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Receptor for advanced glycation end products upregulates MUC5AC expression and

promotes mucus overproduction in mice with toluene diisocyanate-induced asthma
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Abstract: Objective To explore the role of the receptor for advanced glycation end products (RAGE) in regulating the
expression of MUC5AC and mucus production in a mouse model of toluene diisocyanate (TDI)-induced asthma. Methods
BALB/c mice were randomly divided into control group, vehicle (AOO) group, TDI-induced asthma group and RAGE
inhibitor (FPS-ZM1) group. PAS staining, Western blotting, and immunohistochemistry were used to analyze the changes in
mucus production and MUC5AC expression in the airway of the mice, and the expression of p-ERK was detected with
Western blotting. In vitro cultured human bronchial epithelial cell line 16HBE was transfected with lentiviral vector carrying
short hairpin RNA targeting RAGE (shRNA-RAGE) and subsequently challenged with a TDI-human serum albumin (TDI-
HSA) conjugate, and the changes in cellular MUC5AC mRNA expression as detected using RT-PCR; the protein expressions of
ERK and p-ERK in the cells were examined with Western blotting. The effect of ERK inhibitor U0126 pretreatment on
MUC5AC mRNA expression was also analyzed in the cells. Results Compared with the control mice, TDI-induced asthmatic
mice showed significantly higher rates of PAS positivity and increased MUC5AC and p-ERK expressions in the airway (P<
0.05). Treatment with FPS-ZM1 significantly decreased PAS positivity and lowered MUC5AC and p-ERK expressions in the
airway of the asthmatic mice (P<0.05). Exposure of 16HBE cells to TDI-HSA caused a significant increase in MUC5AC mRNA
expression and p-ERK protein expression (P<0.05), while
RAGE knockdown obviously suppressed TDI-HSA-
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Fig.1 Effects of RAGE antagonists on mucus production in mice with TDI-induced asthma. A, B: Serum levels of total IgE and
IL-4 in auricular lymph node cells, respectively, measured using ELISA; C: PAS score for assessing mucus production in
different groups; D: PAS stained of the lung sections in different groups (Original magnification, x200). *P<0.05 vs AOO group;

*P<0.05 vs TDI group.
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Fig.2 Effects of RAGE antagonists on MUC5AC expression in mice with TDI-induced asthma. A: Representative
immunohistochemical staining of MUC5AC in each group (x200); B: Western blotting of MUC5AC in the lungs in different
groups; C: Densitometric analysis of the blots . *P<0.05 vs AOO group; “P<0.05 vs TDI group.

==
P-ERK —

p-ERK expression

Control AOO TDI  TDI+FPS-ZM1

Control AOO TDI TDI+FPS-ZM1

3 RAGEHIHIFIxT TDIREMmAREL ERK BEER 1 7k F RSN
Fig.3 Effects of RAGE antagonists on ERK signaling pathway in mice with TDI-induced asthma. A: Western blotting for
p-ERK in different groups; B: Densitometric analysis of the blots. *P<0.05 vs AOO group, ‘P<0.05 vs TDI group.
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Fig.4 Effect of RAGE knockdown on TDI- HSA-induced upregulation of MUC5AC gene in 16HBE cells. A:
Expression of RAGE in different group; B: Quantitative analysis of relative MUC5AC mRNA levels in different
groups. *P<0.05 vs control, 'P<0.05 vs TDI-HSA group.

2.5 SAKRAGE 4 iA #74) TDI-HSA # 349 16HBE %9
ERK il ¥4 P /3-89 MUCBAC ¢ & A

K Western blotting il - 2H ] ERK 3 i 1)
ARG, 25 R BN 525 AR M HE , p-ERK 7
80 pg/mL TDI-HSA L ¥R ) 16HBE i il K 25 44 41 i
rh ik B 31 £ (& 5B, P<0.05) , i ShRNA-RAGE 4H
i) p-ERK ik i & R, 5 TDI-HSA 4L , £ 7450
T4 B X (P<0.05) . 3z FH ERK 111 il 5] 10 umol/L
U0126 fiikb B 16HBE 2 h i, /il 80 pg/mL TDI-HSA &b
P 24 h, K] RT-PCR iE K454 [5) MUCSAC [ 55
IR, 25 5 7« B U0126 %o BR 2H 55 25 P oxf IR 2H 1Y
MUCSAC [ZRIATCEE 27 25 57, 525 IO BRAI AR L,
TDI-HSA ZH ) MUC5AC mRNA I35k & T4 1
5 TDI-HSA41(2.96+0.10) Lt , ERK 41l 351 Fidh BRLH
(1.99+0.03)figl/> MUCSAC I 1k, 2 A Gl 5
X (E5C,P<0.05),

3 iWig

ABIFE U L TDI R/ N E SR MUCBAC
3 LR RAGE il 7] FPS-ZM1 fE i 3% />
TR B BRI S3 S MUCSAC (3614, Ul %k
T B A G AR AN T BT 436 ) 8

g = I O 53 G0 &p 5 e I R M S T g R ) = 1
FEST T MUCSACHE AP E RIS E B REE
A, I AR IR MW CA 25
GE I iy 8 S L )75 598 h MUCBAC [ 3
IR AERRE A7 1A B 4 22 | e o ™ R R
Fhmg e kP 5AGE R O MR DL RS
IR B DIAR G DA (i A SO /) BRI i
BRI L [ REA MUCSAC (18 221 RIFSE 1 St
7. TD IR/ NFREE R | SRR —80) &, TDI
PR N N FIUAARIR B2 A g 2 it
RN B, FH LT HRA 2 NG 2 MUCSAC
IOF SN TE S EA

KEARIMIFFEUESL ZFME R A TG 2 PP 4 0E K]
T A TR =L S b A2 i A AT RE R A R
AN AR R REE S, IL-13 R R FR A R
EAGE LA s SRR A e , i MUCSAC
(AR, KIGFFR A - i E i LIRS
T8 I K A MUCSAC YRIE™ . ASZEAFST K BRI
A 16HBE 4lIffufF s Al TDI-HSA &2 &4t n] g2
WINAIE TR 4 - MUCSAC BEH 12634 , #2755 TDI
FE 08175 5 0 Wi /) B P 286 V0 73 s S <O L B A
MUCSAC {55k,



- 1306 -

J South Med Univ, 2017, 37(10): 1301-1307

http://www.j-smu.com

A B 0.40 *
0.35 * I
- - c
TDI-HSA + + + § 0.0 I
Vector - - + - 4 0.25 1 |
ShRNA-RAGE - - - + s #
. 0207 ' .
-ERK | J L
o (R oo |
. a = 0.10 |
t'ERK“" 0.05 I
0 — o, e BN
o [ of [
oo™ P e S
\_\A‘5 |>§’)
’(O \(\SP‘X?\
<o
¢ g3 . B 5 #0 %) ERK il B Xt TDI- HSA i Sy
43 3.0 . MUCSAC FiZE Iz
g 25 # Fig.5 Effects of ERK inhibitor on TDI-HSA-
G 20- = induced upregulation of MUC5AC expression.
s A: Expression of p-ERK in different groups;
4 157 - B: Densitometric analysis of the blots; C:
% 1.04 Quantitative analysis of relative MUC5AC
<Z( 05- mRNA levels in different groups. *P<0.05 vs
951 0 : . ]| s control group, ‘P<0.05 vs TDI-HSA group.
T T L
Control U0126 TDI-HSA TDI-HSA+UQ126

5N RAGE S5 MR 1) & AE & R UIAH G , i
K RAGE /N T A B B AR 11 R A Pl i
A A S RGN P A GBI N1 VA 6 R 1.1
[FIFE R RAGE (5 S I 25 T TDI BRI < 4
FEIFRY, ARAFFAE TDIV S/ s & B,
RAGE il 7 ] 5 & 3% TD A S AYRRIR R Ak A
MUCSAC [R5 K oA o it — 2D AEARS 16HBE @I
RAGE ) Z ik , [A] ¥ & B v] [ Ik TDI-HSA 5 5 1Y
MUCS5AC 3k . BEAEA W R FE RSN K & 81
RAGE it /4545 & 11 S100 2 I AEVE 558 R4y
MUCSAC [R5 i 5 ARMIFT 45 5 — 2, IR R
WIS IR IR, TDI /N IR i RAGE Bt 545
S5 M S100 8 M, M R 11 LHMGBL) ) i
FLEFGRM, MRS RN RAGE 25 T 2
Ol RN R A e MUCBAC R IR

A4 , RAGE {55 2 W] 45 MUCBAC [ 31k
WE? MUCSAC 335 1] 22 Z R i iz | i ]
TS Z AP i ST MUCSAC SE R 5=
K B I B, 22 TR 5 R 52 ERK I 1 15 b nT BEAE
MUCSAC iR b A BB 2 2% Bt
/R TDIEERG R A o ERKGE B % ik, H2 5 T 5
BEDIREREIR . AWFIE AR ERK S TDI Rt Al
MUCSAC W335, 51—, TERE N5 A Jz 16HBE £
K RAGE #ll il 57 5l 2w Ik RAGE [ 2Rk Hfig i /b
TDUF 53 ERK IUBERR LK, #E— 2540 ERKGE
HEAE T N IRAGE LA TDI 3 MUCSAC
221k, R RAGE 55 1] Bl i fiE T i ERKGl it

FRITE AL, AT IR B2 MUCSAC ik, SR,
ERK 3 % 2 QAT i% MUCSAC FIHLIEI M ANIE4E AT
FERWIMUCSAC B W JE 2P 8I &% 24> Spli sk
PR A o, T HE 2257 i ERKGHE [ 1) 22
XA R — (AR ARRT

25 PR, AR SZIIF 52 RAGE {55 7] 45 TDI %
Mg BRI S TR 433 S MUCBAC (193615 ,RAGE 55
SR BE M S ERK A S TR F RN
MUCSAC 1335 S E R = I K e o AESE N
16T TDIRERG R R PR TR B e

S

[1] D'Amato G, Vitale C, Molino A, et al. Asthma-related deaths[J].
Multidiscip Respir Med, 2016, 11(1): 37.

[2] Shimizu S, Kouzaki H, Ogawa T, et al. Eosinophil-epithelial cell

interactions stimulate the production of MUC5AC mucin and

profibrotic cytokines involved in airway tissue remodeling[J]. Am J

Rhinol Allergy, 2014, 28(2): 103-9.

Rose MC, Voynow JA. Respiratory tract mucin genes and mucin

glycoproteins in health and disease [J]. Physiol Rev, 2006, 86(1):

245-78.

Izuhara K, Ohta S, Shiraishi H, et al. The mechanism of mucus

production in bronchial asthma[J]. Curr Med Chem, 2009, 16(22):

2867-75.

[5] Young HW, Williams OW, Chandra D, et al. Central role of Muc5ac

expression in mucous metaplasia and its regulation by conserved 5'

elements[J]. Am J Respir Cell Mol Biol, 2007, 37(3): 273-90.

Bonser LR, Zlock L, Finkbeiner W, et al. Epithelial tethering of

MUCS5AC-rich mucus impairs mucociliary transport in asthmalJ]. J



http://www.j-smu.com

J South Med Univ, 2017, 37(10): 1301-1307

- 1307 -

Clin Invest, 2016, 126(6): 2367-71.
Le Moual N, Siroux V, Pin I, et al. Asthma severity and exposure to

~
[l

occupational asthmogens[J]. Am J Respir Crit Care Med, 2005, 172
(4): 440-5.
[8] Akirav EM, Henegariu O, Preston-Hurlburt P, et al. The receptor for
advanced glycation end products (RAGE) affects T cell
differentiation in OVA induced asthmal[J]. PLoS One, 2014, 9(4):
€95678.
Sukkar MB, Ullah MA, Gan WJ, et al. RAGE: a new frontier in
chronic airways disease[J]. Br J Pharmacol, 2012, 167(6): 1161-76.
[10] Milutinovic PS, Alcorn JF, Englert JM, et al. The receptor for
advanced glycation end products is a central mediator of asthma
pathogenesis[J]. Am J Pathol, 2012, 181(4): 1215-25.
[11]Yao L, Zhao H, Tang H, et al. The receptor for advanced glycation

(9

[t

end products is required for B-catenin stabilization in a chemical-
induced asthma model[J]. Br J Pharmacol, 2016, 173(17): 2600-13.

[12] Zhao H, Peng H, Cai SX, et al. Toluene diisocyanate enhances
human bronchial epithelial cells' permeability partly through the
vascular endothelial growth factor pathway [J]. Clin Exp Allergy,
2009, 39(10): 1532-9.

[13] Lachowicz-Scroggins ME, Yuan S, Kerr SC, et al. Abnormalities in
MUC5AC and MUCS5B protein in airway mucus in asthmalJ]. Am
J Respir Crit Care Med, 2016, 194(10): 1296-9.

[14] Fahy JV, Dickey BF. Airway mucus function and dysfunction[J]. N
Engl J Med, 2010, 363(23): 2233-47.

[15] Evans CM, Raclawska DS, Ttofali F, et al. The polymeric mucin
Mucbac is required for allergic airway hyperreactivity [J]. Nat
Commun, 2015, 6(3): 6281.

[16]Wang X, Li Y, Luo D, et al. Lyn regulates mucus secretion and
MUCS5AC via the STAT6 signaling pathway during allergic airway
inflammation[J]. Sci Rep, 2017, 7(2): 42675.

[17] Li G, Fox J, Liu Z, et al. Lyn mitigates mouse airway remodeling
by downregulating the TGF-B3 isoform in house dust mite models
[J]. J Immunol, 2013, 191(11): 5359-70.

[18] Yao L, Zhao H, Tang H, et al. Phosphatidylinositol 3-Kinase
mediates 3-Catenin dysfunction of airway epithelium in a toluene

Diisocyanate- Induced murine asthma model[J]. Toxicol Sci, 2015,
147(1): 168-77.

[19] Atherton HC, Jones G, Danahay H. IL-13-induced changes in the
goblet cell density of human bronchial epithelial cell cultures: MAP
kinase and phosphatidylinositol 3-kinase regulation [J]. Am J
Physiol Lung Cell Mol Physiol, 2003, 285(3): L730-9.

[20] Bae CH, Choi YS, Song SY, et al. Escherichia coli-derived and
Staphylococcus  aureus-derived extracellular vesicles induce
MUCS5AC expression via extracellular signal related kinase 1/2 and
p38 mitogen-activated protein kinase in human airway epithelial
cells[J]. Int Forum Allergy Rhinol, 2017, 7(1): 91-8.

[21] Ullah MA, Loh Z, Gan WY, et al. Receptor for advanced glycation
end products and its ligand high-mobility group box-1 mediate
allergic airway sensitization and airway inflammation[J]. J Allergy
Clin Immunol, 2014, 134(2): 440.

[22] Kang JH, Hwang SM, Chung IY. S100A8, S100A9 and S100A12
activate airway epithelial cells to produce MUCS5AC via
extracellular signal-regulated kinase and nuclear factor-kB pathways
[J]. Immunology, 2015, 144(1): 79-90.

[23] Song KS, Lee WJ, Chung KC, et al. Interleukin-1 beta and tumor
necrosis factor-alpha induce MUCS5AC overexpression through a
mechanism involving ERK/p38 mitogen-activated protein kinases-
MSK1-CREB activation in human airway epithelial cells[J]. J Biol
Chem, 2003, 278(26): 23243-50.

[24] Song J, Zhao H, Dong H, et al. Mechanism of E-cadherin
redistribution in bronchial airway epithelial cells in a TDI-induced
asthma model[J]. Toxicol Lett, 2013, 220(1): 8-14.

[25] Barbier D, Garcia-Verdugo I, Pothlichet J, et al. Influenza a induces
the major secreted airway mucin MUC5AC in a protease- EGFR-
extracellular regulated kinase-Spl-dependent pathway [J]. Am J
Respir Cell Mol Biol, 2012, 47(2): 149-57.

[26] Shin 1S, Shin NR, Park JW, et al. Melatonin attenuates neutrophil
inflammation and mucus secretion in cigarette smoke-induced
chronic obstructive pulmonary diseases via the suppression of Erk-
Sp1 signaling[J]. J Pineal Res, 2015, 58(1): 50-60.

(i PNEMID)



