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[Abstract] Objective To explore the association and interaction between multiple organophosphorus pesticide
metabolites and insulin resistance in non-diabetic adults. Methods Based on data from the National Health and
Nutrition Examination Survey (NHANES) conducted in the United States from 2003 to 2018, a total of 3395 research
subjects were included. After natural logarithmic transformation, multiple linear regression, restricted cubic spline, and
quantile-weighted regression models were used to separately evaluate the individual and combined exposure effects of
urinary organophosphorus pesticide metabolites on insulin resistance. The analysis focused on exploring the interaction
between methyl-type and ethyl-type metabolites. Indicators of insulin resistance included the triglyceride-glucose (TyG)
index, triglyceride-glucose-body mass index (TyG-BMI), triglyceride-glucose-waist-to-height ratio (TyG-WHtR), and
triglyceride-glucose-waist circumference (TyG-WC). Results On the natural logarithmic scale, except for
dimethylthiophosphate (DMTP), the concentrations of all other organophosphorus pesticide metabolites were positively
correlated with TyG-BMI and reached statistical significance (P < 0.05). The  values and 95% CI for the methyl group
(XDMAP), ethyl group (XDEAP), and total exposure (XDAP) were 0.004 1 (95% CI: 0.000 5-0.007 7), 0.006 4 (95% CI: 0.002 2-
0.0105), and 0.006 0 (95% CI: 0.001 8-0.0102), respectively. Most of these relationships were linear (P, < 0.05, Pyonincariyy >
0.05). There may be a synergistic effect between the methyl and ethyl group metabolites, but this relationship was not
significant. Mixed exposure to organophosphorus pesticide metabolites was positively correlated with TyG-BMI, TyG-
WC, and TyG-WHtR. The weight of diethyl dithiophosphate (DEDTP) accounted for more than 50% in different insulin
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resistance indicators. Conclusion

The intake of organophosphorus pesticides may increase indicators used to assess

insulin resistance, raising the risk of insulin resistance. Interactions between metabolites may further worsen this effect.

[Key words] Organophosphates
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80 312 NHANES total study
population 2003 -2018

40 213 Excluded
32549 aged <18 years
7 664 with diabetes or using hypoglycemic agents

40 099 participants aged
18 years and above without
diabetes

36 704 Excluded
2 485 positive for hepatitis B or C
2 716 with severe conditions: stroke, heart disease,
kidney disease
850 pregnant women
19 703 missing fasting glucose or insulin measurements,
or fasting glucose <3.5 mmol/L
10 940 missing data on organophosphorus pesticide
metabolite measurements
10 missing data on any covariate: “Refused” or
“Don't Know”

3 395 participants
included for analysis

1 R R IFERIZE

Fig 1 Research subject screening flowchart
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Table 1 Linear regression analysis of the association between urinary organophosphorus pesticide exposure and insulin resistance index
. TyG index TyG-BMI Tyg-WC TyG-WHtR
Chemicals
B(95% CI) P B (95% CI) P B (95% CI) P B (95% CI) P

DMP

Continuous 0.0006 (—0.0010-0.0022) 0.45 0.0035 (0.0004-0.0066) 0.03 0.0014 (—0.0015-0.0043) 0.35 0.0010(—0.0018-0.0038)  0.50

Q1 Ref. Ref. Ref. Ref.

Q2 0.0009 (—0.0053-0.0072) 0.77 0.0061 (—0.0061-0.0183) 0.33 0.0000 (—0.0114-0.0114) 1.00 —0.0022 (—0.0134-0.0089) 0.69

Q3 0.0020 (—0.0038-0.0077) 0.51 0.0109 (—0.0004-0.0222) 0.06 0.0037 (—0.0069-0.0143) 0.49 0.0026 (—0.0077-0.0130)  0.62
DMTP

Continuous 0.0003 (—0.0013-0.0019) 0.72 0.0025 (—0.0006-0.0057) 0.12 —0.0006 (—0.0035-0.0024) 0.71 —0.0009 (—0.0038-0.0020) 0.54

Q1 Ref. Ref. Ref. Ref.

Q2 0.0013 (—0.004-0.0067) 0.62 0.0096 (—0.001-0.0201)  0.08 0.0031(—0.0068-0.0130)  0.54 0.0022(—0.0075-0.0118)  0.66

Q3 0.0031 (—0.0025-0.0088) 0.28 0.0095 (—0.0016-0.0205) 0.09 0.0026 (—0.0078-0.013)  0.62 0.0013 (—0.0088-0.0115)  0.80
DMDTP

Continuous 0.0017 (—0.0003-0.0037) 0.09 0.0055 (0.0016-0.0095) <0.01 0.0020(—0.0017-0.0057) 0.29 0.0019 (—0.0016-0.0055)  0.29

Q1 Ref. Ref. Ref. Ref.

Q2 —0.0024 (—0.0085-0.0036) 0.43 0.0083 (—0.0035-0.0201) 0.17 0.0024 (—0.0086-0.0135) 0.67 0.0028 (—0.0081-0.0136)  0.62

Q3 0.0031 (—0.0034-0.0097) 0.35 0.0155 (0.0028-0.0283) 0.02 0.0083 (—0.0037-0.0203)  0.18 0.0075(—0.0042-0.0192)  0.21
YDMAP

Continuous 0.0008 (—0.001-0.0027) 0.38 0.0041 (0.0005-0.0077) 0.03 0.0007 (—0.0027-0.0041) 0.67 0.0002 (—0.0031-0.0035)  0.90

Q1 Ref. Ref. Ref. Ref.

Q2 0.0011 (—0.0042-0.0065) 0.68 0.0111 (0.0006-0.0216) 0.04 0.0056 (—0.0043-0.0154) 0.27 0.0036 (—0.006-0.013 3) 0.46

Q3 0.0030 (—0.0026-0.0086) 0.29 0.0090 (—0.0019-0.020) 0.11 0.0035 (—0.0068-0.0138)  0.50 0.0030 (—0.0071-0.0131)  0.56
DEP

Continuous 0.0004 (—0.0013-0.0020) 0.66 0.0038 (0.0007-0.007)  0.02 0.0017(—0.0013-0.0047) 0.26 0.0014(—0.0015-0.0043) 0.34

Q1 Ref. Ref. Ref. Ref.

Q2 0.0020 (—0.0046-0.0086) 0.56 0.0035(—0.0094-0.0165) 0.59 0.0017(—0.0104-0.0139) 0.78 0.0018 (—0.0101-0.0137)  0.77

Q3 —0.0008 (—0.0069-0.0054) 0.81 0.0093 (—0.0028-0.0213) 0.13 0.0015(—0.0098-0.0127)  0.80 0.0016 (—0.0094-0.0126)  0.78
DETP

Continuous —0.0001 (—0.0024-0.0022) 0.94 0.0062 (0.0017-0.0106) <0.01 0.0013 (—0.0029-0.0055)  0.54 0.0011(—0.0029-0.0052)  0.59

Q1 Ref. Ref. Ref. Ref.

Q2 0.0024 (—0.0034-0.0082) 0.42 0.0124 (0.0011-0.0238) 0.03 0.0088 (—0.0019-0.0195)  0.11 0.0092 (—0.0012-0.0197)  0.08

Q3 —0.0009 (—0.0072-0.0055) 0.78 0.0136 (0.0012-0.0261) 0.03 0.0033 (—0.0083-0.0150)  0.57 0.0024 (—0.0090-0.0137)  0.69
DEDTP

Continuous 0.0078 (—0.0014-0.0169) 0.10 0.1035 (0.0860-0.1211) <0.01 0.0640 (0.0474-0.0806) <0.01 0.0607 (0.0445-0.0770) <0.01

Ql Ref. Ref. Ref. Ref.

Q2 0.0016 (—0.0053-0.0086) 0.64 0.0293 (0.0157-0.0429) <0.01 0.0173 (0.0045-0.0301) <0.01 0.0171 (0.0046-0.0296) <0.01

Q3 0.0041 (—0.0072-0.0154) 0.48 0.0648 (0.0428-0.0868) <0.01 0.0381 (0.0175-0.0588) <0.01 0.0384 (0.0182-0.0586) <0.01
YDEAP

Continuous 0.0002 (—0.0019-0.0023) 0.86 0.0064 (0.0022-0.0105) <0.01 0.0021(—0.0018-0.0060) 0.30 0.0016 (—0.0022-0.0054) 0.41

Ql Ref. Ref. Ref. Ref.

Q2 0.0012 (—0.0043-0.0068) 0.67 0.0065(—0.0043-0.0174) 0.24 0.0034 (—0.0068-0.0135) 0.51 0.0011(—0.0088-0.0111)  0.82

Q3 —0.0013 (—0.0069-0.0042) 0.64 0.0142 (0.0033-0.0250) 0.01 0.0045(—0.0056-0.0147) 0.38 0.0032(—0.0067-0.0132)  0.52
YDAP

Continuous 0.0009 (—0.0013-0.0030) 0.44 0.0060 (0.0018-0.0102) <0.01 0.0009 (—0.0031-0.0048) 0.66 0.0006 (—0.0032-0.0045) 0.75

Q1 Ref. Ref. Ref. Ref.

Q2 0.0020 (—0.0034-0.0074) 0.46 0.0118(0.0012-0.0223) 0.03 0.0054 (—0.0045-0.0153) 0.28 0.0031(—0.0065-0.0128)  0.53

Q3 0.0034 (—0.0021-0.0089) 0.22 0.0148 (0.0040-0.0256) <0.01 0.0052(—0.0049-0.0154) 0.31 0.0048 (—0.0051-0.0147)  0.34

B: regression coefficient; DMP: dimethyl phosphate; DMTP: dimethyl thiophosphate; DMDTP: dimethyl dithiophosphate; YDMAP: Sum of dimethyl
metabolites; DEP: diethyl phosphate; DETP: diethyl thiophosphate; DEDTP: diethyl dithiophosphate; YDEAP: Sum of diethyl metabolites; YXDAP: Sum of
dimethyl and diethyl metabolites; TyG: triglyceride glucose; TyG-WC: triglyceride glucose-waist circumference; TyG-BMI: triglyceride glucose-body mass
index; TyG-WHItR: triglyceride glucose-waist-to-height ratio; Q1: quartile 1; Q2: quartile 2; Q3: quartile 3. Models were adjusted for sex, age, race, education
level, marital status, poverty income ratio (PIR), physical activity, body mass index (BMI), smoking, drinking, energy intake, hypertension, and NHANES cycle.
Estimates in bold indicate that the association is statistically significant (P < 0.05).

AR IRFE ARG OCHE, 45 R U3 . TE5E R A 7Y
i, OPPsHIBE A 255 5 TyG-BMI, TyG-WC. TyG-WHtR
IR 52 IEAR DG (P<0.05), HEWQSIEIAH8 4153311 240.0317

(95%CI1:0.0177 ~0.0457) . 0.024 1(95%CI: 0.010 5 ~
0.0378). 0.0224(95%CI: 0.0098 ~ 0.0351) .
&3 7R T EE AR 1 R WQSHR i 1 4 D APs YA 8,
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Fx2 HEXSZEXTHERANER
Table 2 The result of interaction between sums of dimethyl metabolites ((DMAP) and sums of diethyl metabolites (XDEAP)

TyG index TyG-BMI TyG-WC TyG-WHtR
Estimates 95% CI P Estimates 95% CI P Estimates 95% CI P Estimates 95% CI P

XDMAP

<50% ZDEAP 0.0006 —0.0023-0.0035 0.60 0.0006 —0.0050-0.0062 0.99 0.0004 —0.0050-0.0058 0.81 0.0008 —0.0045-0.0062 0.88

> 50% XDEAP 0.0020 —0.0008-0.004 8 0.60 0.0030 —0.0024-0.0083 0.99 0.0034 —0.0017-0.0085 0.81 0.0029 —0.0022-0.0081 0.88
ZDEAP

< 50% EZDMAP —0.0019 —0.0052-0.0014 0.90 0.0038 —0.0027-0.0104 0.81 —0.0002 —0.0065-0.0060 0.74 —0.0002 —0.0064-0.0060 0.81

> 50% XDMAP —0.0010 —0.0042-0.0022 0.90 0.0025 —0.0034-0.0084 0.81 0.0017 —0.0041-0.0074 0.74 0.0013 —0.0044-0.0070 0.81

Continuous interaction ~ 0.0009 —0.0006-0.0024 0.25 —0.0003 —0.0033-0.0026 0.84  0.0003 —0.0026-0.0032 0.84 —0.0001 —0.0030-0.0027 0.93
Additive interaction 0.0010 —0.0082-0.01020.84  0.0026 —0.0153-0.0205(0.78 —0.0009 —0.0182-0.0163 0.91 0.0013 —0.0158-0.0183 0.88

The abbreviations are explained in the note to Table 1. Models were adjusted for sex, age, race, education level, marital status, poverty income ratio (PIR),
physical activity, body mass index (BMI), smoking, drinking, energy intake, hypertension, and NHANES cycle.
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Fig 2 The dose-response curve of organophosphorus pesticides and TyG-BMI
The abbreviations are explained in the note to Table 1. Models were adjusted for sex, age, race, education level, marital status, poverty income ratio (PIR), physical

activity, body mass index (BMI), smoking, drinking, energy intake, hypertension, and NHANES cycle.
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Table3 The relationship between the regression index of

organophosphorus pesticide WQS and indicators of insulin

resistance
IR index (In) B 95% CI P
TyG
Model 1 0.0017 —0.0017-0.0050 0.33
Model I —0.0005 —0.007 6-0.006 7 0.89
TyG-BMI
Model | —0.0123 —0.0268-0.0014 0.08
Model I 0.0317 0.0177-0.0457 <0.01
Tyg-WC —0.0128 —0.0228--0.0028 0.01
Model | —0.0128 —0.0228--0.0028 0.01
Model II 0.0241 0.0105-0.0378 <0.01
TyG-WHtR —0.0071 —0.0163-0.0020 0.13
Model 1 —0.0071 —0.0163-0.0020 0.13
Model II 0.0224 0.0098-0.0351 <0.01

The abbreviations are explained in the note to Table 1. Model I is
unadjusted for covariates; Model Il adjusts for sex, age, race, education
level, marital status, poverty income ratio (PIR), physical activity, body mass
index (BMI), smoking, drinking, energy intake, hypertension, and NHANES

DEDTPYEA A5 45 1 # 5 = M, AL E R F50%.
TEA R 45 Jmda bn b, TyGHe b AU B R 2 DED TP
(59.78% ) FIDMDTP(11.62%) ; TyG-BMIH A E K1Y /2
DEDTP(77.04%) FIDETP(8.37%); TyG-WCH AL H A K
HJEDEDTP(77.48%) FIDMP(10.56% ) ; TyG-WHtRH 14X
ALK ASZEDEDTP(80.21%) FIDMDTP(10.44% ) .
2.7 HRES

FETyG-BMUE AR AR OGS H, K BMIZN A PpAE o,
AT REAFAE Ik B2 AR I XU o hy 56 385 25 SR I R M, AR
S3EEXF TyG-BMIZ B v (9 DS S AN AV | A L Fif
. FE K WFRRRAL . PIR, MR S136 8l . IARTE B L Tk
WIEGL, RREFRA . L&, NHANES/HH

FHZR4T] WL, FEe ¢ R IR, DMDTP(=0.008 8,
95%ClI: 0.0012 ~ 0.0164, P=0.02) , DEDTP(8=0.0088, 95%
CI: 0.3251 ~ 0.385 3, P<0.01) 5TyG-BMIA Xk HEAH
Bt E L FEWQSHHT T, OPPsIIR G 2 5 TyG-
BMIZE A PR3 BMIJ5 2 FIEAH X (=0.126 6, 95%CI:
0.100 8 ~ 0.152 5, P<0.01), .20 {E AH % 8 2 BMI i

cycle. Tk,
TyG TyG-BMI
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N S N N T T A
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3 WQSIRZI M R4EH S FIDAPsHILE
Fig 3 The weights of each DAP in the regression index of the WQS model

The abbreviations are explained in the note to Table 1. The model adjusts for sex, age, race, education level, marital status, poverty income ratio (PIR), physical

activity, body mass index (BMI), smoking, drinking, energy intake, hypertension, and NHANES cycle.
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Table 4 Supplementary results of the multiple linear regression analysis

of organophosphorus pesticide metabolites and TyG-BMI

] ] TyG-BMI

Chemicals (Continuous)
B (95% CI) P

DMP 0.0002 (—0.0058-0.0062) 0.95
DMTP 0.0006 (—0.0055-0.006 8) 0.84
DMDTP 0.0088 (0.0012-0.0164) 0.02
YDMAP —0.0002 (—0.0072-0.006 8) 0.94
DEP 0.0025 (—0.0036-0.008 6) 0.42
DETP 0.0059 (—0.0028-0.0145) 0.18
DEDTP 0.3552 (0.3251-0.3853) <0.01
YDEAP 0.0056 (—0.0024-0.0137) 0.17
>DAP 0.0009 (—0.0072-0.009 1) 0.81

The abbreviations are explained in the note to Table 1. Models were
adjusted for sex, age, race, education level, marital status, poverty income
ratio (PIR), physical activity, smoking, drinking, energy intake,
hypertension, and NHANES cycle.
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Fig 4 Supplementary results of the dose-response curve for organophosphorus pesticides and TyG-BMI

The abbreviations are explained in the note to Table 1. Models were adjusted for sex, age, race, education level, marital status, poverty income ratio (PIR), physical

activity, smoking, drinking, energy intake, hypertension, and NHANES cycle.
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