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A simple strategy for delivery of carbon monoxide against septic
lung injury
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Abstract: Carbon monoxide (CO) is an important chemical gas messenger molecule in the body with anti-
inflammatory activity. As an active substance in gaseous state, the method for its safe and effective delivery
towards the lesion sites remains to be established. Based on the natural affinity of carbon monoxide to hemoglobin,
a main component of red blood cells (RBCs), this study proposes a carbon monoxide-red blood cell (CO-RBC)
composite system, and tested its therapeutic effect against lung injury in an animal model. The mouse model of
septic lung injury was adopted, and the carbon monoxide release molecule (CORM-2) was used as a positive
control. CO-RBC system was characterized by CO release, stability, toxicity and in vivo lung targeting. The expres-
sion of intercellular adhesion molecule (ICAM-1) and pulmonary surfactant protein-A (SP-A) were evaluated in
the animal model and the therapeutic effect of CO-RBC system for sepsis was measured by inflammatory factors
tumor necrosis factor- o (TNF-«) and interleukin-6 (IL-6), as well as survival time of mice and pathological
changes of the lung. Our results show that CO-RBC system exhibited satisfactory stability with negligible CO
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release during 48 h storage under nitrogen protection, while the CO release was about 70% within 12 h under
physiological condition, in contrast to CO burst release from CORM-2. The CO-RBC system showed no
significant toxicity in the animal model, and in vivo fluorescence imaging results showed effective accumulation
in the lungs, supporting its lung targeting effects. The secretion of TNF-« and IL-6 in the CO-RBC group was
significantly lower than that in other groups, the degree of pulmonary interstitial edema was relieved, the white
blood cell infiltration was decreased, and the survival rate was significantly improved. Therefore, the CO-RBC
system has a significant inhibitory effect on the pulmonary inflammatory response in septic mice compared with
CORM-2. This system provides a new hope for therapeutic treatment of sepsis.
Key words: carbon monoxide; red blood cell; sepsis; lung injury; inflammation

IR B E A2 8 HH R L 51 Y A B 9ORE N £R A AIE
(systemic inflammatory response syndrome, SIRS), ¥ 1%
I, RIFFMET-E—HESAT, 2 EA (k)
1 AR R G JEH L) IE RORE, i K R TR 3
Jie B 1 K T L 2 A% Th AE B A 45 & 4E (multi-organ
dysfunction syndrome, MODS)2, fiff 7t % B, fit & JiF
RMZHEERSEMZHERZ RESME, M d T HH
ZUGRS, MR35, 5 S 4w B e 5k Sy AL RE 25 6L,
1M 28 MODS (1) 5 EEHE 2% TS, RIS 7E 5 27 = B K
JR R EIAR, TR XA Ty i 508 g P JUE #5300 4, K1 bt o 977 A
PR BRI I I 2 P LN

I A R T 45 RAE S8, — FALER (CO) & HLIA N
—MEENLFAEEE ST, 25 T RIERP ] E
FR) ARG L TS L P B 3R R e A it I P 9 4 A5 O 45
B RE, R AT PO T A4 OR 4 A
o COEA BN RAEIGTT“ 257 1) 8 F Al 5%, (B4R 9
— PR BETEY R, WA 22 4 A OB K B A AT .
L A m PR SO ARGEE, B s T B RN — IR
fE CO, H“2y2” B i, (RiZ 7 VR AE R B I HE ) A7 7E
WA H AT %48 . — S8BT 1 (CORM) 2
AR I — KRB B &), H 408 G 7
T RAE AR BRI v 5 n] DAFR SRR T8 COWL, B i, &
T &R REY B3 2 CORM-2 70 7132 7)™
ZHESE, B CO 3 AR A, BT R, 7 10 min 4 CO
FETBCENIE 31 70%, X J& H H T-i0 97 1) 32 L agio, Jf
HE B 5 ORI T 6 i oy 712 B 52 ) G R 24
PRI PR, R 5 oA R Sk 3 — 0 4 i
RS, IR OAZ B 5% 177 1A

ZL40 2 CO R R &4k, CO 5 IMLLL A ISR
G WA S M E A RISEA 775 200 &A%, Bk CO i)
RS AR A S E R 102 2011 AR -4 & W | RAR -4 S K 21
I 3 25 4% S0 BE 0 AAE B AT HE B CO B 1 A
HURSL AR M3 EAR A T um, AT DL i I B N R
G078 PR LARL A i 77 200 B, At B A 40 i 58 L N il
MBI R, AR R S W DLAE — i 5 T

b3 CO #2120 it e 3 il 0 1 1) R R T CO i
%, LA Ik CORM-2 73 8B B 1 K I Il @ 2 451l 4,
FREL— & B AN E @ CO, HK#575 CO L4 i
FE R SN, BT DLAC A Ay R “ia 8 T A7,
R I R S B — s I 8L ) F 2 5K CO I8 B 22 ik 7
JiE 32 EL 2 RN AR — W T bk, A SR —
822 4 | 0 B — 8 il B ) /E i CO it ik
2, DA EERE I 45473 /I BRASE B AR S 3 B, WD R %
SR P AT AT 14 BN i B RE Fti 2 4% PR 281k

MR57EE

H@m5iRF CORM-2 (Sigma A &); 1,1-(+ )\ ki
#)-3,3,3,3'- JU F B LAR S| Wk (DIR, & [E Invitrogen 2
7]); MR R BE I T -a (TNF-a) R 5 & 40 % -6
(1L-6) k71 & (FA 5t AR ) AR L) -

SLIGENY) KM/NER, SPFZL, 6 S, T2y
WS BE S AL, 8 VP rTiE SR 5 SYXK (VAT) 2014-0002.
S /I B PR 7 R K A 24 5 B S8 s ) D gk AT BT B R
4t SPF 2R 30 5 1A 7%, B AR & MK . SEIR ¥ i3k
VTS KRS s A0 B A A 2 L e, A b E
B BAR FAC B U], I3 S2 36 sh s T NGB R .

FEMNSE DIWIEESAL RS (VIS lumina I,
5 [® PerkinElmer 2 #); 550 fi§ 475 1% (3% [E Bio-Rad /A
Fl); AN WA O EETE (H A B EE A F], UV-2700);
TR AR 5 2% (MR A IR A R, s KR & 20
B0 AL (35 E Beckman 2 ).

CO-RBC R AMIGIE K HRRAE W IR B IEAL
Jii 7K R 43 i i # CO; BN BRI 1 mL, N G&E & i
R R E B A IK, BMR IR, EaokE
(2000 r-min?, 10 min) 3X, % EiF, DIBRZ H 4000
MRS 2R 5, B £Lgm i, A ZE 3 2K A E 1 mL.
K ) 5 1K CO MR N VRS 4%, 28 5 152 5 48 1) 20 41 o
BN CO LA, 43 CO-RBCHIAI{A R . 1 mL
IV I 2T 2R 1 £ 0.12~0.16 g, H AR 2 7 R B OA
64 800, ElJ 1 mL i % H il 21 85 4 £ 49 2% 10°° mol, 7] #5



< 542 - 2422224 Acta Pharmaceutica Sinica 2019, 54(3): 540 -546

15 £ 8x10° mol CO (L MIML4LEE (14> F Rl 454 44~ CO
7% F), #1324 F 0.7 mg CORM-2 # ft) CO 70 T (1 4
CORM-24> 14 6/ CO 73F)uo,

CO-RBC 1k R HIZRAE

COMIMIE KRB A EL AN B E CO
514 & [ (Hb) 454 % (COHb%), A #2352 CO [k
Jile HX/IN BRI OE B, $EENAT 4, BY 152 (20 40 i R
fiy B L RE G, B S R CO, B — @ IR 1)
COHb, HIJ S5 2H A it ; HUZS ERE A, ) FL b R i@ AN
CO, F7E 18 N ik #2 o A i il 5 FEAE 2, = 530 nm, 4, =
582 nm, J, = 568 nm 3 K T IR IE A (A), HEAA,
(A—An) s AA(A~A) A FFAZ{ B, COHb IA 21| 11
A, R[N A RE S 2 i) ER S AR S 5 2 R S
50 L T EP &+, F 7 mmol - L& S A 44 B B 9 5 mL
BEATFORE, LR BN S L, I HAE R 3K T
A TS AAALAL) S AA(A-A,,); F3I5E AN 411
IMEKTA, ﬁ‘ﬁAAf(AuLAAz))‘ AR (AEAR), 545
5 COHb% & &, COHb = (AAJAA + AAJAA)
2x100%.

CO HIMRAN B #4171 CO-RBC & T1HIR IR
ferp, T 37 C N IR AL (%334 100 r-min), f CO
BN, 3 BIFE 0.1.2.4.8.12.24 F1148 h HUE B KE 5, 1%
HEOU K 58 4 43 6 6 2 R D 52 COHDbY%, AT T 422
5E CO FIRE I

FasEPEE s UL F] CO-RBC FE b il &, 3B A A
SARAE, B O, BB R, E T4 CHET, 20T
0.1.2.4.8.12.24 F1 48 h B & £, 7% 18 X0 K4
A0 53 6 FE 230 5 COHbY%, M i 7] $22 1l %2 CO B
Ji, #%%% CO-RBC 1A R ke E M.

eV EE BUNR, MEMES 2, BENL S N 44,
fpeH 6 A, fR R BN RO L mL, $EECA 4, i %
CO-RBC 1Ak &, H9# 45 22 400 pL; 5 L il A A& %
f) CORM-2 ¥ ¥k, 73 5% # 5.15.25 mg - kg! CORM-2
J2 14 mL-kg' CO-RBC (CO #2484 T 25 mg- kg
CORM-2) Xt 4 /N R Hr k25 25, 4L 3 K, FF R 1
W, AT RS E I R NRE LR Wk E
Ak, LLEAT CO-RBC A% T- CORM-2 [ 22 4x 1% .

e PS5 BN BRI &=, SR EZL 40, N
APAEARF 20 pg - mL 226 6 B4 kL DIR, i & T 37 C %
30 min, JNNE EA LK, BMCREIR S, B0
FE (2 000 r-min?, 10 min) 3k, 3+ % Li&, BIf9 DIR %
Fe G RRIC LA . i A\ & CO, il % CO-RBC
MR R, BUER/NR IR, - N ABRICH, 413
W, AR RS B DIR % Yk A w4, BAL
FEE K S DIR %6 6 Qe Rl AR id 1125 (1 RBC, C 4 B i

Jik % 5 DIR % )6 4L Bl b5 12 111 CO-RBC, T-0.5.1.2.4,
812 1 24 h 43 ji %t 3 A b AT 44 P9 % v AR R 0
FHATAR A B AR AR F EE, 4524 1 h Ja okt 3 ALE
T 10% 7K A SR AL FE /N B, BCH O JFF S B Sl A
0 S5 4H 2, 3 A B KO RS AT R N AR R
B

SRR H6 S /N R, MM, s
99w SV R L, ORATAE & 12 he R IR VE 5T 10%
KA BRI J5, K H E M 25 3115 (cecal ligation and
puncture, CLP) #4 g fift 2 ifil i 45 0490 |5 g o 25 1))
O, 33 2 NI 8 /N o BCH, 38 K i, 47 25 )%
RIE, FALAEE Milrom s, Bl |REME, H 205
EF St i aE LA v, E g FLAL BT T A w A
gl s B R, BESAIEEY) O . BFARHATIH
IR E e 4 S IEREY O, § I A ESFLE

BRBRARERITEN BARIH, TCLPARE
12 h I s v 5 10% 7K A SRR BRI /N B, T 7 il s,
£ /N B 2L 2 A, 0 4R R T 3R T I 2 S, R K
N R bRAES, -80 CORAFFEAS, IR FARA. KA
Western blot 4 5 - A 2H 5 45 781 20 il 4 4 1 ICAM-1
FISP-A T EE (1 1k, CAVP A e B E A5 7 1) 98 0

CO-RBC R ZRZAKIEM  HUMK 55 hE il 45 45 5 2
NER, BEBL 2 N 5 4L A B 2R UK 41 (saline) RBC 41 .
CORM-24.CO-RBC 4, 7 & F A4 (sham). &
Ja SR R ER KRS 45 2, e AR EE K \RBC AL S
CO-RBC #4145 mL - kg, CORM-2 24 3.5 mg - kg*.
FRAHEL3 H, 452 12 h BRI A AT %5 4 /0N B, B R A If
FE S E R AL, K ELISA R & 52 TNF-a Al
IL-6 & &, RRANI R, Xl HRFHAT RS FMEE, B
TN 4% 2 R EREE, FHAEY A .
AT ARG (HE) defa, il Je 8~ (x400) W52
Jits ZE 23 £ M 960 7 i 7K e 2 9 E A MR I IS L. S Ab,
AR I0 R, BRAHLIR, ELS5R, WEXH /MR
ARSI S H AR,

GArZa I E A RO EE (x £ 5) K
7N, K SPSS20.0 4t it 43 Mt B A BEAT B DR 2 5 22
(ANOVA), P<0.05 ~ &M 7% 5, B A% E L.

HER51Tie

1 CO-RBC{FEZEMIRIE

1.1 CO-RBCiAZH COMIFER M7t R M, sLitil
I 52 48 h Y41 A1 CO-RBC 1 CO BRI, R AL | CO-
RBC & R IMZ R ME R . 45 R 1FTR: #£37 C
%1FF, 11 CO-RBC ' CO £ 12 h B L) 70%, FF



JEETFARALE: — ol 60 460 1) — S Aok 346 3K SR es R 7 PR A 453 0 PO T T 543 -

HLRREEREAL; T SCERIOMR j CORM-2 7£ 10 min Iy CO
BRI 70%, [t CO-RBC 14 £ Rt % 1B 47 72 i
CORM-2 1 CO ZERE 1) 1] 1t

100 -
£ owb 1 Z
E 1 0
60 —/I <
S - Ja
s :
"o T
£ oo g
_E il -é-m
. QR S
20
| o 20 40 60
[— Time / min
01 i 1 L 1 " 1 L L " J
0 10 20 30 40 50

Time / h
Figure 1 In vitro release profiles of carbon monoxide (CO) from
carbon monoxide-red blood cell (CO-RBC)
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Figure 2 The stability of CO-RBC under nitrogen's protection
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Figure 3 Body weight changes in septic mice with different

treatments. CORM-2: Carbon monoxide release molecule
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Figure 4 In vivo (A) and ex vivo (B) images of real-time whole
body imaging. In vivo images were collected at 0.5, 1, 2, 4, 8, 12,
24 h. Ex vivo images of various tissues from sepsis mice were
collected, and mice were sacrificed at 1 h after injection
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Figure 5 The protein expression of intercellular adhesion mole-
cule (ICAM-1) and pulmonary surfactant protein-A (SP-A) in lung
tissue, the protein signals of S-actin were performed as a control
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Figure 7 Survival rates of sepsis mice with different treatments
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Figure 6 Expression of TNF-« and IL-6 in blood and lungs of sepsis mice with different treatments. Data are shown as mean + SD
(n =3). "P<0.05, "P<0.01, ""P<0.001 vs sham group; *P<0.05, #P<0.01, #*P<0.001 vs saline group
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Figure 8 Morphological changes in the lung of sepsis mice (HE x200) with different treatments
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