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Effect of Tobacco-specific Nitrosamines on MUC5AC Expression in
Human Airway Epithelial Cells
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Background and Objectives: Nicotine is oxidized into tobacco-specific nitrosamines (TSNAs; NAB, NAT, NNN, NNAL,
NNK) at high temperature and high pressure. TSNAs are associated with airway diseases characterized by mucus hypersecretion
as a major pathophysiologic phenomenon. The aim of study is to investigate the effect of TSNAs on mucin overexpression and its
molecular mechanism in human airway epithelial cells.

Materials and Method: The cytotoxicity of TSNAs was evaluated using EX-Cytox and inverted microscopy. The mRNA and
protein levels of MUC5AC and MUCS5B were measured using real-time PCR and ELISA.

Results: NAB, NNN, NNAL, and NNK did not affect cell viability. NAT did not affect cell viability up to a concentration of
100 uM in human airway epithelial cells. NAT, NNN, NNAL, and NNK significantly induced MUCS5AC expression, but not
MUCSB expression. NAB did not affect the expression of MUCSAC and MUCSB. Propranolol (a f-adrenergic receptor antago-
nist) inhibited NAT, NNN, NNAL, and NNK-induced MUCSAC expression, whereas a-bungarotoxin (an a7-nicotinic acetylcho-
line receptor antagonist) only inhibited NNN- and NNK-induced MUCSAC expression.

Conclusion: These results suggested that NAT, NNN, NNAL, and NNK induce MUCS5AC expression through [-adrenergic
receptor and/or a7-nicotinic acetylcholine receptor in human airway epithelial cells, which may be involved in mucus hyperse-
cretion in inflammatory airway diseases.
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N’-Nitrosonornicotine(NNN), 4-(N-Nitrosomethylami—
no)-1-B-pyridyl)-1-butanone(NNK), N'-Nitrosoanaba-
sine(NAB), N'-Nitrosoanatabine(NAT), 4-(N-Nitroso—
methylamino)—1-G3-pyridyl)-1-butanol NNAL)S Toronto
Research Chemicals(Toronto, CanadaSigma(St. Louis, MO,
UsA)olA )kt RPMI 1640 medium< Invitrogen
(Carlsbad, CA, USA), fetal bovine serum(FBS)-2 Hyclone
Laboratories(Logan, UT, USA)ollA] -48k¢ich. MUCSAC
(ab3649)2} MUC5B(ab77995) 2AFA+= Abcam(Cambridge,
England, United Kingdom)oll4] 7+ 3813L, HRP-conjugat—-
ed ©|Z8HA1= NOVUS Biologicals(CO, USA)oll A L¢3}
k.

M= B 2 XX

Al 71 9] oAt TF F Al 2ZE(human pulmonary mu-
coepidermoid carcinoma cell line)2! NCI-H292 A 3E(Amer—
ican Type Culture Collection, Manassas, VA, USA)E- 6-well
plateo]] 1x10° cells/wellZ 2 mM L-Glutamine, 100 U/mL
penicillin, 100 ug/mL streptomycin¥} 10% FBS7} 2£§He
RPMI 1640 HjA| & 0] 8-5}0] 95%2] AbAe} 5%2] o] Akslet
27 SqbE wjeF7) oAl 37°Cel =& uijstoith. NAB,
NAT, NNN, NNAL¥} NNKo] 7| %= oo n|2|&= JeFS
Aot 7] Al NCI-H292 Ao 5= A jstal o
[¢] Z—]X}- lﬂ]—‘ﬁ:]_q- E]—HHZ] Aﬂ/ﬂ ° OE}\]%]];]— EH—’—T':L‘C‘ o] :_]—

AIZE E R v Ao A T O = uijeFsteith NCI-H292 A3
O] M3EEA] §-5= WST-1 24 (EX-Cytox, Innotech, Ko—-
rea) ¥} AU E o83t A2 FHf W3l f-FE FRlste] A
Soratt o] A= EAAA A AAF 919 3] (Institution—
al Review Board) 9] 51 o} A5}t YUMC2019-
08-057).
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Real-time PCR 24

Gene Amp RNA PCR core kit?} iQ SYBR Green Su-
permix (Bio—Rad, Hercules, CA, USA)E T100™ Thermal
Cycler?} CFX96 real-time PCR system C1000 thermal
cycler(Bio—Rad, Hercules, CA, USA) 7|71& ARg&®of 9t
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Al A& A3t PCRoY| ARE-E primers MUCSAC
primer(QT01329615, Qiagen, Hilden, Germary) and MUC5B
primer(BioRad 10025636, qHsaCIP0028135, Hercules, CA,
USA)OlA FLdste] ARgstlom 7 vhg-o] i A o
Z+H(internal positive control)-2 glyceraldehyde—3-phos—
phate dehydrogenase(GAPDH)E A3ttt GAPDHE]
73 forwarde= 5-CCT CCA AGG AGT AAG ACC CC-
3, reverse= 5-AGG GGT CTA CAT GGC AAC TG-3'&
AHE-3FSITE

o] A& 7HFs] AgshH, wigE AM2EE 2% bovine se-
rum albuming &3t PBSZ 33] Al &3t % Trizol"(Mo-
lecular Research Center, Cincinnati, OH, USA)& o|-&-5}o]
% mRNAE F&31% ] Reverse transcription PCRS 2l
3J5lo] cDNAE §HA%E &, Real-time PCRS Z3Y35}4i Tt
iQ SYBR Green Supermix AFESFe] 95°Cofl Al 1527 WA
TS ARX DL 60°CollA] 4527 AFHESS Al7|= HES
503] HHEslRict $&2] Aer= A4 (melting curve,
Roche Applied Science, Mannheim, Germany)2 AH&-35}o]
B7Fskoir

HAZMH(Immunoassay)

MUC5ACT} MUC5B9] 7o thull o] ohek-s SA4]517
3[4l enzyme-linked immunosorbent assay(ELISA)H-& 9|
goteleh Al 25 A 2]gh v FE Al EZo A radioimmunopre-
cipitation assay buffer(Thermo Scientific, Rockford, IL,
USA)& thilg 2&3lo] BCAS o]-&3lo] Aok B4 519
o}, &3 @A 20 ugS F96 Cert. Maxisorp Nunc-Im-
muno plate(Fisher scientific, Lenexa, KS, USA)e]| 4°Col| A
24X 7 Hj9FAIZ) & plateS PBSE 33] A 515it) H|E0|
2 AghS WA5H7] 8l 2% bovine serum albumin o2 Al
20| A 1A1ZF F<k et -, PBSE 33] Al 23k ok 0.05%
Tween 202 FH-3t PBSe 1:2002.2 3|4 % MUCS5AC,
MUC5B 2AA| = HEG-AIZiT). thA] PBSE 33] Al4{3H %
HRP-conjugated ©|AFZAE 0.05% Tween 20 &8t
PBSY] 1:5,0002.2 3]43}+0] ZF wello] 718k, 1A 7F
Sof| Z}F well2 PBSZ 33] A &5}t 3,3, 5,5 -tetramethyl
benzidine &M O 2 WAEE & IN-H,SO,Z ©]&35to] &
A FHTE EL800 ELISA reader(BIO-TEK Instruments,
Winooski, VT, USA)Z 450 nmo|A] = =4 & x5
A& ol-g-sto] whl o] 2 A=k}ttt

[e)

)

SAX 2N

FA *2l+= Windows8 SPSS version 12,0 software(SPSS
Inc., Chicago, IL, USA)& AHE-SIITH HE 432 33 o]
A Alsk e, pgro] 0.05 1Tkl A5 fo3t Ao R
A5Fo] Mann-Whitney U testS ©]-&38}o] EA1519 T,
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NCI-H292 M|Z0i|A EHIEO0|LIEZALTIC| M M=o
0|xXl= g

NCI-H292 A|xZo] TujEo|EZ A NAB, NAT,
NNN, NNALY} NNKE A gstal WST-1& ©]-&35}o] A
3 Ao nj2)= FFE FRlg A3k NAB, NNN, NNAL
It NNK= 100 uM7HA] Al| 22 2ol JokE 24| ¢ttt o}
A9k NAT+= 100 pMoflA] Al ZAYEE0] T0%=E SAZ 2
FreJmlstA 7Hasklth(Fig. 1).

NCI-H292 M|Z0i|A EHHE0|LIEZAZI0| MUC5AC
mRNAZ} thill Mol O|X|= Gt

S0l EZAMQ] NAB, NAT, NNN, NNALZ NNK
£ 0.1, 1, 10 uM A3t & real-time PCRY ELISAS A
3t A3k NAT, NNN, NNALY} NNKof| oJa) 3 3712}
MUC5AC mRNA &3} i) 2/do] ojm| QA F71skS
th(Fig. 2A, B). NABE= U324 MUC5AC mRNA W&
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Fig. 1. Effects of NAB, NAT, NNN, NNAL, and NNK on cell viability in
NCI-H292 cells. WST-1 assays were performed in human airway
epithelial NCI-H292 cells freated with NAB, NAT, NNN, NNAL, and
NNK for 24 h. NAB, NNN, NNAL, and NNK did not affect cell viabil-
ity up to 100 uM. However, NAT reduced cell viability at 100 uM.
Bars indicate the mean +S.D. of three independent experiments
performed in triplicate. *: p<0.05 compared with zero value. TS-
NAs: Tobacco-specific nitrosamines, WST-1: water soluble tetfra-
zolium salt-1.
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I} bl A W o] whE FARA Gl Aol & e A
ootk kA NABE 5 A ollA] AlQskaich. Azl
k2 NAT, NNN, NNAL# NNKoj| tf$ MUCSAC mRNA
Wy AwE ool 7] 918 NAT, NNN, NNALY NNK-&
10 uM =2 2, 4, 8, 2447t F9F A 2]5}+¢] real-time PCR
S A35F3ITh NAT, NNN, NNAL#} NNK 2] Fofof ot
MUCS5AC mRNA & o] £7}181913L NAT, NNN, NNAL,
NNK Fo] 8AIZF Sof Harx|ef =dalgith(Fig. 20).

NCI-H292 M|=Z0i|A EHHE0|LIEZAZI0l MUC5B
mRNAR} CHl Mol 0|xl= Fe

o] EZAMI Q] NAB, NAT, NNN, NNAL, NNK
£0.1, 1, 10 uMZ 423t & real-time PCR ¥ ELISAS A|
343+ A3}, NAB, NAT, NNN, NNAL, NNKof| 2J3 MUC5B
mRNA &7} ohil) A4 5 f-oJu|gh 2fo| & e A] 9
AUtHFig. 3).

NCI—H292 MIZO0f|A NAT, NNN, NNAL, NNKO|
MUC5AC mRNAR} CHill 4d0]| 2tofsh= =8| =l

NCI-H292 A3 o 5] MUC5ACS] mRNA ¥& 1} ot
2 o] AYdof oshs 48419 o -5 Elstr] flsf Ehf
EolHERANRIT} WA= 27FA] 8419 AAAE 0§
3} t}. Propranolol(B-adrenergic receptor antagonist, 20
uM)2} a—bungarotoxin(a.~BTX, a a7-nicotinic acetylcho—-
line receptor antagonist, 100 nM)S 2A]7FHE¢t A 320]] A2
2] 3t 5, NAT, NNN, NNALZ} NNKE # 2|5} real-time
PCR % ELISAE A35F%{th. NAT, NNAL| ofsf 571
MUCS5AC®] mRNA H& 3} il 4742 Propranolol}t a-
BTXol olsf ®&F sASHA oz Fou|stA oA =it
(Fig. 4). 3HA19F NNN2+ NNKoi| oJaf F7ket A 572
MUCS5AC mRNA &y} chal 24 o] propranolol©] J3f|
Ae FATHoR Fon|stA JA| HUJAT a-BTXE
Azt Fof| A= AbA oz oA HX] AItHFig. 4).
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Fig. 2. Effects of NAB, NAT, NNN, NNAL, and NNK on MUCSAC expression in NCI-H292 cells. NCI-H292 cells were treated with various
concentration of NAB, NAT, NNN, NNAL, and NNK for 8 h. A, B: Real time-PCR and ELISA showed that NAT, NNN, NNAL, and NNK sig-
nificantly induced MUCS5AC gene and protein expression. However NAB did not induced MUCSAC expression. C: NAT, NNN, NNAL,
and NNK-induced MUCS5AC mRNA expression was peaked at 8 h after treatment with NAT, NNN, NNAL, and NNK. Bars indicate the
mean +S.D. of three independent experiments performed in friplicate. *: p<0.05 compared with zero value. TSNAs: Tobacco-specif-
ic nitrosamines, Real time-PCR: real time-polymerase chain reaction, ELISA: enzyme-linked immunosorbent assay.
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Fig. 3. Effects of NAB, NAT, NNN, NNAL, and NNK on MUCS5B expression in NCI-H292 cells. NCI-H292 cells were freated with various con-
cenfration of NAB, NAT, NNN, NNAL, and NNK for 8 h. A, B: Real time-PCR and ELISA showed that NAB, NAT, NNN, NNAL, and NNK did
not induced MUCS5B gene and protein expression. Bars indicate the mean=+S.D. of three independent experiments performed in trip-
licate. TSNAs: Tobacco-specific nitrosamines, Real time-PCR: real time-polymerase chain reaction, ELISA: enzyme-linked immunosor-

bent assay.

[ NAT [ NNN [ NNAL [l NNK

Normalized relative
MUCSAC mRNA expression

0 10 10 10 TSNAS (UM)
0 0 20 0 Propranolol (uM)
@ 0 0 0 100 a-BTX (nM)

] NAT

[0 NNN [ NNAL [ NNK

MUCSAC protein
production (fold increase)

0 10 10 10 TSNAS (UM)
0 0 20 0 Propranolol (uM)
0 0 0 100 a-BTX (nM)

Fig. 4. Effects of NAT, NNN, NNAL, and NNK on related-receptor mediated expression on MUCS5AC expression in NCI-H292 cells. NCI-
H292 cells were pretreated with propranolol (p-adrenergic receptor inhibitor, 20 uM) or a-bungarotoxin (a-BTX, a a7-nicotinic acetyl-
choline receptor inhibitor, 100 nM) for 2 h. A, B: Real-time PCR and ELISA showed that NAT and NNAL-induced MUCS5AC expression
were inhibited by propranolol and a-BTX in NCI-H292 cells. NNN and NNK-induced MUCS5AC were inhibited by propranolol but not
a-BTX. Bars indicate the mean +S.D. of three independent experiments performed in triplicate. #: p<0.05 compared with zero value.
T: p<0.05 versus NAT, NNN, NNAL, and NNK (10 uM), respectively. TSNAs: Tobacco-specific nitrosamines, Real time-PCR: real time-
polymerase chain reaction, ELISA: enzyme-linked immunosorbent assay.
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Fig. 5. The schematic signaling pathway of TSNAs-induced MU-
C5AC expression. TSNAs-induced MUCS5AC expression through
B-adrenergic receptor and/or a7-nicotinic acetylcholine recep-
for in human airway epithelial cells. TSNAs: Tobacco-specific ni-
frosamines, a7-nAChRs: a7-nicotinic acetylcholine receptor,
B-AdrRs: B-adrenergic receptor, a-BTX: a-bungarotoxin.
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