMSZN ¢Tn (Y ELISA
Kl , eAh, T CK-MB il cTn BOEFEPERS & &
A TR RS R B O AR e ), EE T
25 UL H R p 2y, R E,
CK-MB F1 ¢Tn iX 2 MBI GiTR bR & 1 22
WAL, FTLAFRATEI RIHD sh¥ 525 LA
CK-MB #I cTn RS &AM 0 ME &SGR, A
HAE R 25 T I AR bR

RIHD 8 0A A S 7k 1 1) 98 9 2 1 A &F 4 b
EATERMEE RS, BLlavkgaEh ., FL
AT PELF e R AR 5 B 32 IR = A3 I, R
i S FNEF AL AR BE TR, AR il g ™ F
SR, SRRSO IR S 3 NF-xB RS S0
P, IR TNF-a S8 R BT R #Rik T
O LA Bl . RAE AR IR, RS TGF-B1.
J2 R A 35 R R (KR ik AP e
HeAE L, RIRLTHN L, FEOO N 41
A5 o AW I AP G 8 4H Sk 2 RN B P ED 9 43
Bri ik Wgg RIHND KB A& T (NF-kB p65.,
NF-xB p50. TNF-a) MZ4E4bKH 1 (Col I |
Col I, TGF-B1) BaHHIEIZZALNE L, ZUWPEN
TS O U 63475 A RS AR 118 28 P — 7 Al B el
AR o S5 R I RS A A R (1 d)
NF-«B p65 il NF-kB p50 Rl HH Bl FkIE(E, X5



* 1076 -

B TREBE SRR 20194E 10 A, 5540 %

HE IR A AT 9 45 T — 3, B S 4 R S S
JA 8 NF-xB RAE S JA 0 %, 51 LA 5¢
ik . FATIERTIABEG h G W PCR Gt i H AR M EE
2, X RGO NEAF4EL RO A0 (O ILRET 2
41l ) REfH NF-kB mRNA ik T |
WA 45 5L 55 2] NF-kB 254> TRER B R 4%
BB PEIT, FTLAYE ) RIHD Shass & v 211
FREIFE bR . ABFITIE KB X L IR I R0 R B
WAHZUT TNF-o & FARBTHE, AR5 s 7N
BRSO NEZLZY TNF-a 2235 7K 1T 52 ey JULZH
J 7 8 ) e AR K TNF-o XTS5t
SOMIES TR SR AE S N AR AR 2 3L, BRI ERATTIA
TNF-o, A 1ZA1E R RIHD Sk AL Y 56 P41 BR
$5F5. NF-xB p65. NF-kB p50 Fl TNF-o [k
MBERHEEE 1 KIFE B, —E 2RSS 4 B dsk
A BR FREES, UL 25 Gy PRIR IR SR 05Tk
RUBOTRNFFLLAEAE, G5B RETFaas i, £
AR S Y 14 i R e AR BV RS M B i A
AR G MR AR X B2 1) RTHD B

RIHD -4k 28 S Br b Il I A 15 R fidk O
i (R U £ e A A, 32 B R BN O LA £T 4
ARG 2 O WUR B A GG A SR 43 e AR 2
O WUBCET 2 4 e v] 5 B A 43- i TGF-B1, TGF-B1 il
1 5 H A7 A 2 A 1 T 3 7 R A S 2 R
e . AT A M AE . SR DT AT 42 21
B, 25744k 4d @™, Bar, TGF-pI
BN Ry S 27 2 Ak o B e DG R I A L I 7 =2
—, TERU R R, TGF-f1 mRNA HYFRIREL
HAUFW AL I, BB IR ST 41
KA ATERTIHII S B &UESE TGF-B1 S5k
SHAEDIER G, IF HiBid PCR A HARMELS] X
5T TGF-B1 = #Rb R LF 4L 5 Smad2 .
Smad3. TIMP1 %43 F 15 Rk A L A
ST LLEF YA B S BT IR F TGE-B1 FC LIS R 32
BLrF Col I, Col M KRB >FFa b S i
RIHD [HWEF4Efbm BN, 25553500 25 Gy STk
UK IR G I 3k S £ 2 A 43 22 38 52 W b 1 T v 1)
# 5 Masson Yi{t CVF 28 fb AR —2, $in
B N I TR RS, 2T 4R PR R . 3%
B 25 Gy HLUR O Jay 8 B 1 Ay v I AG it Je v
1 RIHD £F4fbfiRl, TGF-B1. Col I #1 Colll 3
A3 A U Mz B R

3.3 KA R EMAE 5L RIBIE RS
PIRRIAR LY, ASHFSE R B VA W e
(1) &R KB, Az BRGSO IR R
P — 21 A A g B 495 0 A R 33 E AR 1k 15 VT I R K
SHAYT R BE O, R EA AT S5
TEA . WFRMBA RS (2) K 25 Gy IR
ST LA i RIHD A8 P 8 Pk -2 4 A B e 22
R, BRI TE KB Zh ) S 35 b T B 2 A7
WANII I WMy, T /INRE 2 R RS
(3) ONEER LA S, I 4 B KT
RN BRSO JIE Ry 35 RESR e O I 4 7
FONRE, EIEA TS RIAD BT AR ;
(4) BIHRIERRHINEL . CVF £i4ifbE . O
SRR R R AT AL R TR A ik
AJ AT ShAS S RIAD Ay 2P 45 AR 5500

Zr BTk, 25 Gy (L HERIERER R B AT AR5
KR RIHD, HERE s, REE A
WELFT Masson Yt CVF RESHZS LML RIHD #414Y
R FRAR- U] 9 P s AL A R B 5 IRF 0 3457 22 1 1 £
LR BRERE ;. RIME T NF-xB p65. NF-xB p50.
TNF-o (3R RIB A 4L A+ TGF-B1 .
Col I . Col Il ¥yttt A= Al PR RIHD R 1PE-4F
AL SR R) 2 R R RN o AR R A
SIYEEEIA . ERRTIRT RS AT . SRR R S
SAFILE, NI T AL AT B SE fE i T
SR AHAIE R PR AL IS g 5 T
XPZRAHATIAN, A Rresbs, #—L U
1% RIHD FEAI AT SE

(& % 3 #f]

(1] BUSCHR, 5. RO kA7 O JUEA 4% B4 5 B~ LA 0]
AT R 2 23,2004, 13:110-112.

[2] SOMIJEN D, KNOLL E, VAYA J, STERN N, TAMIR
S. Estrogen-like activity of licorice root constituents:
glabridin and glabrene, in vascular tissues in vitro and in
vivo[J]. J Steroid Biochem Mol Biol, 2004, 91: 147-155.

3]  Frasts sKEp i MR A . = HESEoT S
SRS AR AN [T /N2 i s A R B2 I SE L.
JipIRI LR 51 PR, 2011,24:499-502.

[4] CELLA L, D’AVINO V, PALMA G, CONSON M,
LIUZZI R, PICARDI M, et al. Modeling the risk of
radiation-induced lung fibrosis: irradiated heart tissue is
as important as irradiated lung[J]. Radiother Oncol, 2015,
117:36-43.

[5] HATOUM O A, OTTERSON M F, KOPELMAN



S0 B R, S RO RS B RS A T STAG .

1077

[11]

[13]

[14]

D, MIURA H, SUKHOTNIK I, LARSEN B T, et al.
Radiation induces endothelial dysfunction in murine
intestinal arterioles via enhanced production of reactive
oxygen species[J]. Arterioscler Thromb Vasc Biol, 2006,
26: 287-294.

DARBY S C, CUTTER D J, BOERMA M, CONSTINE L
S, FAJARDO L F, KODAMA K, et al. Radiation-related
heart disease: current knowledge and future prospects[J].
Int J Radiat Oncol Biol Phys, 2010, 76: 656-665.
B, 5% 21 2 5 5 b, X, A e SR S RO
JUE A58 193 20 40y S92 36 F 5 R RE (0], v I S 6 B W 4
2018,26:667-671.

RONA G, CHAPPEL CI, BALAZS T, GAUDRY
R. An infarct-like myocardial lesion and other toxic
manifestations produced by isoproterenol in the rat[J].
AMA Arch Pathol, 1959, 67: 443-455.

JAWIZAR. #2808 15 4 T 70 A B TR 7 1 5 i A
2HEH):200610139361.X[P]. 2007-08-01.

ZHOU Q, HU W, FEI X, HUANG X, CHEN X, ZHAO
D, et al. Recombinant human neuregulin-1f is protective
against radiation-induced myocardial cell injury[J]. Mol
Med Rep, 2016, 14: 325-330.

WALASZCZYK A, SZOLTYSEK K, JELONEK
K, POLANSKA J, DORR W, HAAGEN I, et al.
Heart irradiation reduces microvascular density and
accumulation of HSPA1 in mice[J]. Strahlenther Onkol,
2018, 194: 235-242.

SONG J, YAN R, WU Z, LI J, YAN M, HAO X, et
al. "N-ammonia PET/CT detection of myocardial
perfusion abnormalities in Beagle dogs after local heart
irradiation[J]. J Nucl Med, 2017, 58: 605-610.
SR ORI IR LR SRAL I A S R IR
TS O ME R PR A LR 2R D], P 38 K 4
(BE2%h10),2012,32:107-109.

DEBO R J, LEES C J, DUGAN G O, CAUDELL D L,
MICHALSON K T, HANBURY D B, et al. Late effects
of total-body vy irradiation on cardiac structure and
function in male rhesus macaques[J]. Radiat Res, 2016,
186: 55-64.

INEOT. BT
119-121.
KISCSATARI L, SARKOZY M, KOVARI B, VARGA
Z, GOMORI K, MORVAY N, et al. High-dose radiation
induced heart damage in a rat model[J]. In Vivo, 2016,
30: 623-631.

M]. JEEC AR AR H i, 2001:

[17]

[18]

(19]

[21]

[24]

[25]

[26]

FIZEEL, EAESC. RBUBCHC IR 3 R B~ WL ).
AT B S B A4, 1994,14:329-330.
i R 0 A AR . LRI RO O 3 480
R[] SR BB 24 0E,2015,16:215-217.
FER I, JEI 4G9 2. CSTBLIG /N U U 3 )
PIREAL I ST R AR S BRI [T, R R
2#42,2015,50:922-925.
SUBRAMANIAN V, SEEMANN I, MERL-PHAM J,
HAUCK S M, STEWART F A, ATKINSON M J, et
al. Role of TGF B and PPAR a signaling pathways in
radiation response of locally exposed heart: integrated
global transcriptomics and proteomics analysis[J].
J Proteome Res, 2017, 16: 307-318.
VTR, 5 B MR R it S O A O W S A TR 7
KB B fb K Z R 1520 [J/CD). A IR B2 I 44
(F1-Fh),2007,1:387-389.
XN G, PDTC BELWr 98 i 188 S ool e oA B it g 2 o JUFE A
PrLHRIBTFE[D]. 1 Z L EERER 72016,
Sl AR IR R, VA X . R RO O
P43 5 R R FE IR - o FaB 78 Ak S 4G AR At T T X
YRR [J]. H AR AR I LA 447, 2014,16:751-753.
XK BT R A AR A8 A RELD I
4 TGF-B1 mRNA Fik K- 5 UM 15 0C & 1Y 5556
IE[T]. JEEE,2008,27:18-24.
GU J, LIU K, LI H, WANG X, YANG K. Astragalus
saponin attenuates the expression of fibrosis-related
molecules in irradiated cardiac fibroblasts[J]. Acta
Biochim Biophys Sin (Shanghai), 2014, 46: 492-501.
HAN W, LI H, CAI J, GLEAVES L A, POLOSUKHIN
V V, SEGAL B H, et al. NADPH oxidase limits
lipopolysaccharide-induced lung inflammation and injury
in mice through reduction-oxidation regulation of NF-xB
activity[J]. J Immunol, 2013, 190: 4786-4794.
DRABEK T, JANATA A, WILSON C D, STEZOSKI
J, JANESKO-FELDMAN K, TISHERMAN S A, et al.
Minocycline attenuates brain tissue levels of TNF-a
produced by neurons after prolonged hypothermic cardiac
arrest in rats[J]. Resuscitation, 2014, 85: 284-291.
BRILLA C G. Renin-angiotensin-aldosterone system and
myocardial fibrosis[J]. Cardiovasc Res, 2000, 47: 1-3.
BUJAK M, FRANGOGIANNIS N G. The role of
TGF-B signaling in myocardial infarction and cardiac
remodeling[J]. Cardiovasc Res, 2007, 74: 184-195.
[AX4wEE] 7 A



