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Abstract: Toxicities to many organs caused by humidifier disinfectants have been
reported. Recently, humidifier disinfectants have been reported to cause cardiovascular,
embryonic, and hepatic toxicities. This study was designed to investigate the toxic
mechanism of humidifier disinfectants and compare toxicity in a cellular model and
a zebrafish animal model. Because brain toxicity and skin toxicity have been less
studied than other organs, we evaluated toxicity in a human dermal cell line and
zebrafish under various concentrations of humidifier disinfectants that included
polyhexamethyleneguanidine phosphate (PHMG), oligo-[2-(2-ethoxy)-ethoxyethyl-
guanidinium-chloride] (PGH) and methylchloroisothiazolinone/methylisothiazolinone
(CMIT/MIT). A human dermal fibroblast cell line was treated with disinfectants (0, 2, 4, 6,
8, and 16 mg L") to compare their cytotoxicity. The fewest PHMG-treated cells survived
(up to 33%), while 49% and 40% of the PGH- and CMIT/MIT-treated cells, respectively,
survived. The quantification of oxidized species in the media revealed that the PHMG-
treated cells had the highest MDA content of around 28 nM, while the PGH- and CMIT/
MIT-treated cells had 13 and 21 nM MDA, respectively. As for brain toxicity, treatment
of the zebrafish tank water with CMIT/MIT (final 40 mg L") for 30 min resulted in a 17-
fold higher production of reactive oxygen species (ROS) than in the control. Treatment
with PGH or PHMG (final 40 mg L™") resulted in 15- and 11-fold higher production,
respectively. The humidifier disinfectants (PHMG, PGH, and CMIT/MIT) showed
severe dermal cell toxicity and brain toxicity. These toxicities may be relevant factors
in understanding why some children have language disorders, motor delays, and
developmental delays from exposure to humidifier disinfectants.

Keywords: humidifier disinfectants, brain toxicity, skin toxicity, PHMG, PGH, CMIT/MIT,
zebrafish
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7H57] AdA 44259 PHMG (polyhexamethylene-
guanidine phosphate), PGH (oligo-[2-(2-ethoxy)-ethoxy-
ethyl)-guanidinium-chloride] ), CMIT/MIT (Methylchloro-
isothiazolinone/Methylisothiazolinone) AF-&-f ©]2t 1t
ofjot AR A= 1,532 oY) AFEAETE ol A
o g o2 g o] 51821 FALo|TH(The Humidifier
Sterilizer Damage Support Portal 2020, https://www.
healthrelief.or.kr/). 201195 2ol PHMGS} PGHE %
e AlE-2 wl7F A EH AT 1 F/S52 10d0] A
AgE A% HaEy Qlok T8y 159t AR = o)
50 S HEAR=T Sttt ) o]9)o] &FE
Hre gro mgztEo] 1158 4 2)5|o] & Zo] ARdo|th
(Choi and Jeon 2020). AR AE7} 2 Qs 7E7] A
Alo] xlsh 2] Hele w4, ejof xs, 7= &
A= =4 7k, 7HEA H2g HE 502 s Ee] 91
o, tf o] AP AT ERF H|eF o57] Ao HFH

°1E‘r(Koh et al. 2020; Yon et al. 2020).

2 AP, 7hs7] AdAlEo] # o]9le] Aok &
FE dedd & Jlv= 7HsAE S98] fIsl, PHMG
€} PGH7} 212} ol 7157 At Al AlE 2 & A Bt
4 52REE olgolo] AaTEA, Wols4, =4, 7]
g5te] 20124 12€0]| HATSHITH(Kim et al.
2013). ol hE A7Ee] Busk Aol Tt
771014 2] o] 2712 shelslo] Pl AF-0] %y B
848 98 I XET Ut} (Leem and Lee 2017; Park et al.
2019; Koh et al. 2020).

20128 of] TRE F A A= o)A o
FA 2] 1517 PHMG? PGHOY 9ol == 2S
A 718t S (Kim et al. 2013), ©F EE|q7, £A| A 5
ANX &= CMIT/MITZ} 5013t AlFo] Bot AFR]4 o]+7}
% AT PHMG®F PGHF CMIT/MITE] Al 7HA] ¥&
2200] dfet W3 54 54 B AL ool A g
Stk ek WaRE Fol @54 GPAL, AiRIol
o IR EET 5 TRAE, AEAA W 985 5
7} ojglo]e] Foj22¥ TeAE 4N (ADHD)E H]5
e ool 5o, 2ol A7E 71571 At Ao
A FEELY} oot AFYE (https://www.
healthrelieforkr/) Gl Al FoEHo] £11, 11 ¥4 75
go] A7) = o] LAt SEAIF o et Hial= ofA] gl
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1. 7t87] 43H d2En MalsE

PHMG (polyhexamethyleneguanidine phosphate) 2} PGH
(oligo-[2-(2-ethoxy)-ethoxyethyl)-guanidinium-chloride])
d2e €S T—‘rﬂ%ﬂr AT AE AR F
YTHY QT2 2RE FFEIL, CMIT/MIT
(Methylchloroisothiazolinone/ Methylisothiazolinone) =%
£+ Kathon CG (Cat #500127, Sigma-Aldrich, USA)E
stel 1§,

PHMG &2 PGHE} A 12E 714 & Fotyd A
Ao A=t A1?] Akacid Plus®] At 2 HS H S Af ==
(Buxbaum et al. 2006)°ll =M & A3 5 (minimal
inhibitory concentrations; MIC)7} -5 Alwti} 5]
o] 3% 1~32mg L] SFotR e BR 2 Aol 1
HAZE 540 0] A9 XF 1~16mg L™ FL7} EH s vk
ool Melshe T, A ek 4] ] E49] O 40mgL’
o] 352 Apg 4ol Sjste] AAISHALE

2, AR RME B =

AL o 593 oFA| A (human dermal fibroblasts; HDF)+=
B oz o] Mafietof wpb A ek 8iA] Dulbecco’s
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modified Eagle’s medium (DMEM; Life Technologies,
Gaithersburg, MD, USA) l| 4] ATl v <FsHATH(Cho 2011).
HDFE 100 mm A 8iF Ao 1x10° 72| Al ZE
37°Co A 5% CO,-humidified incubators AF&5}o] vk
sttt Az o] St Al G482 Hematoxylin & Eosin
(H&E) G4 W o=, AL O] JE-5-2 Trypan blue HAY
W o 2 ArolQle M| ELE hematocrit AlTHHORE A&
SFITh Al 3t o] FA2 tahana 52 WOl o
2}A] Senescence-Associated (SA)-B-gal A W 0 &2 H1
S} T} (Itahana et al. 2007).

AlzufeFeto] B8E 4tet=o] = A=tz fIsh
AHekE-& IMAl 7] 71°5< 7H4 Thiobarbituric acid
(TBA) A|F} HH-8-5k= ®'H Thiobarbituric acid reactive
substance (TBARS) 2. &2 &5 th (Blois 1958). olmf At
3ts BFE4 2 malondialdehyde (MDA)E AH8-5H3I T,

3. HEgtn)y AR R = E U

oA (wild-type) Al E 4] 10~12 FF& SHSH
W A d A Hatn]4]-23 (ZCDM) | Al EFatobA]
BEEARS O el AFS5EY A (Nusslein-Volhard and
Dahm 2002), 7+57] A4 A& (PHMG, PGH, CMIT/
MIT)®] ZtZ} 2 F-5 % 0.004% = S|4 = 0] Q&= AFSGFX
oA 30427t LESHATE thst OFEE 1552 Al E ety
o7 108, 208, 308, 1208 Tt FH349E 5
T}7} 308 Bhol| & Z826] Yojdtii= A8 B 11 (Kim et al.
2017)} Al Bt 49 AE AZHS A1Esto] = EAHS
30802 x%s].odr/]- ad 1_?4:1— 20 D]—E]/VJ /\]-_9_5]-051 ) U:L =
£33 _'/\] OHH o].o:] 111 XJEJ,]. U vl ae él_]/qg

\_.E
=7 A2 °§‘a*EHQhL §%‘%§ ol A A

4. MERTY £X BA
Aets 4 g 7, 5E Befote] Fx AAIE (mid

brain optic tectum)= SH5IY, SFHE TR X2S G5
35 HFH 7] (microcryotome, Leica 15108, Germany)E A}
&5t 7um TR nA| FHETst] YE HrE s
FHsth @5 HrHE T2 Yo 4tehE 4 A=
S Owusu-Ansah 52 ' o]] T2} DHE (Dihydroethidium
cat # 37291; Sigma, St. Louis, MO, USA) @A = H| w5}

ﬁq(Owusu—Ansah et al. 2008). AtSE3} W83 DHE
7h WAt WA o3-S P33 AU 7 (Nikon Eclipse
2000 microscope, Tokyo, Japan) &2 A5t} (Ex= 588
nm, Em=615nm). A E &JFo|n|z]o] F&FHQl &
412 Image-Pro plus software (version 4.5.1.22; Media

Cybernetics, Bethesda, MD, USA) & AH-g-5to] AA|5HI T

5. GlOJE] 41 Y

DE A 2y 2= P+ EEHAH(mean£SD) 2

stRlo, olF AlEe AHEste] 39 ool 94
AdES &0 ZEEAT ABe 4] E3AdNAE 4
N 15 (HEE, PHMG, PGH, CMIT/MIT) 7+e] H| W=
one-way analysis of variance (ANOVA)E ©]-§-2} Duncan
Abgste] folidE okt S A
=212 SPSS software program (version 23.0; IBM,
Chicago, IL, USA)-& AH8-5F1 0™ o402 p<0.052 7
ot

multiple range test=

23t 9

LA DRNE S8 24

At o] 5d-5-OoFA| I (passage, P=7)°ll 56 L&
5]4%E] PHMG, PGH, CMIT/MITES HZ%% 1,2, 4,8, 16
mg L™ F|E5 A2gh A} ofgjel o] Aol o&
Sho] A|az AEa2 HHH|Esto] A5kt (Fig. 1A). ~1
FONAE PHMGZE A2 H Al o] AEgo] 7HY W=
ol 16mg L' A skollA 32%9] HEE&S BT, PGH
= 49%, CMIT/MIT+ 41%2] &S Bt A3 A
A BAE AASEA-ET, 50%2] AHEES Hol: AutA|
9] ‘%= PHMG7t 49mg L™, PGH”} 6.5mg L™, CMIT/
MIT7} 5.4mg L2 Hol e FARE 54 TS B

At 53] PHMGZ} 07 5-d0] 78 =34 th Fig. 18] 71
oA EEH AT FAALY 1239k BAAL ofet
2t

PHMG: y (A ZAEE) = - 14x+119
PGH: y (M ZAEE) = -9.857x+ 114.33

CMIT/MIT: y (A8 EE) = -12.371 x+117.13
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Fig. 1. Comparison of skin toxicity using human dermal fibroblast (HDF) cells treated with various concentrations of polyhexamethy-
leneguanidine phosphate (PHMG), oligo-[2-(2 - ethoxy)-ethoxyethyl-guanidinium-chloride] (PGH) and methylchloroisothiazolinone/methyliso-
thiazolinone (CMIT/MIT). A: Cell viability was assessed by the trypan blue assay and hematoxylin-eosin staining during passage of the HDF
cell line. B: Quantification of oxidized products in HDF cell culture media using the thiobarbituric acid-reactive substance (TBARS) assay.

Azl Lol B AeE9] & TBARS U
o= AaFste] MDA o= TASH AT} Fig. 189 T
o] AwAEY] A Eret gHld F7tstalh 1FolA
T PHMGE A &gt A|Eof|A 28 nmol MDAR 7H =3t
31, CMIT/MITE A 2§t AlEZ oA 20 nmol MDA, PGH
= A2t A ZAA 14 nmol MDA =0]]t}. o] ATE2
PHMGE A 2|3t Alaof| A 71 AJEEo] Wi, 4FeHE o]
o] 71 B2 ATHE AAIRIC Al 22 0] AEEo] A
45 4HeE9] o] solvhs Ao AAd] 54 A
Lo} AbeE o] A4 A=rt 4 dAeks HolErh

Az O] Aeh vl 717 3 FEfeHA WIS St Al
A AA 9 ol e Ao 2 v wsl A} Fig 29 &
o] Al v 271 (P=7)FF M| AFE= Qlsto] A|iL
57t A4Sk (H&E ), ke 3He A2 o] 4 (SA-B-gal)
o] we o] FrtE PHEE QoW Al vjefo] MPdr
% (P=10) AlZAEO] EojUt Al Z2S1= AA] ZAsHiA,
alo] 27|17} Fiotal L 3lH Al = TS F7Fsk3
t}. Fig. 2404 e HEeF Zro] PHMGE A 2]3h A2
ofl A 7H At MlEAPE} B0] 7] FIHE HolFql,
CMIT/MITE A2t Alaof|A &= S HZRt Al ZA
it A ZL S-S Ho]EQITh Fig, 2B 4] H= HEe} o]
PHMGE A&t ¢ tixtol Hls) 108] B2 SA--gal
o] A A ZE Ho]F9 1, PGHE CMIT/MITS 28]
St A9k tfto] Hlof suet oulf E-2 SA--galol]l B
H A ZE BTt TA P+ 2ol H|sH, PHMG
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£ A2t 4% 298] Z43HY, PGHSF CMIT/MITS
A gt A izl vlof 2.28]9} 2,48 FrAstct
ol2|gt mF H-FAI2Z 9] =42 Lundov 5] HIIgH MIT
] m] i B A] E4 (Lundov et al. 2011) 2] AU ES A

Yol= 2A7 2 4 ok
2. HHatm ] LAIAZX EAN HM

A B2t S ZF PHMG, PGH, CMIT/MIT A7}
HEEE 40mg L2 3| E 0] Sl AFSSEol 308 F
ot LEAIZ &, AP =1 A (Gorelick et al. 2008) A A5}
£ Hie} o] F1] 9] optic tectum -2 (Fig. 3A2] F-G
)= FH drbsto] 4hehEo] A4S vlwsiE 2 of
#©] DHE @3dM A Zo] cMIT/MITO] =&
A Betu] 47 2ol Hlof 178 o 22 ARl 2
of, 7M AZAe T 542 BolF813, PGHE 15H,
PHMG+ 11H] B B2 AE-S HolFgith BE A+t
Al 1FE0] ol vHls] §-o4Q1 S7Hs o3l
(p<0.05), CMIT/MIT 153 PGH 1&-2 PHMG 1%
of| Blsf -F2J2 3l AFolE H o=t (p<0.05).

Fig. 3A° 419} ZFo] CMIT/MIT =& 1F-2 periven-
tricular grey zone (PGZ)¥t outer tectal superficial layer
(TeO)oll 2A Atal=o] Aol HEA U= 2e &
= Gtk A B2t 3] T 9] optic tectum G > AFHE] F
k] Aol fFohes FEo = Fi| Aol fAehH 13
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Fig. 2. A: Morphological changes in human dermal fibroblast cells treated with 2mg L™ of PHMG, PGH, and CMIT/MIT (x 100 magnifi-
cations). During the consecutive subculture of passage 7 (P=7) and passage 10, severe cytotoxicity and senescence were observed in
PHMG, PGH, or CMIT/MIT-treated cells by H&E staining and senescence associated-beta-galactosidase (SA-B-gal) staining. The yellow
arrows indicate SA-B-gal-positive cells. B: The percentage of SA-B-gal-positive cells in the same size (74 mm? cell culture area and the
same total number of cells at P =7 The data are shown as the mean £ SD of three independent experiments performed in duplicate.

ANzt F57)s3 FHEAE W PF2A Tolsty 417 HAg} giAtot IS B A5y Wk, odiakE
A3z o] didho] #ofst= Zlo 7 434 Qlth(Marachlian o] A AL HAgfTE S =] o] QU0 E5] CMIT/
et al. 2018). ©] A= A Bt oA 7h57] AdA MITO] 9= otef] FJ=EA0] §le A4S 2% 2013H H

PHMGE =&3l9g o) HAAZAd 54 s, 1571714 819 (Kim 2013) 7157
E3] 2ol Bug 757] Al ofgt ABatn A W 2 el Eato] Wk, A=
2] A2gjo] wEHHATH: Kim 59 @7 ZAdete 47 th B A7719] 2013W APAT ©]
LAHE & 4 AT (Kim and Ji 2019). o oIk m o]9]o] ket 7] EAfoll Thet ALelE Bl
= FobA A H9la, F o] A ZAE Ak o
st E=REo] BRas7] Al&slal gl 8] CMIT/MIT

2

A FARe] A
A2 AEE AL 3L

o, 7t571 At

o
-IO‘I rl-OlI

)

A =2
= = 7} HAe-E FESEAL (Park et al. 2020), AFE ZHEH-G-ARA]
20179 o] 9] 757] AA T =R E2 iR 0] £AFS g o7tk ATt AA|E HF QLT (Park ef al.
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Fig. 3. Quantification of oxidized species in the optic tectum of zebrafish, which were exposed to humidifier sterilizers, PHMG, PGH, and
CMIT/MIT. A: Schematic illustration of zebrafish brain structure (Gorelick et al. 2008). B: Fluorescence intensity in the DHE-stained area
using computer-assisted morphometry. The data are shown as the mean+ SD of each group (p<0.05). Means in groups not sharing a
common letter are significantly different (p<0.05). C: Photos on the right show representative micro-sectioned images with H&E staining
and dihydroethidium (DHE) staining. PGZ, periventricular grey zone; TeO, outer tectal superficial layer.

2019).

AZRor B A3 Af=i 2 a4 2aet ¢
A, e FAil=tes T & o, 7571 AA2] Al
712 8 AEE PHMG, PGH, CMIT/MIT7} 1 =4
I HAANAZZ] B0 RS v 4 ES AAT
o ok meEkA], B AoA] TEH Ays Hig o R &

A

™,
lo

o2

flo
o

=2 T »X§|

5 b AS NEF G2 B4F FERDL o180 AF
A= BaF A0 7|h7t Hu, 147] A@Alel A%
CRRRE 22 % g719] &4, HA A, § Sl B
FHATI AL WD 4 YT AR F 474
21| 435 Washch

7157] Al A8 (PHMG, PGH, CMIT/MIT) 9] =
Zof| oJgt theFet A7)0l it S350l thaliAl maiAL
= A& F7Fota Jovh Nzrdyt FErdo)se] o

73

o]
%S
T} Bk o} REF Aoleh AT B4, 7 B4,

=
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Hjol =g o= 2+ LA o HAAE 54
W o] =40 tioiA = A oE AA A Qo
2 AFM = olF Al 7HA] AES9] o7 =43 HA
7 54 A gRAd A Eet AlBet 4] FEREe
o= 747 grtsteint At RAfA 2o Al 712
O] JEEL0,2,4,6,8 16mgL " (HE5E)2 A5
S o], Al E PEEL PHMGY 33%= 7HE Wotdl, PGH
7} 49%, CMIT/MIT7} 40%2] &8-S R AT A Euj
FA Wo] ieHES Aol 21}, PHMG A 25 Alx
7} 28 nmol MDAZ 714 =937, PGH”} 13 nmol MDA,
CMIT”} 21 nmol MDAS R it A|E 2t 4] ARS-4=20]
PHMG, PGH, CMITE 40mg L' 9] #|F 57} 5= 3
ARt 3 A B4 E 3027 E3AIT] & S]] FAIA
% (optic tectum)= Y H|A|H st 4HeHEo] A4
L& H|wsfE A3 CMIT/MITE At 1FolA o
Za- ofH] 179 B2 AR O] /ol /191, PGHE A
2|3t 254 158, PHMGE A 2|3 I5oA= 119
w2 4tehzo] s o] A2 HAIHA 54 oS
Atk AEBAC & A 712 T/ 757 At Al el
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A 5 AZEeE R B0t A A o] VreRy:
L), g7 =48 E3] pHMGY HAAA B4L E3
CMIT/MITZ} 7P Azttt ol & AatE2 7Hs7] A
Ao ZEH ojdo|Eo] HAFA 544-E Foto] <o
Zofl, 54l dEgo 52 AA 2 & 23S AF

4o g AT

AL AL

2 AT erd Aol A det e gty AutE
ofo]d g5 ATAIE (2015R1A5A2009124) 2] A9
ot 3 =] Q5 U T
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