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Fig. 1 Chemical structure of styrene oligomer
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Fig. 2 Schematic diagram of fish scales



MIFIEETIE, FAEVraz AW EEOF RN
R DBREVG S E OVE R AT 32728 D invitro O
AT T e A1EZRTE * OLTEY, BERIZED T iEx
FANT, RV (e 7 =L DR 7 F VAR D% 1 i
WFHMIL 72538035, Zovaad 447 A1k
B A R M i O I AE T 5 R T, i M SR
MIOTEMNEE, ZREhO~—h—ERTHLTI Y
7 4+ A7 74— (Alkaline phosphatase : ALP) 35 X OYH
£ R BUME WS 7 + A7 7 & — B (Tartrate-resistant acid
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W2t AEH) 2Rk L7,
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ERB2 12T HDAF LU N ~w—bDfEGE N T =T —8
TEPECHIE S 282 VT2, Rl A4 K5O
WNT oA REBTHERAERE THY, ZDREMNT
fEHT LT, WO =AM 7 2 K IRIZIE, AF LR
TR LRNEVIRE DRHY, ZIETAF LU

(T AT AROWN W ELIER T2 e
ZABITE, LLendn, SO T Ay U258 Kk
DISEMHITH RO TR, 22T, KWFFETIETA
T ATET DT AT 245K ERa, ERB1 & TY ERB2
DR 2 it LT,

FTANT4TET DA S V% KK ERa
( DDBJ/EMBL-Bank/GenBank
NM _001279770.1 ; corresponding to amino acids 1-585),
ERb1 ( DDBJ/EMBL-Bank/GenBank accession number :
NM 001279774.1 ; corresponding to amino acids 1-557),
ERb2 ( DDBJ/EMBL-Bank/GenBank accession number :
NM _001279477.1; corresponding to amino acids 1-667) %
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accession number

PCR THIMEL, pcDNA3.I(HIZZ/a—=27 L7, 3 OO0
TANF VISBE TV AN E T T ATE T BT RV
= 7 ue—X—fHiHD 1778 bp Wi /% PCR THEEL,
N7 27 —BLR—H—pGL4.20 ~7H—THALTZ,
INBDTTAINE, VIR 7 =743 % F T HEK293
JalZhZ o A7 27N LT, RV AT 27 hES T M lE
G418 TARIV—=2 T Uiz, AV —=2 T, Kan=—
AL LT-, & 7m—r D AN AR T DA M
T )= Ny REE ERWNS LAy A A — 7 L EEHE
(5% 7 X ANT Ty — VLB UG FRIIETIN) & 96
/LT L — MRS, ATF LAY~ — AL CRER
L7z, 24 Bl 4% 12 M 2 [ L, Steady-Glo Assay
System Kit Z 2R 5B AT v A28, oL
7 27— BIEHERIEL T,
2.2 RE2: RAFLUN)X—OFETOINEL /O E
D& BEED#EHT (in vivo)

SRRFOERIYEB ZOREEHIILSE, AZ D
(Oryzias latipes) % = in vivo DFREREAT>T2, 73 MNZ
KEAINT, B—=F—THNRL TKIR% 25°CIcfRoT=, 77
AF w7 INOIE T 0 EEN DAL 23— al &<
720, FABEREIIIL S L OF T ARMEERA FAWC, =71
— A AT T LT AR R — Ly b O e,
FAIBARIL 1L LU, JBRTIAT LN ~— 25 H 5
XV ChHH S ) — VEFKREE 0.1%E725489
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ANIZAT ) 2—F %y T T a—T IV Na=7e — R4k
AT, B =X 7Ty v — (AT v RS, BHE,
A A (T A AR, -80°C TS IRAFL 72,

FREL 7= i »5 NucleoSpin® RNA (¥ 5773 A Ak
S0 2 W THAT DO T B L IZHEV, toral RNA ZAifiH]
L 7=, fill %, Nano Drop ( Thermo Fisher Scientific,



Waltham, United states) C RNA A HIER, -80°CTH
AR LT,

PrimeScriptTM II 1st strand cDNA Synthesis Kit (#7773
AT RASH) Z AT, BT rh=L ey, cDNA
%6 L7z, Nano Drop (Thermo Fisher Scientific) THIEL
7= total RNA EDFEFMND, total RNA B3 1 pug [127258RIC
RNA JFiEa L 7=, RNA S0 7 UL T
1%, 7 BRIV OB RIINED 5.75 uL VT cDNA &
%% 1T>72, cDNA %W CTER PCR EICIVE TRy =
»DFREBIAFEHTLIZ 19,
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B MrRIZx 9S4 (in vitro)
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fellZkE3 D AR LT,
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Z O, Control AEZIF 99.5% 4 /— /L (& L7 /L LR
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15°CC 6 WEEA > F o _—RL7o8412, BREEIR A TR,
B )Y U TEREERZ 100 uL 3oz T %
Vel Uiz, U )V IND Y BEREET 1R 2 5E AR E I, B3
AERREE RIS VER E O BAEY a2, 7BV RREIR
(1 mM MgCL &4 0.2 M Tris-HCl $&{&1% pH 9.5) %, Al
R P S T PR R E 0 B AE T a3 U A R AR TR
(0.5 M AEET N L5 A HHRIEEIR pH 5.3) 450
JUZZENZI 100 L 201%, -80°C Tt - 17T,

2R HI N Ol i D~ — b — £ (ALP KO
TRAP)® ' ZHIZ T, ZHHD~—— &G DIBL R
Wrliz, 7eds~——8a 11, ‘BRI alp O dkkl

VN, BB RIEO 51X nfatel & cathepsin K ZfE LT 19,

2.4 FERA:BERBAICKDRFLUN)R—D N R
WHEMEZATF L U N~ —DH 2 G TREEL T,
AF LN~ —SRE ATV —= 7 UTC, AR % R

L7z (BHE 2022-16907), &2 CTABFFETIL, T O HEANFERE
WZATF L N~ =% 5L TOD DD E I~ T2,

7V a— )L Ay 7 UT AR Z RS (T 1%, B
RET6 2 0.5%% & T0 1/2 ALLEN #g/KES ) THEEL, 30
SYBERE S CHEFE %, 12 ALLEN #E/KIZ THRE L=,
10 mg/L AF LN ~—ZIRIL7Z 1/2 ALLEN #E7KIZHfH
WAL, 15°CT 24 WFAHIRESREE LT, &%
200 pL F*ORIVEL>T 96 /X7 L—k (AUEE) 12 L, initial &
24 ARG O Z T E LT,

GC/MS ([ ZEAHHTLA T DI FEMiL 7=, BiTLER
WD T AR B A%, T B R bt AR ER G
BTz, Ry (S-50: ki tt~ = A, Kk, HA)
(2 10 pg/L AF L AREPEERER 100 uL #INLT-, Yo
JVEERR A S mL 3B 1T L, Y /mu A% % 10 mL
HEL>THNZ, 300 rppm, 20 F3fiRESSH T, HREDTE,
1500 rpm, 5 53, 4°CCize Ly Bl (Model 2410 : AL H
FRRASH, O, AR L,

IR — LRy N TR R E 2 1 D Hope s BRE? |2
BL, HEY7auA & 10 mL Iz, FHHHLZ, iR
(ZHEE KR T MY 2% 5 g I H-STHNZ, 300 rpm, 10 57
IRED SH K EAT o7, PR AR, ERREAHT
(ZRDIMEEATVY, GOMS AT 7 v e LT, D14,
GC/MS (Agilent 6890: 7L > b7 /uy—, B, HA)
ZHWT, BEEL7ZHIC LD AT L N~ — Do i s i
~7z,

2. 5 fREt0E

AHFFETIL, F—OEIRIZE VTR IRBEE R EE DO
ooz LR L 72 EERIC- DUV T, Paired t-test THRATELT-,
— 5, SRR EREL D LLIRIT, student’s t-test TfTo72,
728, PAE S%AM A G FRIKAEE LT, 7ok, 7 —413,
W E AR R TRR LT,

3. MIE#HR
3.1 EBR1:ABOIRINISTUZBAEDLR—4—
Tyt (in vitro)

AFL A~ — (RAF LT/ ~v—, AT LA A~
— R OARF LN~ =) IR T HT AT U2 FK a,
Bl MO B2 LOFEREREAT ST, ZDOFER, ERa 123
W, 100 ug/lL DAF L N~ —{ZDOAHIEER b7z
(Fig. 3), LU, AF L hN~—(Zi%, ERPL & B2
2R LT, TETEI R e o,
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Fig. 3 Schematic diagram of fish scales

3.2 B2 AFLUN)R—DFETOMEL/\VE
D & RLRED#EHT (in vivo)

EAZ ORI T HE T rs = OB s 1R B
Br ot Rz (Fig. 4) (-3, MREETIIE T 0T =200
FELP M TER 0T, FLFEBRBETHS 10 pg/L O
AF LN~ —ZB W THE T = ORBR R 5N
RoTn, — 05, BEFEEN 10 5 & THD 100 pg/L D
Tl il:‘?‘lﬁb‘:‘/@%\éﬁﬁ)aw%éhfb\5:&75§b75‘
ST, ZOFFEINE Tl = O BRI, Bt
HEECTHD 100 ng/L D By [T SH T AX IDOE T
TR Bl R ERIRE Tholz, £, BtExt Etick
WT 10 58 THD 1 pg/L D E, TlE, EbicE s =
YORBLENEINL, BEKFIZET RS =0 DF
HHEFR ST,

Ratio(Vitellogenin/RPL-7 )

0 -
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Fig. 4 Schematic diagram of fish scales

3.3 EE3:HOaFxAWVARFLUMNII—OWHERD
B FHRRI=*9 B4ER (in vitro)

AF LN~ =Tk 28 M OBE R TR M, *f
FREEL LI L C 10 pg/L OIRE DB THREHFRIICH E
\Z L5 (Fig. 5) L TRV, k& Mg o B E 1E MEIE
10 pg/L & 100 pg/L DY FETHEHFHICH Bie L2
Rbi7- (Fig. 6)
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Fig. 5 Influence of styrene trimer on osteoblasts
*: P <0.05
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Fig. 6 Influence of styrene trimer on osteoclasts
*: P <0.05; **: P <0.01

3. 4 RE 4 BEMBICKBIRAFLUN)I—D R
BRI E S 3 BRI AT 7255 R % (Fig. 1) IR T,
AF LU N = —Z RN UTZEE R O & O L L,
T YO RN E OB IR 2 IR LI ATF L N~ —%
DO RIRICIBWT, WO ZMRE T&e, £,
OFIHIZ, 3 [F b FARRRE R BEHTRY, FHoOH

FEIZDOWC OB Z MR T D2 LN TEI,



BRI EEIT T2 7 V% GCIMS AT L7k 3
% (Fig. 8) 12" T, AF LU HA~—Do & ThD
m/z91 IZEBNWT, AF LN —%25E 0RO HD

B —ZEES 2326 THHDITHL, T DRI HEEEL
FHEHEANTERLEZAF LN~ —4% 5 T8RO
B — 7 FE M 8872 ThHoTz, HEEIKFITATF LU A A~
—NPEFITHIINL TV, 2, AF LR~ —2,
TYOBENME LY RS, AFL RN v —& AT
LB AT R LT 2% R T,
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Fig. 7 Effect of the addition of styrene trimer on the
growth of isolated marine bacteria
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Fig. 8 Analysis of the resolution of styrene trimer in
isolated marine bacteria

4. ER

ERa (Z%}9°5 100 pg/L DAFL > M ~—D e iF M 1%
61.9% + 4.9 THY, E; DF 60%D L&D 55 23
B polz, ZTNET, AFL AT~ —%, WELE
DTANRT CZFARITITRE G LW et T o T
W5 D 2F LA v — BT ANa S U RIRERE S
THEMEEINZN B, ZDtk, ZOR RITGESH,
ERETLMREA LN 19,

— 7, KFRIZEBNT, ETHLTANTATET

DR Z FHWTHEIT LRGSR, AT LAV ~—0 M
DT AT U RARICHE S T2F WD THLIN
FTHILNTE L, BREG Y E L, WL EOM LY
HAFOMO L PMERE T RDHL LN HES
TS W 2F Lo ~—i%, KT ICEEICE £
NTCND S0 RIFFRICE VT, IO T AN V2
REAF LU N~ =0 ER L2 8L, AF LN ~—
DARFIZBWNTHREON WA <ELL TWD Af
BEME A RL TS, L2 T, AFL v RN~ — DR %5
BRI T A E NS D LB biLD,

B AZ T3 DA AD R Z T8 AR 158 BLUARAT O fE
B, 100 pg/L ODAF LR <=—|ZB W T Ahar 4%
TEROFEN G EEZSH, AN TE T e =03 E
RENTWDZENHLNERoT-, B AR FHERIZE
FAHAF LN~ —DIREIL 0.35~6.97 pg/L (1
3.26 ug/L) 972D T, KETE TS = O E 3
SNTREE, BARBRE TXVEWIEETHS, Ll
RG, 72 RS R IR OIRERIZEY, XX BITE
WTHIEEEDZATF LN~ —ThHETFar =0 BE K
SIDAREMED D,

EAZ INTIR KB THHZ LMD, AF LR~ —X K
ROOLIVIAEND, AF LN~ —1F, BUKMEREWN
MBI DT, ERRNEDOEIAZ PR ATREYER H D,
—07, BEEMT, KENLOBKERES -0, HBKE
R A, 3E T NaCl 2L C, BT 1/3 MEKICETH
MUT, 1525 Na KON Cl EHLTKREWRIN T2 19, Lz
W T, WREMIL, AT LU N ~—% 0BG LRk
FETERVIAENDZ LD, 5%IE, WEREZRW
T, AF LU N ~—ICL DRI B T8 Ter =00
FHE LG SEZTIREZH STV T ETHD,



AF LN~ —{ZBWWT 10 pg/L & 100 pg/L D fE
CHERH RS BB ML OB SR TE MY B A LT
WDZERHGNE R STZ, 2D 100 pg/L EVVIOEE L,
TANO T U RIREFE A LIZAF LN ~—DIRE L
—HT D, CORENRZANT U ZRIKREDFEA 1T
W2 EB LR,

AWFFRICBNT, AF LU N~ —[I= A s U Z )
B a ZATLDOREEEMER T HIENTEI, AF LN
~ X, OZHFEKREOFEEGTEEEZAL TS AN
WD, B F M A E MR OEEE ERSEs AT 1
ARFNVELELT, ZANBS  OMIZTHER e #I
D; BdHITOND (AR, FME) . LT2h3> T, AF LB
~ I, EXI Dy DRZFREREE L TOD A REMENE
2B, BB TNVEZNEE ZTWD,

AWFFRIZEBNT, ZOT VO AFNMEZ WV CEE
ZRE LT, ZORER, WERNEE 3 [E#IRLAT7
2, FEMENEL, AF LN ~— ADDREER D D
B L LR L, TV OGN ORREIR A TN LT A
FL N~ —%2 5 DERRICBWCEED LARAS
Tz, SHIZ GC/MS Ty, FEERICAT LN~ —
MOAF LU E A=~ fRER G SIS TNDHZEN
Aot ipolz, 5%, AFLUN~—% 0T HEHR
BHEEL QOE, SAFVTIH =B L THET0,
5. S%DORE

ARIFFEIZEBNT, WKEADFXF X a KA X I %
ANTAF LY bY=—DON5WH < ELAEH 2 FEH
THIENTE, LLeRns, AFL o b ~w—
XEBREE P AFET DI 4E > © 2V DT, gk
fBHEEAOTAF LY N~ =Tk D 1EH 2 bt
LTWRERH D, 728, FxlZATFITAF L
M ~w—ZROKEL5T5L, MiERTO~T7 2T A
R, MY CRENERTHEN) ZEEWEL
TWNWD 0, =732 AR RN B L
T2 b, AF Ly MY~ —3EREO BRI
FEFRHLTWAHBHELEZ O, £/o, v 7 XU
DR OERE Y B AR T D I X T L0 1
Thbh, BREICHLATF L N ~—3REL 52
TV D ATREPEDN RV,

UboZ &, WEMBIZHLTHEAT L b
U~—%, R ENE LTS EEZDBND, &

HlT, WEMRICBWTH, AFL Y M) v—2Rx X |
B URREEEEE L TVDEONICONTHRART
WETZW, T A fr SR, va a OE A T
{EL CTEWIRERET DHRLVETH D, HAKHED
For¥a LREERICLT, =X had U TifERD A
T OWE A TEE T D 2 ERE L TWD 9,
AF L b = —bEROWE M Z ST 5
AREMED EV, 5%, T L CWS PETH D, £
TR MRS UZERIZEA M r U RS LRI
JlEfz snd v /b A — RREBEIZENNT
W5 DhE, RNAseq IEATIZ L DT & 720, BE
T =2 BHDHDT, MESFE TITHITEZKZ T, &
HEETHEREL TV FETHD,

BRI, AF LY MU= TE D AREMEN
VOS2 BT 5 2 L3 T E o, A%IE, AT
Ly b=y DR E2HEEL T, A4
T B —=DRFEEIT o TWVE T,
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Summary

Background: It has been believed that microplastics are persistent and do not degrade in the ocean, which is a
low-temperature environment. However, it has been reported that styrene oligomers (styrene monomer, styrene
dimer: 2,4-diphenyl-1-butene, and styrene trimers: 2,4,6-triphenyl-1-hexene) are actually present in the ocean,
especially styrene trimer in high concentrations. Therefore, it is highly likely that microplastics are degraded to
styrene oligomers and that these styrene oligomers seem to be affecting marine organisms. Furthermore, high
purity styrene oligomers are expensive and commercially difficult to obtain. Therefore, very few studies have
investigated the toxic effects of styrene oligomers, and the results have been inconsistent due to the low purity of the
synthesized products. On the other hand, we have investigated the effects of chemicals such as bisphenol-A and
tributyltin on bone metabolism using fish scales as a bone model and reported that these chemicals have effects on
bone metabolism in fish. In the present study, we investigated the effects of styrene oligomers on bone metabolism
using goldfish scales. Furthermore, in this study, we conducted experiments to screen for marine bacteria capable
of degrading styrene oligomers.

Methods: In the present study, we first examined the estrogen-like activity of styrene oligomers by reporter
assay with estrogen receptors in tilapia. Next, the effects of styrene oligomers on bone metabolism were examined,
using the scales of goldfish (Carassius auratus) as a material. That is, styrene oligomers (10 mg/L, 100 mg/L,
Img/L) were added to the culture medium, and their effects on osteoblasts and osteoclasts in the scales were
compared with those of estrogen. In addition, styrene oligomers were administered to goldfish, and their effects on
blood calcium levels were also evaluated. On the other hand, to investigate the degradation of styrene oligomers
by marine bacteria, we examined marine bacteria that can utilize styrene oligomers by culturing them on 1/2
seawater/agar plates containing only styrene oligomers.

Results and Discussion: As a result of reporter assay with estrogen receptor (ERa), only styrene trimer showed
activity. Therefore, in the following experiments, we focused only on the styrene trimer to examine its effects on
bone metabolism. The results of the assay using scales showed that styrene trimer increased osteoblast and
osteoclast marker enzyme activities in the same manner as estrogen. Styrene trimer also increased the expression

of osteoblast and osteoclast marker genes. In addition, the administration of styrene trimer to goldfish increased



the calcium concentration in the blood, confirming its bone resorption effect (activation of osteoclasts). ~ Since it is
well known that estrogen also has a bone resorption effect by increasing the calcium concentration in the blood, it
was found that styrene trimers have estrogen-like effects in vivo as well as in vitro. Next, we screened marine
bacteria, using 1/2 seawater-agar plates containing styrene oligomers (10 mg/L). The results indicated that some

marine bacteria may capitalize on styrene oligomers



