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A8 FH ASORE €38 TR AT IR ] BT IR G & N4 s SCCPs UMK EE, S AHMIE =&
VU AR AT 57 1 B FH A3 2 A AR I3 - NBFRs F11 OPFRs IR .
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Abstract

Abstract

With the rapid development of economy and the continuous growth of social
population, the demand for polymer materials in the fields of transportation, building
decoration, electronic devices, textiles, and aviation also increases. Flame retardants are
added to polymer materials to improve the safety of products. As commonly used flame
retardant materials, short-chain chlorinated paraffins (SCCPs), novel brominated flame
retardants (NBFRs), and organophosphate flame retardants (OPFRs) enter the
environment in large quantities during production and use, causing pollution to the
environment and ecosystem, and endangering human health. Recent years, the prevalence
of type 2 diabetes has continued to rise worldwide, with the highest number in China.
Animal exposure studies have shown that environmental pollutants are important factors
in the development of type 2 diabetes. Currently, there is a lack of epidemiological studies
on environmental pollutants and type 2 diabetes caused by the slather of flame retardants.
Therefore, a case-control study was designed to investigate the association between
SCCPs, NBFRs, and OPFRs exposure and type 2 diabetes risk. The main research results
are as follows:

1. Serum samples provided by diabetics (n = 172) and non-diabetics (n = 172) were
collected from the First Affiliated Hospital of Shandong Medical University. Initially, the
analysis method of three typical flame retardants in human serum was established. The
concentrations of SCCPs in serum were determined by gas chromatography time-of-flight
mass spectrometry, and the levels of NBFRs and OPFRs in serum were determined by
gas chromatography triple quadrupole mass spectrometry.

2. The association between SCCPs exposure and type 2 diabetes risk was
researched by conditional logistic regression, and results showed that serum
concentrations of C10-CPs, C11-CPs, and XSCCPs were significantly positively correlated
with type 2 diabetes risk. Serum SCCP concentrations were divided into quartiles
according to the concentration distribution of the control group. Compared to the lowest
quartile of C10-CPs, C11-CPs, and £SCCPs, the highest quartiles had 7.09, 31.5, and 10.1
times significantly increased risk for type 2 diabetes after adjusting for potential
confounders, and exhibiting a nonlinear dose-response correlation (p < 0.001). This study
also observed a stronger association between serum SCCP concentrations and type 2
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diabetes risk in males than in females. In a stratified BMI analysis, obese individuals
(BMI > 25 kg m2) exposed to SCCPs had approximately 1.2 to 7.9-folds risk of
developing type 2 diabetes as normal-weight individuals (BMI < 25 kg m2), suggesting
a synergistic effect of SCCP exposure and obesity on effects of type 2 diabetes. In the
control group, no significant association was observed between SCCP exposure and
fasting plasma glucose (FPG) after adjusting for confounding factors. SCCP exposure
was positively correlated with total cholesterol (TC), low-density lipoprotein-cholesterol
(LDL-C), and total lipid levels, which indicated that SCCPs may induce type 2 diabetes
by disrupting with lipid metabolic homeostasis in vivo.

3. In the study of NBFRs and OPFRs exposure and type 2 diabetes risk, serum
concentrations of 2,3-dibromopropyl-2,4,6-tribromophenyl ether (DPTE), 2,3-
dibromopropyl-2,4,6-tribromophenyl ether (TPrP), triphenyl phosphate (TPP), tris (2-
ethylhexyl ) phosphate (TEHP), and ZsOPFRs were significantly associated with an
increased risk of type 2 diabetes. In sex stratification, the associations between TPrP and
TEHP exposure and type 2 diabetes risk were slightly stronger in males, but stronger for
DPTE, TPP, and X4OPFRs in females. Among participants in controls, serum NBFR
concentrations were significantly negatively associated with FPG, and TPrP
concentration was significantly positively associated with FPG. Serum concentrations of
NBFRs and OPFRs were significantly positively correlated with TC and HDL levels,
while no significant correlation was found between any NBFR and OPFR compounds
and triglycerides and LDL-C. Those results indicated that serum concentrations of
NBFRs and OPFRs may promote the development of type 2 diabetes by disrupting
metabolism of glucose and lipid fractions.

Key Words: Short-chain chlorinated paraffins; Novel brominated flame retardants;
Organophosphate flame retardants; Type 2 diabetes; Lipid fractions
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1.1 BEBAF

BRI N A BRA 255 s B 22 i N 23 o S A s 2 TRk, R st sl
MR KEL 9igUE . B RDiE S, DR AR BE A B8 R A A
BT X SE[EMAR 2 TS 070, S5 AR A A s i 7 s &, Bk, 24
iR SR IR ST b I S AR, G A TS G,
TE X I Ek A R 2 TH N AN S R G03E AR 1 fgk B sz i,

G BEIAT), N2 IR (polybrominated diphenyl ethers, PBDEs) Fl1fH
WS A (short chain chlorinated paraffins, SCCPs) Rl FHMAZZR & . Hfa et
I s b AR AR SR R b2 A M, BT SCCPs 1 PBDES HAT RfAME
AEERE . KB B AR R AR Y EE I SRR ED), R TOREEA VR K (octa-
BDE) T 2009 4 5 AN (Wil aF/REEA L)) 4 B, IR 2R kAT SCCPsE!
T 2017 FHAIN (B /REEAL)) 48, BREHA MG . B4R PBDES
H1 SCCPs # &k (b A = HE A, AEXTBEIAFIM T T R . Rk, AR
R BE #% 7 Cnovel brominated flame retardants , NBFRs ) Al 5 ML % FH #4 7

(organophosphate flame retardants, OPFRs) “E&AR Ml KREMIAEF= A . HE
FXLEFHEN M A E PBDEs S AMEANLIG Y (persistent organic pollutants,
POPs) AHALI W ER Ak 2V R EE P, ] B XS PRSI 20 e e ad s gy, R I AT
o IR B AR i 14 2 4 R A IE AR SBT3 T

1.1.1 SRS AaE

FALAE Cchlorinated paraffins, CPs) j&— 2R IEMBE AT A B TokiR &1k 2
fts HAREEIEACN CuHaxeayCly, SN 30 — 70% (s A%, Ml ThcEE
KRR T8 H LB BRI, CPs HIE R 57 T M AR5 e S A 44 1)
P BT k. RIEIREERIKE, CPs #50 N&H 10 — 13 MiJE T SCCPs

(C1013-CPs) 14 — 17 ANk Ji 1) H % & Ak A7 i Cmedium chain chlorinated paraffins,
MCCPs, Ci417-CPs) #1118 — 30 M) T KB A HE (long chain chlorinated
paraffins, LCCPs, Cig30-CPs) 1. [H 20 40 30 4E4CLASK, CPs fE4ERVLHE N7
AR AE 77, DR H: R B (%) BELRR P R A8 5 1T )32 R FH T ol ™= st R 2 i, £ 2R N
RE I B TR BRI 2= 5 b 3G 8 R BB, 5 MCCPs
Fl LCCPs #HLL#:, SCCPs HA T K B B i pe )M m A, Rk,

1
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SCCPs 7 [H Br_b 532 R I EE B 5 . 78 SCCPs 77 i i BL A (1 395 o [5] 240 11 5 4 =X
mE 1-1 iR,

Cl1 d Cl Cl Cl Cl1

Cl Cl Cl Cl
B 11 EEERM A CioH17Cls A1 CisHaoCls 45 #)

Figure 1-1 Structural formulas of the short-chain chlorinated paraffins C1oH17Cls and C13H22Cle

fEIE 1 20 £, SCCPs Rl A IERFAME. EMER M. KIEE MM

o B P SR 1T 52 3 [ B 2 PR A1) 93 « RRCEAE 2006 4715 12 ¥ SCCPs FI] A

(il s REEAZ)) WA, 8T RFAMEANG R FHEZR G (POPRC) X}
SCCPs W EF I MM IEAT 7 /=M H &, T 2017 4F 5 K SCCPs IEFIA

CHT B R BEA L) 1) POPs %2544 51 A i, 2022 4F 12 H SCCPs # 3k E A= 536
SR AE S G NN B R S i (2023 RO H, R HCREUEE IR AR
P RN A P ) s

FRRIR 2 [EHE R B, SCCPs 7E 4Bk Fl N MR 5 R Gt S AE R N T I A7 7E,

BFEEA KB B RV MR BRI E S AR R, 2012
WA SCCPs HIM &8N 9.6-20.8pgm =2 CEHIME N 149pgm2) 14, ]
7K Az ki 224 i o SCCPs FR1-F- 303k B2 37324 178.9 ng g dw AT 157.2ng gt dwi™,
* W] SCCPs HAKEE B ML HMIRe /1. filr, 7ERH TR 50 24~ E K REFL H
R E] 7 SCCPs, Jf:H SCCPs fi#E A POPs LK B 1) 18 — 46%12), B 2EHfF 51
KU SCCPs [ S8 FFERtE. RAE T, BU&ME. WA THUE
FA UL G Z T Ve A OR8], SCCPs Uil BT REBS IR FUR AR = Fa s, B
E I 2R PR I 3 R 5 R IR 2R K7, DRI I i SR 418 HE R i 2= /K~ e 171,
UbAk, SCCPs (AR AT FEGE AN =42, Sl ) AR, 254 4 g i
KA L ARG, BRI 7y, i DNA {5 FIFE R 5848, I+ S8 mhaEtiE
FHEEY, e i TP A SR R A SR s ) 5 o {5 5 i 1200, o A\ A {3 AN R 1 5
M o

1.1.2  FhBLRK PR

NBFRs 1E A& GEACBHAT (41 PBDES. /NIRRT e FH DU A) 1
o, BABERRCRIC S . B E D MA@ S50, H il CAESRRVEE N
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ZAFERER . EREYE NG FE T NBFRs # BR A R M, HFNHTF UL
WP, AR R, AR g g, NBFRs 7 il 2 A+ T 3T
PLid o= 4 Br, Br-5-OH I O-vid g &, MIMiAR B B e, BfHRE
1) NBFRs 45 1,2,3,4,5- TL{R % (1,2,3,4,5-pentabromobenzene, PBBz). 2,3,4,5,6-
FLiR H 2K (2,3,4,5,6-pentabromotoluene, PBT ). 2,3,45,6-H IR 2 7% (2,3,4,5,6-
pentabromoethylbenzene , PBEB ) . 2,4,6- = JR 7 -2,3- — J& 5 % i ( 2,4,6-
tribromophenyl-2,3-dibromopropyl ether, DPTE )., 75 &% (hexabromobenzene, HBB ).
2- .3 CUig-2,3,4,5- VU VR 7 H iR ( 2-ethylhexyl 2,3,4,5-tetrabromobenzoate, EHTBB )+
1,2-X (2,4,6- =K L) 445 (1,2-bis (2,4,6-tribromophenoxy) ethane, BTBPE).
DOVRAE A —HER W (2-23 %) B (bis (2-ethylhexyl) tetrabromophthalate,
BEHTEBP) 1+ 2K Z.%¢ (decabromodiphenyl ethane, DBDPE), H:45 =11
1-2 fione fEREE LA, B TAE S HAARIR AT B BRI, D 173 2 78 2% o i T A
YebRiE, NBFRs 7E4x 3R/ & SURIE N, SR ¥ 8274 100 % 18 000 M1, &
H1[E, DBDPE f&fixFE ) NBFRs, H 2005 EFFUEAEF=LIK, 755 A4 80%(1)
K, 2012 FEAE 7 & (A ERE AR 50% LA BT, M\ 2006 44 2016 3T
47 DBDPE £ 23 Jifil*°l, BTBPE F ZZFH{F octa-BDEs &0, TE BRI
= 1997 A4:11 0.5 J7 MG K F 2001 411 1.6 F3 i,

NBFRs k22450 5 43Ik 7 1) PBDEs £45K925181, #ili1, DBDPE 454
5 BDE-209 M), ix3HI NBFRs Flftl5 POPs HA A [H IR BT AR E YT
PEo B IGT NBFRs A AL H S BAER AR, (B2 HIE AT 7tk ] NBFRs 7£
AR T A AR 2R, R AR AR gt
FR23VF0 N\ Ak B BY . (EA573 2 1R 7 Szt R AL A BA RN R B B3I X R BT NBFRs
WAFEAE, IF HIREEKF- B S, IX R NBFRs FA HE8 1)K R 5 R Uik i
1o WAk, ZIRFFLZR I NBFRs 75 /K A= R & 85 o 35 AT A & AL B 9,
T EEZ BT N RIIA RAE RSB, i BB, R w1 BOURI N 44 25 L
[39.401%% , 2019 4F, DBDPE #¢ i1 KEUMFINEIAE B R+, b E H i
MRS NBFRs HIA BUE 1. 2% L&, NBFRs 5|2 345 2 SR B RS {H
FRIE.
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Figure 1-2 Chemical structural formulas of nine NBFRs

1.1.3 BT

OPFRs J&—R N L& MMBERRATAYY, SZHJa 7= 850 T R E A BOIR [
RPIR A Z o TERR iR AL 2 BERERE 1E SR A0 R AR JA, SCREBE L 30 1 #v oy
RPN S S SR IER, OPFRs dTPEReRaE . JRIHIEIR. &5k
LT} 0 4 E 4 R R At P B 2 M /N A A A 4 i A BRI 7] ) AR AR
fhZ—, FERATHETFH 91800 REEREE . AR, AR KA Rk,
T HE4E, OPFRs 7E A ERE [l 4 (1 2E 7= R F &t DARE4F 5.2% s i K W 38 St
OPFRs 7£ 2018 4 [ 4Bk 2% B it 7 100 HmEl4, 7 [E, OPFRs MR AEE X
20 15 A EREHAE R 30006045 461

OPFRs 4> T 45 i1 1 AMERARAT 3 NI R, AR BRI AN ]
¥ OPFRs 70 N =35: Jik: OPFRs. S XLtk OPFRs FI7% 2 OPFRsM, Aif et
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FE1) 9 Fh OPFRs YR =4 E (Tri-n-propyl phosphate, TPrP). filg =T fig (Tri-
n-butyl phosphate, TBP). iz = (2-F £.3%) g (Tris (2-chloroethyl) phosphate,
TCEP). B = (2-&FN%) fig (Tris (2-chloroisopropyl) phosphate, TCIPP).
Wile = (1,3-—4A%) g (Tris (1,3-dichloro-2-propyl) phosphate, TDCIPP). =
(2- T 5 43O BRI ( Tris(2-butoxyethyl )phosphate, TBEP) . i g = < ( Triphenyl
phosphate, TPP). 2- 2.4 Lk — K B B2 Tk ( 2-Ethylhexyl diphenyl phosphate, EHDP) .
il =5 ¢ lg (Tris (2-ethylhexyl) phosphate, TEHP), HAk2p&gi#=an& 1-3 i
TNo

b4 OPFRs HIfff kK2, C/EA R RIIAEEIE)R 35kt 2] 7 OPFRs,
WK, PR, IR ARV, SRR 2 EE R, OPFRs m] L@ &M 7E
IR R, AREE 2, M2, REFUM AR MIEN. P A KBl OPFRs
I KA R S B i@t 2 —,  H AT B AT i e R R I B R T
OPFRs W[ ‘R ZUCEFE M M Bt N WA3RTL L AR FA AN s R #1142 %0, TCPP
A1 TCEP Be i &M 5 3% (¥ 41 & LSS 40 i ¥ 3% 3154 TCEP Al TDCPP g%
fif PC12 4Hfy% 77 R R, AP I8hn, MRS, BAMasEkEmPa,
TCEP % & X A BRI/ BRUAR B A SO PEBS, Sl K B = A 2 2 1R B4, (e /)
R 1) 4 B W 25 PRI SSY, B RRCER B 0 2 2R BUs 3. TDCPP 1R /K ANER 5 A, 10
[ TAER B AR B, BFE R B TDCPP a] 5 IR IG5 D % B S o AIdh 4 25
PERel, TPP, TBP. TBEP 1 TCPP Ref% &35 52 A\ a4 (HepG2). fifif 4t i
(A549) Tl dtil (Caco-2) HETE% (reactive oxygen species, ROS) Al
FLE A M (lactate dehydrogenase, LDH) 7K~FB7l, EHDP fg% 5 i &% E it A KA
T 1 ZHEAEH, ENEFRERSF BRSSO, IHE S/ RARN AR
PR R AR B AR, B 326 LAE K2R L 35 PR R ORBE i 2 52 4530581, [R] Uk,
OPFRS [/ K HFIBORT PS5 R N A4 i S P s e 10 g JBnAtH 82 5] A O3 o

1.2 BEhRRHELIE

PRI A& — Fh BB TR 3R FRIR IR AR TG 7 G008 R 88 2 8L &5 [ R L AR
TR, SEURE S = A RE IR 70 W sl 5 2P, IR KPR ST ) N 70
WA VB0 o R PRI ) EE08 22 SR LB A RO S e (a5, COR Ty 21 2 4k s o
O IV R IPE 2 I A BR TR I 6 — 007 2 s 55 N SR 1) A 3k T A= ] R 90 4 6] o
PRIREEE CInternational Diabetes Federation, IDF) &AG[K) (2021 4 IDF £BkHE IR
PithE 55 10 BOY R, #E 2021 4F, 423k 20 — 79 X HEIR B SN 5.37
1, HZERBN ST 10.5%, it $] 2045 44 BT 7.83 14, FEOHN
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