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Abstract

Perfluorooctanesulfonic acid (PFOS), one of the environmentally ubiquitous and
persistent polyfluorinated compounds (PFCs), is an anthropogenic pollutant. Moreover,
epidemiological investigations have demonstrated significant correlations between exposures
to PFCs, including PFOS, and neurological disorders, such as reduced spatial learning and
memory ability and attention deficit/hyperactivity disorder. While the exact mechanisms how
PFOS and other PFCs elicit the neurological disorders are not known to date, several groups
have suggested that humans, including newborn babies fed with breastmilk, are frequently

exposed to PFCs through dietary intake.

The aim of this study is to investigate changes in lifespan, body composition, sleep,
and behavior through the adult fruit fly model of low-dose long-term exposure to PFOS during
the larval period. The quantification and analysis of lifespan and body condition were
conducted to investigate the dose-dependent effect of PFOS exposure. Behavioral analysis was
applied to investigate changes in total activity, sleep episodes, and total duration of subjective
nighttime sleep following dose-dependent exposure to PFOS. In addition, Video tracking
analysis was conducted to evaluate behavioral characteristics such as distance moved, velocity

and mobility of individual fruit flies exposed to PFOS.

All PFOS-exposed groups showed a significant decrease in life span compared to the
normal group (p <0.01, p <0.001, respectively). In body composition analysis, PFOS (2 nM
and 20 nM) exposure significantly decreased protein content (p < 0.05) and significantly
increased triglyceride content (p < 0.05) compared to the normal group. In sleep pattern
analysis, exposure to 2 nM and 20 nM of PFOS significantly increased subjective nighttime
movement (p < 0.01) and decreased total sleeping time (p < 0.05 and p < 0.01, respectively).
As a result of video tracking analysis, the 20 nM PFOS-exposed group showed a significant

increase in distance moved (p < 0.01), velocity (p < 0.01) and mobility (p < 0.001) compared

vi



to the normal control group.

In summary, PFOS exposure in the larval stage of Drosophila melanogaster induces
a shorter lifespan, changes in body composition, as well as changes in sleep duration and
behavioral factors. This study tried to provide behavioral, biochemical, and biological
evidence for understanding neurotoxic effects of PFOS exposure in larval stage on circadian

rhythms and behavioral factors.
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Table 1. The chemical structures of perfluoroalkyl substances

Compound

Chemical structure

Basic structure

Perfluorocarboxylic acids (PFCAs)
Perfluoroalkane sulfonic acids (PFSAs)
Perfluorooctane sulfonic acid (PFOS)
Perfluorooctane carboxylic acid (PFOA)
Perfluohexane sulfonic acid (PFHxS)
Perfluorononanoic acid (PFNA)
Perfluorodecanoic acid (PFDA)
Perfluoroundecanoic acid (PFUnA)

Perfluorodocecanoic acid (PFDoA)

CnF2n+lR

Cul201COOH

CulF201SOsH

F3C-CF>-CF,-CF>-CF>-CF»-CF,-CF,-SO:H

F3C-CF;-CF,-CF;>-CF;-CF,-CF,-COOH

F3C-CF>-CF,-CF,-CF>-CF»-SO:H

F3C-CF;-CF,-CF;>-CF;-CF,-CF>-CF,-COOH

F3C-CF>-CF,-CF,-CF»>-CF>-CF»-CF,- CF.-COOH

F3C-CF>-CF,-CF,-CF»-CF»-CF,-CF,- CF,-CF,-COOH

F3C-CF;-CF,-CF;>-CF;-CF,-CF;-CF;- CF2-CF,-CF,-COOH

Adapted from Manhai Long et al., Environ Sci Pollut Res, 2013
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Table 2. Toxicity of perfluorooctanesulfonic acid in animals

Model Dose Effects Reference
500 pg/L, . . . . .
10 days HSI 1, liver size 1, malignancies of liver Zhu et al. (2021)
o fame o It TG o LU Gungaa o1
Zebrafish Y ’ P pop P
0.08 mg/L Body weight & length 1, IL-6&15, TNF-0, IL-1f 1, histological structural
'21 davs ’ disorders of liver, Interfering the transcription of genes involved in Guo et al. (2019)
Liver Y immunoregulation
Weight of liver & TG contents 1, mRNA and protein levels of fatty acid
10 mg/kg/da translocase 1, mitochondrial f-oxidation |, accumulation of fatty acids &
Mice 21g davs ¥ lipids in the liver T, mRNA expression levels of fatty acid translocase 1, Wan et al. (2012)
Y VLDL & TG export |, VLDL/LDL level in serum, mRNA expression level
of ApoB in liver |
Human 13.3 ng/mL AFPT, CEA 1 Cao et al. (2022)
32 UM, 15 days ere expression of pparaa & pparg (PPAR) |, pancreatic islet areas 1 Sant et al. (2021)
lipid droplet numbers and concentrations 1
Zebrafish Estradiol & testosterone m 1, gonadal gene expression 1
0.5 uM, 42days sefum 1, gonadat gene expression 1. Chen et al. (2016)
gonadal development |
. . 3 mg/kg, F1: Gene expression levels of LPL & fatty acid translocase 1
Endocrine Mice GD3-PND21 level of fasting serum glucose 1 Wan etal. (2014)
distuption Median — 1qp 1. subelinical hypothyroid; Berg et al. (201
8.03 ng/mL 1, subclinical hypothyroidism 1 erg et al. (2015)
Human 4.8 ng/mL TPOADb 1, TSH 1 Webster et al. (2014)
0.02 ng/mL GDM 1, glucose level 1 Yu et al. (2021)




10 mg/kg,
28 each days

SAA protein & hsCRP 1, autolysis T, conglutination of duodenum &
jejunum, small intestine villi |, macrophage and neutrophil in jejunumf,
TNF-a & IL-6 expression

Liang et al. (2021)

2 mg/kg, Induction of apoptosis in the offspring heart,
21 days mitochondrial-mediated apoptosis-related gene expression 1 Zeng etal. (2015)
2 mg/kg, GFAP&S-100B 1, astrocyte activity, IL-1B&TNF-a 1, Zeng et al. (2011)
Immune GD 2-21days ~ mRNA levels of inflammatory transcription factors 1 & ’
function 273 no/mL
'5 y ega s ’ Humoral immune response to childhood immunization| Grandjean et al. (2015)
>-6 ng/mL, Response to pediatric vaccines | Granum et al. (2013)
3 years
20 ng/mL, Risk of lower respiratory tract infections { Kvalem et al. (2020)
10 years
6.4 ng/mL FEV1, FVC, PEF and FEV1/FVC values | Qinet al. (2017)
Cuenorhabditis 20 uM, 48 h Head swish & body flexure |, chemotaxis learning 1 Chen et al. (2014)
Neuro system
1 uM, 48 h Head swish & body flexure |, behavior defects in offspring Chowdhury et al. (2022)
Cardiovascular 36.1 ng/mL Total cholesterol 1 Vuong et al. (2021)
system 22.7 ng/mL Total cholesterol, LDL-Ct Frisbee et al. (2010)

Abbreviations: HSI: Hepatosomatic index, TG: Triglyceride, HDL: High-density lipoprotein, ATP: Adenosine Triphosphate, IL-6&15: Interleukin
6&15, TNF-a: Tumor necrosis factor-alpha, IL-1p: Interleukin 1 beta, VLDL: Very low-density lipoprotein, LDL: Low-density lipoprotein, ApoB:
Apolipoprotein B, AFP: Alpha fetoprotein, CEA: Carcinoembryonic antigen, PPAR: Peroxisome proliferator-activated receptor, LPL: Lipoprotein
lipase, TSH: Thyroid stimulating hormone, TPOAb: Thyroid peroxidase antibody, GDM: Gestational diabetes mellitus, LDL-C: Low-density
lipoprotein cholesterol, SAA: Serum amyloid A, hsCRP: High sensitivity C reactive protein, GFAP: Glial fibrillary acidic protein, S-1008: S100
calcium binding protein , GD: Gestational day, PND: Postnatal day, FEV1: Forced expiratory volume per sec, FVC: Forced vital capacity, PEF: Peak

expiratory flow.
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Generation of a fly model for
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— Longevity

Figure A. Drosophila melanogaster as a model organism in food and nutrition.
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I As 3% 3y

1.2

1) Chemicals

PFOS + Heptadecafluorooctanesulfonic acid solution (Sigma Aldrich, St. Louis,
MO, USA)S T3te] AHg-atglth Zake] m#¢] JEC% sucrose (CJ ALAT,
Seoul, Korea), dry-yeast (Saf-instant, France), cornmeal (Hansol tech, Seoul, Korea), agar
(Hansol tech), propionic acid (Daejung, Seoul, Korea), p-hydroxybenzoic acid methyl ester
solution (Hansol tech)= %] 3}o] A}F-&3}31 T, Triton X-100 (Sigma Aldrich Co., St. Louis,
MO, USA.), 3,5-dinitrosalicylic acid (Sigma Aldrich, St. Louis, MO, USA), NaOH (Daejung),
Na-K tartarate (Daejung), Phenol (Sigma Aldrich), Na metabisulfite (Sigma Aldrich), BCA

Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL, USA), Triglyceride Quantification

Kit (Sigma Aldrich) & T-¢}38to] A8kt

2) Drosophila melanogaster Stocks

Bloomington Drosophila Stock Center (Bloomington, IN, USA)%] wild-type
Drosophila melanogaster Canton-SE A| & HFo} A3 o] ARSIt wjF7] (HB302L,
Hanback CO. LTD., Buchunsi, Korea)?] &%+ 23%E1C, JUlFE= 60-70%Z 4]

ittt =9he] o] dF7lEl5E Slskol Wasr] 12112470 2 A el 4-54

11



A 2385 AFEEF S, cornmeal-agar 35 Bl A] (sucrose, cornmeal, dry-yeast,

agar, propionic acid, and p-hydroxybenzoic acid methyl ester solution)°l| 4] 8l &}l o},

3) Experimental Group

% 3}2] = Cornmeal-agar ¥+~ Hj#|e] 02nM,2nM 2 20nM&] PFOS7} 3¢
8 A gold A 3" A R wjekeia, 29 & A xvhg
= AASHA T PFOS7E 23 wiA| oA Bjoldt 129 ® Zube]= BT wi Aol A
3d AFHodor 4548 F7 29eE Aol ARSI tH(Fig. B). CO, vH¥

25}

rir

Tkl 4 A7kA] -80°Co A BT

Sample prepare

Adaptation in PFOS Fasting in Nor

12-14 days 3 days

In Out
(after 2 days)

1-2 days old FO 1-2 days old F1

Figure B. Low dose exposure to perfluorooctanesulfonic acid in a Drosophila melanogaster

model.
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1) Lifespan assay

%32+ PFOS 02 nM, 2 nM % 20 nM &2 #i X oA glojt A 12Y
g 53 295 ARSSEAL 2 mL EF W AI7E ZFE vialol A i<kl zt
I5F 109k 5709 vialel RS AL, AMEE WA E W) 4L bt Al Fskelch

(Fig. C). 4 =% 23E1°C, F% 60-70%, 12417 7] A= om 41

flo

19 AM 8:303 PM 8:30° + ¥ SAsAtt A& vlwstr] flste] 3

T GH= ARSIt

/’\ e W Wi Wi Collect

In e Y e f we ¥ male adult
Out Egg Larvae Pupa

(after 2 days)

0ld New

food food 0Old th‘Jd
= : | |
. ¢ ! L
Analyze \
survivorship — ‘ _ Adaptation in normal diet
Count
deaths »
= in = Transfer flies into the new
I food every 4 days
New food
Dead Live

Figure C. Simplified schematic of a Drosophila melanogaster lifespan assay
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2) Prepare sample for Drosophila melanogaster

Z9g)E 3509 =R 29 E CO, "HE F 1.5 mL tubeo] 242 H
stod -80 °C K3} 5%2] Triton X-100 (Sigma Aldrich, USA.) 3|41} 500 L=
o] g3ty #A3} FATE 80-100°Cel Al 7FLE ¥, Microcentrifuge (Thermo Fisher
Scientific, Rockford, IL, USA)& ©]&3to] 37t 25°Cel A AAE2](12,000 x g) 5

gzolow ALgaan,

3) Glucose Content Analysis

Glucose ¥t 41 DNS (Dinitrosalicylic acid) < ©]-&3to] =73}t

|o

DNSH > DNS9} Rochelle o & UAsto] FHEE Sk 4% #AMCRE
DNS Reagent= 3,5-dinitrosalicylic acid, NaOH, Rochelle salt 2l Na metabisulfiteE <+
Fol &% % phenol= ol TSI 2y A A2 33 SRR 34 3
2 ato] Adlol] Ag-EFATE 349 200 uL¥} DNS Reagent 600 pL> 7}Fo] 100°C

oA 53 7FE & IR F 96-well plateol] =3+ -, Microplate reader® 540

I
o

moll A FFEE 5489 Glucose T F47 wlwste] Al FFe

sth Z3ke] AN Glucose F =32 FAMmg=E HAsIgon, A3

4) Protein Content Analysis
Protein % #2412 BCA Protein Assay Kit (Thermo Fisher Scientific. USA)E

gt SAGA 23he] FANL 33 FRAE 3¢ H45] Aol ALg
14



5} TF. Reagent A9} Reagent Bi= 50:1 H| &9 &3S ARE-319] © ™| 96-well plate

o 1709 wellell 3|45 A5 H(20 pL)¥} working reagent(200 uL) 3 7}ste] 37°Ce]

A HlEs zpekelal 30-1F v FSESI TF. Microplate readerE AFE-3510] 562 nm 3 =
£ =433 A1 59 Protein %2 bovine serum albumin®] ¥+ 243 H| W

of FHhAQ FFL ZHeAATh Zstel FANY Protein TS £ FA(mg)

5) Triglyceride (TG) Content Analysis

Triglyceride(TG) &%+ Triglyceride Quantification Kit (Sigma Aldrich. USA)&
ARE-3Fo] Colorimetric Detection W52 ©|&sto] SA st =92 AL 3
2b SHFE 108 84S F, TG assay buffers AF&-38to] 208 34 8te] A g of A}
2313 Th. 96-well plate®] lipase 2 pL W Al= 3|4 N 50 uL& H7Fsko] 20+ &<t
w3k T 1 % TG assay buffer 46 uL, TG probe 2 uL, 2! Triglyceride enzyme mix 2

L& H7Fsh & A A W& zpekstal 30 &3F §H-5-A F T Microplate readers

=

AbE3to] 570 nom 3R E ST AR TG S triglyceride ¥ 34

of met griHel B AW Fowell F AR FAWHE Hrol F TG

6) Analysis of Sleep Behavioral
Drosophila Activity Monitoring(DAM) system (TriKinetics, Waltham, MA,

US.A)> F8E vialel +2 23gE & vigly g S X3 294

15
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% sucrose-agar (5% sucrose, 3% agar) BJA|7} ESE JHZAQL vialo] K3 Fo
24417 AE717H23E1°C, 60-70%, BTV 12:12)s A3 5 443+ PFF
HelE 7]Fellth B 7SS 23F1TC e dAs o7 &4 HolA 49Uzt
1 Fvit}h 7| =239 0, Actogram J software (NIH, Bethesda, MD, USA)= A3}
AlZtsl skelth o B EE 5 ol FHE A S 319(Sleep bouts), T T H

H3Hea, s ol nEEe] A%EY FR/IOR

o
a

AlZFe] 3h(Sleep count)

Bt

7) Video Analyses of Locomotor Activity

PFOS 0.2 nM, 2 nM % 20 nM7} 2835 )= oA Hold AA Z238=

P

¥ A E 39 AEd & A EF 8mm, =] 0.lmm €3 arena 970l Z}+Zf

X
A
il
ot
o
=
A
X,
o
&
i
M
o)
P
X
A
o
N
1S

< EthoVision-XT System (Noldus
Information Technology, Netherlands)©. = #4315t 574 X+ ol5AH
(Distance moved), < %= (Velocity), & (Movement), H| &35 (Not Moving), °]-&"3

Mobility)2] 57§ @55 B7Felitt. & ©]-& 7 2](Distance moved)= X329 4

o

ARl gy FAAZ AFEHUL, 57 HF V7 < 2987} olEs A

=

=
S4stAh ol FEEHE(Velocity)= 5% & 7[ihst Aol S22 SHEHS
T} Movemento| 4] &5 (Moving)<> 0.1cm/s ©]7d2] SE2 & ol= Aoz A
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A Aoe B txses 2 BAEAT A 4> SPSS (Statistical

Package for Social Science)E AF-8-3F3TH ANOVA 4] ¥ Tukey®] Th% HlL HA

ERZ AT e Ade o0l p<0.05d W FAACE Fo3 Aow
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1. Effect of PFOS on Drosophila melanogaster Lifespan

X

i

PFOS A& HA7]vzE ¢

g A=

PN
T

Z 2] ol A

o] zvtg] v A= Figure 1 ol YERSATH

njJ

951\

(NOR)¥} W] L&}

o
N

o

}

AO
J_.NO

o FHolAE PFOS 0.2 nM

k)

(€]

1A).

mj

N

o}
‘mo
&+

ﬁo

o+ 2FthH(Fig. 1B). PFOS 2 nM % 20 nM

RAT (p<0.01 and p <0.001, respectively; Fig. 1B).

2y A PFOS & ¥ A= AE

=

Lau et al(2003) 4|4 Rat ¢

J=o] ZFAaEATh 10 mgkg PFOS

Hom X

N

9]

A 7}

7= )

HY

30-60 & ool HIAF AE|7F o

Fo1aL, 5 mg/kg PFOS o =&% % efoldt A2 WAL AEi7F = AN 8-

S

A

Foloh 1 9 U™ A PFOS »ETE Wizt

S

2 o=
= L&

,_lr”

YEFA A TF (Lau et al., 2003).

a3=
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Wang et al(2011) AT A= zebrafish 2] =4 A PFOS =5 AUS o
27 Hlwske] 250 pg/L ¢ PFOS o =% #3528 4 F AMds3laL, 50

ng/LPFOS o] =% F%< AEEFo] A3 TF (Wangetal, 2011).
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s
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o
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=1}
2
do
1o
12
¢ (o]
oy
DX
m{m
=
3
P
)
A
o
<
=
aa
[\®]
2

Tas B o (p < 0.001; Fig. 2C), PFOS 9| s%7} F7hgel wal H3t o]

Wang et al(2010) A7-°|X Drosophila melanogaster 5.2 PFOA =% A
1 A= giEF PFOA 100 pM 2 500 pM &) Bk 8-S 217} 45.00 + 1.53,
43.00 £ 0.98, 34.00 + 2.44 Aol o, tZTI} PFOA 500 pM == &S

F-o3HA FAaE AFRE 3T (Wangetal, 2010).

Sana et al(2021) Ao Caenorhabditis elegans 5.2 PFOA =% Al 1
Ay diz2Tel HlEgiE W, PFOA 0.1 M olMFEH AeE =FT7HA
$9149] AEE 727} LERECL PFOA 2 uM 29 4 04 3 Alho] UEhsto o

20 A E= JHAlE APgerdnh thxEa el A 8 AA ARdeRslal, FHd

4
of
flo
[\ ]
(@)Y
e

7 UEFstChsanaetal, 2021). PFOS ¢ 1155 ©7] o] e AES

Has 71T wol RuHgloy, & ATelMe AsEe PFOS & 71T



A. Overall lifespan B. Lifespan
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Figure 1. Effects of PFOS on lifespan, and mean survival in Drosophila melanogaster

The lifespan of Drosophila melanogaster born in the PFOS group was compared with that of the normal (NOR) group. (A) Overall lifespan (B) Lifespan
of average per concentration PFOS. Value is the means + standard error of mean (S.E.M). Significant differences at ** p < 0.01, *** p <0.001 vs. NOR

group by Tukey’s test.
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A.PFOS 0.2 nM B. PFOS 2 nM C. PFOS 20 nM

5 10— = 100 — 100
2 2 2
c S S
2 -~ NOR 2 7
e 50 %™ £ 50} £ 50|
0] O 0]
% PFOS 0.2 nM % PFOS 2nM % PFOS 20 nM
o pvalue |  0.0026 o pvalue | 0.0012 o pvalue |  0.0001
0 ¢ 0 0
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Days Days Days

Figure 2. Comparison the lifespan of normal Drosophila melanogaster with each group born in PFOS

The lifespan of Drosophila melanogaster born in the PFOS group was compared with that of the normal (NOR). Value are the means + standard error of

the mean (S.E.M) for each group. Significant differences through Log-rank (Mantel-Cox) test.
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2. Effect of PFOS on Body Composition in Drosophila melanogaster

PFOS ¢ A-&% 7] w=ZFo WE Z3e Ao WM& Figure 3
e STt Protein &2 A9 w=F% PFOS 9 s%7F S7Fstell el protein

steko]l 7FAdtE ATES HPow, E3] PFOS 2 nM % 20 nM :=E 7ol A

s
Jo
1o
X
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oy
[
i
f
3
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e
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o
=
-
aa
W
T
=
e
s~]
r
o
n
1o
off
kit
N
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< 0.01; Fig. 3C). Glucose &2l A Adxz=aa Fo3 2ol7F veEpbA

oL S CH(Fig. 3A).

o

Yang et al(2015) A4l = mice B2 2]9= organic extraction =%

gl albumin 7S FASAT, A WM Y AT £

~
el
P
e

LEFRATE (Yang et al, 2015). Abumin = 7% @A F o FFo|H, daks) 9 A5
F4 24 59 gkt 7e= 7R th Albumin = F V)5 4o oS
biomarker = Zrg3t ZHAWH, BT AW #HE Gk fE] A&

3383l T} (Sunetal, 2019).

Kim et al(2021) A7olX+=  megalin-UAS RNAi A2+ Drosophila

melanogaster 5.2 F-X Athe] PFOS =% $ egg o YA Ao Al cholesterol

o S/ A3 dErsh A™E A =EA(LDLR)°| A MERC
T4 megalin (Lrp2) HE AX27F Asste & dA=2 dGES

Mo
=
o
ol
rlr

A5g dtol wotelA BEHoln, 53 Meglin o] #uwsh:
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apolipoptotein E + %2 A&, g T T3 o

B ¥ A (Kim et al., 2021).

o
-

i

Cheng et al(2016) AT-°lX <= zebrafish 2 ol4 PFOS & A %=
kel TG ¥ F ZUAHES S7RAFHCH AA ALY o]AFS ofr]skRiTh.
E3] zlollAl ATP Srgfo] 7ZFAE9low VLDL/LDL #H]7F 7438t ATP

$ hat vEZEelol p AL dAg B glor, p Aste] AR

Wang et al(2014) 174 += PFOS *=% § mice @A 7+ 2 n]t)
o 2" e 77 UERSE S ™ cholesterol, HDL, LDL X7} A At}

TUEXAGWAHDL)S WExFA A IFO R cholesterol & Wt LDL &

A9 Ade woron} uy

)

)
2
oX
ot
flo
o

23 TE (Wang et al., 2014).

Horikoshi et al(2017) 917-oll4]%= PFOS 9} Ao} H]uk A 7}sAl o] tf3sh
=

of
o
o

gttt 24 AFH 66 AML7AAC] ololeld PFOS FE @

o]

i
o

4% BMlI(body mass index)’} F7FEo =z YEMSHY. 3 PFOS HE7)

i
mlo

% adiposity rebound(AR)S] Z7] Wy #Ho] Q& 4 lom, o]= A<l

vk @ oA} S35 98 S719F A3 o] X T (Horikoshi et al., 2021).
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PFOS =% A AW529] 7[dorE 1He] mlEZEgof AWAL B Aks)

AAEAAH TG o AHgH= AWAe] 5 S7h AZLAE 9 475
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ZHEo]Z LPL & E3F HEAQ ApoCll 9+ ApoAV A3tz <13
E F o] Atk ApoAV wHE F7F LPL &43 2 7o TG % 7= PPAR

(peroxisome proliferator-activated receptor)iﬂ g4 F7Fe FHEH AT (Dasetal, 2017).

PPAR o|& & FgAS] ¢ FREHA W2 A Fol AF At
Zd o9&st= <QlAto|td. PPARa (peroxisome proliferator-activated receptor-o)<—
FAA F2 THE = PPAR 22 XEEFAIA A (gluconeogenesis)E =4 8=
AAE lzpolw,  FhollA A AE s S3e FERith. PFOS E A

Triglyceride %4> W|EZT=gol U AWtk g Akst Fxo2 719 TG 9]

Z7be a1 B A3l X3 7119l PPAR A F7HeHS #2133 thCave et al., 2016).

Linetal(2022) A7-o|A= PFOA & Caenorhabditis elegans °] % 7] R 2]

wF Al g a3 daE JERIh PFOS 2 PFOA 1uM =& ol A

e}

Triglyceride ¥FFol FolstAl S7bstlal 2ol AFAZFS &7l A HLd
pharyngeal pumping ¥4 A3} FostA FFAghs WErlt wEkA PFOS %
PFOA =% A| Triglyceride &% S7k= 2o AdF =l 9g Aol ope; A

Al o] ko2 gt 1oz AIE FASFATE (Linetal, 2022).
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A. Glucose B. Protein C. Triglyceride
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Figure 3. Effect of PFOS on Body Composition in Drosophila melanogaster.

(A) Glucose per fly mass (ug/mg), (B) Protein per fly mass (ug/mg), (C) Triglyceride per fly
mass (ng/mg). Value are the means + standard error of the mean (S.E.M) for each group.
Significant differences at * p < 0.05, ** p <0.01, and *** p < 0.001 vs. normal (NOR) group

by Tukey’s test.
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3. Effects of PFOS on Drosophila melanogaster locomotor activity

Actogram(Fig. 4A)°llA A4 vl= Al FE2 7 AR 2%
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10 AIFE 25 10 AZFAE oujsict Zuheg]o] v Az 9 vk AIzkg) o
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Figure 4. Effects of PFOS on locomotor activity in Drosophila melanogaster.

Behavior analysis was proceeded in constant darkness for 4 days. Black/white bars on top of
the actograms indicate dark (22:00 to 10:00) and light (10:00 to 22:00) phases. (A) The average
activity of 4 days in 30 min increments based on DAM recordings from flies by Actogram J
(B) Activity during the nighttime (C) Activity during the daytime. Value is the means +
standard error of each group's mean (S.E.M). Significant differences through Tukey’s multiple

test. ** p <0.01 vs Normal group.
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4. Effect of PFOS on sleep parameters in Drosophila melanogaster

PFOSE x=Fo] =9#le ¥ s mA= IS Figure 59
el & S AlZkGsleep time)> PFOSS X7 F7hske] wel &3
gEHoR At AYS HYOHW(Fig 5A), 53] 2 nM % 20 nM PFOS

=ETS PPRETH nast] fHow Fu A

A

Zto] 7+ 33 th(p < 0.01 and

v

p < 0.05, respectively; Fig. 5A). % 7]7HE<t 7ol 37 (sleep bout)= 11§ =2

1

o

PFOS ol Adtizd tinl S7ksks AFdFs Blou Fo4Ql Aol

KolA] 2k 3tth(Fig. 5B).

Mshaty et al(2020) = mice X 24 PFOSe] wZo] WE gamma-
aminobutyric acid (GABA) %! glutamate®] 7|5 W3E R 133 T PFOSY w&2
M3 9] glutamate A <7} U glutamine ¥4 &4 % mRNA o HAAE
gastgon], ok 44 AWA BAN §48 xRn A 9 542

b= Ao yebstth Al 9] glutamate 7} Y FHEHWE ASS F

Jo
&

FHOE 7he Ul Ca¥ AR5 T7HA AlWA sl 93 vAH, o=
AE Y Ca¥ 7R o)o] A AlHAL BAS A3} (Mshaty et al., 2020).

Huang et al(2022) A7-oA] LAHRE S 2 PFOSe &2 79249l

S A fx, £E F loldd F4E nustgch FREe

4
ne)
1o,
i)
flo

oy
4
5

Pittsburgh Sleep Quality Index F-A| & o] &3] 54 ¥ A S™ PFOSS &=

o EF7E £ a8 Ask W A A @Fo] Rl AT (Huang et al., 2022).
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Xie et al(2022) <AF-elA  Holrlel PFOS w=EE 244 otF 9]
K- o] Al Child Behavior Checklist (Ages 1.5-5)8 75 F3ato] & g JAHE

TR A7, A FATE FoF o R SUMeHE AS ERAEATE (Xieetal, 2022).

PFOS =% A Al A ZToxdE= PFOS =7 2 AE Y Ca* =7}

TEE glskitt. Ca*' & ARG EA wH = e
olA &l =% (acetylcholine), S I+7l(dopamine) °| WEHO =& ALt

o]g]gt A AR ¥, +E, AF o HEHOJZTH (Livetal, 2011).

A W Ca¥ T7hs bl W S7bE oA A H A= A T
szt o84y #YysgoN(ADHD)OITE ADHD = %59 4 3¢ FF
FTE HHoR o= AA e Folm A, A9 fA ofuES dekdth

ADHD + T4 #olE sdsts A97F =24, B2 A7°lx ADHD ¢} 49

Esbul 7hE Sy A7 9% gl /how Mydedrh A7 B%
Aolol ADHD = e AelA W golo] gt dAzdol selsoigich ¥
AFolNE §%7] PFOS A% w22 Ad § ATe] Fu A5 WeE
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A. Total sleeping time B. Sleep bouts
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Figure 5. Effects of PFOS on sleep parameters in Drosophila melanogaster

(A) Total sleeping time (B) Sleep bouts. Value are the means + standard error of the mean
(S.E.M) for each group. Significant differences at * p < 0.05, ** p <0.01 vs. normal (NOR)

group by Tukey’s test.
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5. Effect of PFOS on behavioral changes during daytime in Drosophila

melanogaster

PFOS =Zof W& %729 5 WIE Figure6 o HEFISITE PFOS 2
=% §30] F/hFel Wk BE $AY AEA e AFE ngov 53
PFOS 20 nM =S =2 Ql 7 g|(distance moved; p <0.01; Fig. 6A), < 5 (velocity; p
< 0.01; Fig. 6B), 2 ¥ (moving; p < 0.05; Fig. 6C), & *-&/J (mobility; p < 0.001; Fig.
6pel AATETI wastel foldow Frlegith ma gdeld gk
Al 7H(Not moving)S 115520 nM)2] PFOS =& oA AA =3 e &l

s B3 THp <0.05; Fig. 6D).

Spulber et al(2014) oA += PFOS =% zebrafish % olA E3wl

AzE o WE BE W AR O GFe wBBAAS W, Y B

selas 27ke AnE Sdsgrh pFos wEol A% W, 9w A%
AP zAdths 2e vkl wE3 EAsl Al nnE oA
Augol ge et Estne WAd gYEE 47 A9 BAEA

$F, ANV LT ol A Jel welskn ogF ARG 7

Y
flo

Johansson et al(2008) Aol = ©}&7] PFOS =% Al Ad<17] mice
ndox Z//4] Al 2AH(cholinergic system) T slel| whe} xpk4 5 Aofjof st
Axs el Z(choline)= A7 HAg EAA  ofMEZH9

Fonrow ol s, FoY Fo ¥ swel welsoldth Mice
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Hoffman et al(2010)217olA 12-15 Al tioz ol 1 PFOS 3

Rt

@ Foeae HYWEFONADHD)] Ay ol TS HAsc
ADHD 7] NHANES (National Health and Nutrition Examination Survey)©lA]
ADHD °f tjgh F-re] HuME ARgetglon, tiidake] €4 PFOS &=
ZAFSFRA Y} (Hoffman et al., 2010).

B ATed PRos wE  EA A% b fodewm
slEom ol old Aol Hobr] 9l ok&7] PFOS wEE QI AE

WHsle] Ayl x-S 215t (Vuong et al., 2021).
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Figure 6. The Activity during the 5-minute observation period is analyzed with the EthoVision-XT system.

(A) Distance moved, (B) Velocity, (C) Moving, (D) Not moving and (E) Mobility compared with normal (NOR). Value are the means + standard error

of the mean (S.E.M) for each group. Significant differences at * p < 0.05, ** p <0.01, and *** p <0.001 vs. normal (NOR) group by Tukey’s test.
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