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Abstract: In this study, the joint toxicological characteristics of reproductive toxicity, 15 

neurotoxicity, and endocrine disruption (ED) by organophosphorus flame retardants 16 

(OPFRs) were regulated by process control. Molecular docking technology, molecular 17 

dynamics (MD), 2D-QSAR model, and density functional theory (DFT) were used to 18 

develop a health risk regulation scheme for special population such as pregnant 19 

women exposed to OPFRs. It was found that MD simulations confirmed the 20 

effectiveness of the recommended complementary food scheme (CFS) for the 21 

pregnant women with low health risk. When β-lactoglobulin, α-lactoalbumin, milk fat 22 

globule membrane (MFGM) protein, ovalbumin (OVA), ovotransferrin (OVT), 23 

vitamin, plant pigment, apple polyphenols, and malic acid were present in the CFS, 24 

the joint toxicity of OPFRs in pregnant women were significantly decreased by 25 
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91.18%. The reproductive toxicity played a dominant role in the joint toxicity and 26 

could be reduced by 82.48% under the recommended CFS. There was a competitive 27 

relationship between the nutrients in the recommended CFS and OPFRs binding to the 28 

joint toxic receptor (JTR). The former could easily occupy the target binding spot of 29 

the JTR protein, which reduced or prevented the binding of OPFRs to the JTR. In 30 

addition, simulation of OPFRs molecular metabolic pathways in pregnant women 31 

under the recommended CFS showed that the binding affinity between OPFRs and six 32 

metabolic kinases in pregnant women was significantly decreased (–28.85% -–33 

87.54%), indicating that the inhibition effect of OPFRs on normal biochemical 34 

reactions in the human body was significantly reduced, which to a certain extent 35 

verified the effectiveness of the recommended CFS.  36 

Keywords: organophosphorus flame retardants (OPFRs), pregnant women, 37 

complementary food scheme (CFS), competitive binding, human health risk 38 

regulation 39 
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1 Introduction 65 

Brominated flame retardants (BFRs) such as polybrominated diphenyl ethers 66 

(PBDEs), polychlorinated biphenyls (PCBs), hexabromocyclododecane (HBCD), 67 

tetrabromobisphenol A, and DBDPE have been listed as persistent organic pollutants 68 

(POPs) by the Stockholm Convention, and their use has been restricted or even 69 

banned. Organophosphorus flame retardants (OPFRs) are widely used as substitutes 70 

for BFRs for various home and office applications (Tavoloni et al. 2020; Mao et al. 71 

2020; Chen et al. 2019; Yu et al. 2019). OPFRs are mainly found in building 72 

materials, such as rigid polyurethane foam for insulation, construction, and 73 

refrigeration (Yang et al. 2017), flexible polyurethane foams, plastics, clothing, and 74 

textiles for interior upholstery such as furniture and mattresses (Zhou et al. 2019; 75 

Ospina et al. 2018), electronic products and a few baby products (Wang et al. 2020; 76 

Wiersielis et al. 2020). Triphenyl phosphate (TPHP), tris(1,3-dichloro-2-propyl) 77 

phosphate (TDCPP), and tris(2-chloroethyl) phosphate (TCEP) can be frequently 78 

detected in pregnant women’s homes (Percy et al. 2020; Wiersielis et al. 2020; Chen 79 

et al. 2015; Zhang et al. 2016). OPFRs are often used in household furniture and baby 80 

products; thus, pregnant women and their babies are inevitably exposed to them 81 

(Hoffman et al. 2014; Thomas et al. 2017). 82 

As a substitute for POPs such as PDBEs, in terms of harmful effects, OPFRs are 83 

not completely separated from POPs. OPFRs still have a variety of biological 84 

toxicities, including developmental neurotoxicity, which is associated with adverse 85 

reproductive/developmental nervous system effects in animals and humans (Sun et al. 86 

2016; Baldwin et al. 2017; Gu et al. 2018). It was found that the lethal concentration 87 

50% (LC50) and concentration for 50% of maximal effect (EC50) values of OPFRs 88 

were similar to the toxicity values of BFRs such as PBDEs, even one or two orders of 89 
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magnitude less than the LC50 and EC50 values of the various flame retardants such as 90 

OPFRs, PBDEs, PCBs, HBCD, tetrabromobisphenol A, and DBDPE (Gu et al. 2018; 91 

Chu et al. 2019). As the values of LC50 and EC50 decreases, the toxicity increases. 92 

Therefore, the toxic effect of OPFRs cannot be ignored. TDCPP and TCIPP have 93 

been known as carcinogenic and were removed from children’s pajamas in the late 94 

1970s, but in recent decades, the production of OPFRs as a flame retardant for other 95 

applications has increased significantly (Percy et al. 2020). TCEP and TPHP are 96 

neurotoxic to some animals (Gu et al. 2018; Wang et al. 2015). Besides, TPHP had 97 

been used as a phthalate substitute in some personal care products (e.g., nail polish), 98 

providing another potential exposure route of OPFRs hazards to the environment and 99 

human health (Young et al. 2018). 100 

As additive flame retardants, OPFRs exist in products through physical 101 

combination. During the manufacturing, processing, and use of products, OPFRs 102 

easily enter into the environment and human food chain through leaching, deposition, 103 

inhalation, ingestion, and dermal absorption and accumulate in human milk and urine 104 

(Wei et al. 2015; Zhang et al. 2016; Ospina et al. 2018; Schreder et al. 2016). Hand-105 

to-mouth contact of the human body (dust inhalation and skin absorption) to OPFRs is 106 

one of the most common OPFR absorption pathways for people living in indoor 107 

environments (Hou et al. 2016). Dietary intake is also an important way for the human 108 

body to absorb OPFRs. The widespread existence of OPFRs indoors implies that 109 

pregnant women are potentially exposed to them, and thus the risk of OPFRs 110 

molecular toxicity to pregnant women has aroused widespread concern in late years. 111 

Recent studies have shown that TDCPP, TCP, and TPP with a median concentration 112 

of about 1–6 µg/g household dust were inadvertently inhaled by pregnant women or 113 

growing infants (Fan et al. 2014; Meeker et al. 2013; Carignan et al. 2013). TDCPP, 114 
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TCP, and TPP can be detected in urine, breast milk, and blood samples of pregnant 115 

women at concentrations ranging from 1–100 ng/mL or 1–100 ng/g lipids. 116 

Metabolites of OPFRs were detected in pregnant women during the perinatal period 117 

(Hoffman et al. 2015), which were associated with an increased risk of high body 118 

mass index (BMI) and adverse neurological outcomes in children (Boyle et al. 2019; 119 

Doherty et al. 2019). Bis(1, 3-dichloroisopropyl) phosphate (BDCIPP), the metabolite 120 

of tris(1,3-dichloro-2-propyl) phosphate (TDCPP), was detected in the urine samples 121 

of the children across the entire United States at a median concentration of ~2.8 122 

ng/mL (Butt et al. 2016). BDCIPP was detected in all the urine samples of the 123 

Australian children, with a median concentration of 7.8µg/g (He et al. 2018). The 124 

presence of OPFRs metabolites such as diphenyl phosphate (DPHP), bis(1,3-dichloro-125 

2-propyl) phosphate (BDCIPP), and bis(2-chloroethyl) phosphate (BCEP) in the urine 126 

samples of the pregnant women (n = 357) at 16 and 26 weeks of gestation and at birth 127 

confirmed that the pregnant women were indeed exposed to OPFRs during fetal 128 

development (Percy et al.. 2020). This raised a major concern in the scientific 129 

community about the continuous OPFRs exposure and their associated health risks to 130 

pregnant women. Given this, Zhang et al. (2016) compared the dietary intake (EDI) of 131 

OPFRs with their daily reference dose (RfD) (ng/kg bw/day). It was found that the 132 

estimated exposure levels of most of the compounds were at least two orders of 133 

magnitude lower than their RfD values. The human health risk assessment for 134 

selected OPFRs was probably underestimated because other possible OPFRs already 135 

present in the food were not included. Thus, it is necessary to reduce the human health 136 

risks of OPFRs in special populations. 137 

Pregnancy is a critical period for the formation and development of fetal tissues 138 

and organs and is potentially vulnerable to environmental toxins for pregnant women 139 
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and their fetuses. Past studies have shown that mammals are particularly sensitive to 140 

organic flame retardants (such as reproductive neurotoxicants and endocrine 141 

disruptors) during uterine and neonatal development (Schneider et al. 2014). OPFRs 142 

in pregnant women affect the hormone secretion sensitivity, lead to reproductive and 143 

immune dysfunction, and affect the reproductive process. OPFRs also have adverse 144 

effects on the long-term physical development and neurocognitive development of the 145 

fetus (Percy et al. 2020; Gu et al. 2018). Therefore, dietary interventions during 146 

pregnancy are very important to ensure the health of the pregnant women and fetus, 147 

reduce the human health risks of OPFRs molecular reproductive toxicity, 148 

neurotoxicity, and endocrine disruption (ED), and minimize the occurrence of adverse 149 

pregnancy outcomes (Adams et al. 2020). Hence, to reduce the OPFRs molecular 150 

joint toxicity risk in pregnant women, it is recommended to formulate a recommended 151 

complementary food scheme (CFS) for pregnant women to create in vivo obstruction 152 

in the binding process of OPFRs and joint toxicity receptor (JTR) protein. In this 153 

study, molecular docking and 2D-QSAR model were used to screen the molecular 154 

parameters that significantly affected the joint toxicity of OPFRs and to reveal the 155 

joint toxicity mechanism of OPFRs in pregnant women firstly. Secondly, MD 156 

methods based on the Taguchi experiment design were used to develop recommended 157 

CFS that significantly improved the human health risks in pregnant women exposed 158 

to OPFRs. Finally, MD and DFT methods were used to quantify the weight of 159 

neurotoxicity, reproductive toxicity, and ED toxicity of OPFRs in pregnant women. 160 

To the best of our knowledge, no study on the CFS to improve or reduce human 161 

health risks of OPFRs in pregnant women has been reported in the literature. 162 

 163 

2. Material and methods 164 

2.1 Comprehensive evaluation method for OPFRs molecular joint toxicity--165 
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Molecular docking and MD method 166 

The receptor proteins of the human neurotoxicity (glucocorticoid receptor, GR) 167 

(Chen et al. 2015; Frank et al. 2018), reproductive toxicity (peroxisome proliferator-168 

activated receptor, PPAR) (Kojima et al. 2013; Kuwabara et al. 2012), and ED 169 

toxicity (estrogen receptor, ER) (Souza et al. 2017) were obtained from Protein Data 170 

Bank (PDB, http://www.rcsb.org/pdb) and their PDB IDs were 6CFN, 3VI8, and 171 

5TOA, respectively. ZDOCK module in Discovery Studio 4.0 (DS, Accelrys, Inc., 172 

San Diego, American) software was used to dock 20 OPFRs molecules with three 173 

toxic receptor protein docking complexes in turn. The binding free energy (Gbind) 174 

characterized the joint toxicity of OPFRs reproductive toxicity, neurotoxicity, and ED 175 

toxicity in special populations. MD method was used to calculate the Gbind of 20 176 

OPFRs molecules and the complex of JTR protein. The calculation was mainly based 177 

on the MD simulation module of Gromacs software in the Dell PowerEdge R7425 178 

server. The complex of OPFR molecules and JTR protein was placed in a cube with a 179 

side length of 8.3 nm. The GROMOS96 43A1 force field was used for molecular 180 

constraint, and Na+ was added to neutralize the system charge. The above composite 181 

system was set as a group, and the energy minimization simulations based on the 182 

steepest gradient method were performed with the simulated steps set to 100,000. The 183 

heat bath and pressure simulation time of the composite system was set to 100 ps with 184 

a constant standard atmospheric pressure of 1 bar and the dynamic simulation 185 

calculation time of each level was equal to 200 ps. It was reported that as the Gbind 186 

value of the OPFRs molecules and the JTR proteins complex decreased, the binding 187 

affinity of the complex was increased (Yang et al. 2020a). The calculated values of 188 

Gbind of OPFRs molecule and JTR protein complex are shown in Table S1. The 189 

absolute value of Gbind was used to characterize the joint toxicity of OPFRs 190 

http://www.rcsb.org/pdb
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molecules in the special population. With the increase in the absolute value of Gbind, 191 

the joint effects of reproductive toxicity, neurotoxicity, and ED toxicity of OPFRs 192 

were increased. 193 

2.2 Analysis of the joint toxicity mechanism of OPFRs molecules by 2D-QASR 194 

model assisted by density functional theory (DFT) 195 

We used Gaussian 09 to optimize the structures based on the ground state of 196 

DFT at B3LYP level and 6–311 G (d,p) basic set and Chemdraw12.0 software to 197 

calculate the seven geometrical parameters, five electronic parameters, eight 198 

physicochemical parameters, and seven spectral parameters of the OPFRs molecules. 199 

The calculated parameters of 20 OPFRs molecules are shown in Table S1 (Chen et al. 200 

2020; Shi et al. 2015). These parameters were selected as the independent variables, 201 

while the joint toxic evaluation value of reproductive toxicity, neurotoxicity, and ED 202 

toxicity (the Gbind of complex of OPFRs molecules and JTP protein) were the 203 

dependent variables (Du et al. 2019; Li et al. 2020). Based on these data, we screened 204 

out molecular descriptors using the stepwise regression method in SPSS Statistics 2.0 205 

software. A 2D-QASR model of OPFRs molecular reproductive toxicity, 206 

neurotoxicity, and ED toxicity was constructed with 15 (≥5) molecules (out of 20 207 

molecules) as the training set and five molecules (≥5) as the test set (Golbraikh et al. 208 

2002). The sensitivity analysis method was used to analyze the parameters that 209 

significantly affected the joint toxicity of OPFRs.  210 

The 2D-QSAR model should have a clear range of applications. The prediction 211 

of compounds using the 2D-QSAR model is reliable when the model is within its 212 

application domain. On the contrary, it is less reliable when the model is outside its 213 

application domain (Du et al. 2019). The Williams diagram was drawn based on 214 

standardized residual 𝛿 values and the lever ℎ𝑖 values (Yang et al. 2020b). This can 215 
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visually reflect the scope of model application, judge the reliability and robustness of 216 

the 2D-QSAR model, and identify the outliers and influential compounds. The 217 

formula for the standardized residual 𝛿 and lever value ℎ𝑖 used is as follows: 218 

𝛿 = 𝑌𝑒𝑥𝑝−𝑌𝑝𝑟𝑒√∑(𝑌𝑒𝑥𝑝−𝑌𝑝𝑟𝑒)2/(𝑛−𝑝−1)                                      (1) 219 

ℎ𝑖 = 𝑋𝑖(𝑋𝑇𝑋)−1𝑋𝑖𝑇                                     (2) 220 

where 𝑌𝑒𝑥𝑝 and 𝑌𝑝𝑟𝑒 represent the experimental and the predicted values of the target 221 

molecules, respectively, n represents the number of target molecules, p is the number 222 

of model molecular descriptors, 𝑋𝑖  represents the matrix of ith target compound 223 

descriptor, 𝑋 is the matrix of all target compound descriptors, 𝑋𝑇  and 𝑋𝑖𝑇  represent 224 

the transpose matrices of 𝑋 and 𝑋𝑖 , respectively. The warning lever ℎ∗  is the limit 225 

value of 𝑋 and the target molecules with ℎ𝑖<ℎ∗ are considered as the normal value of 226 

the structure. On the contrary, it is regarded as the abnormal value of the structure 227 

when ℎ𝑖<ℎ∗, where ℎ∗ is defined as: 228 ℎ∗ = 3(𝑝 + 1)/𝑛                                      (3) 229 

where n represents the number of compounds, and p represents the number of the 230 

model molecular descriptors. 231 

The parameters that significantly affected the joint toxicity of OPFR molecules 232 

in the special population were determined by calculating the sensitivity parameters 233 

(Du et al. 2019). The sensitivity coefficient (SCi) is the ratio of the relative change of 234 

the predicted value to the relative change of the input parameter and was calculated 235 

according to the following equation (4),   236 𝑆𝐶𝑖 =  (∆𝑌𝑖𝑌𝑖 ) / (∆𝑋𝑖𝑋𝑖 )                               (4)  237 

where SCi is the sensitivity coefficients of the ith parameter, ΔXi/Xi represents the rate 238 

of change of the ith parameter, and ΔYi/Yi is the rate of change of the joint toxicity of 239 
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OPFR molecules. 240 

2.3 Recommended CFS to alleviate the combined toxicity of OPFRs in pregnant 241 

women -- MD method based on Taguchi experiment design 242 

In this study, we selected 15 regular high protein-rich food items (milk, eggs, and 243 

soybean milk), fresh fruits and vegetables (orange, carrot, broccoli, spinach, grapes, 244 

jujube, apple, and kiwi fruit), grains (black rice and oat), and drinks (honey and 245 

cubilose) that are recommended to pregnant women. The main nutrients present in 246 

each food item were considered as external conditions, and their influence on the 247 

binding affinity of OPFRs molecules (TCEP, TPHP, and TDCPP) to JTR protein was 248 

measured by MD simulations. The MD method assisted by L32 (28) Taguchi 249 

experiment design was used to further screen the CFS that would be beneficial in 250 

reducing the human health risks of OPFRs in pregnant women. The L32 (2
8) Taguchi 251 

experimental design was conducted by selecting eight complementary food items 252 

(milk (A), egg (B), orange (C), spinach (D), grape (E), jujube (F), apple (G), and kiwi 253 

fruit (H)) that effectively reduced the OPFRs molecular joint toxicity (the reduction 254 

rate was between 10.74% - 44.20%) as the variables to generate the orthogonal 255 

experimental method. Taguchi experimental design is a special orthogonal 256 

experimental method in which fewer experiments are required to analyze a large 257 

number of variables (Castorena-Cortés et al. 2009). OPFR molecules and JTR protein 258 

complex were placed in a water cube box with a side length of 15 nm, and the 259 

nutrients of the complementary food items were added to the constructed water cube 260 

box. The MD simulations of the joint toxicity of OPFRs molecules under different 261 

CFS were carried out according to the 32 orthogonal experimental groups generated 262 

(Table S2). Factorial analysis was then used to determine the CFS that could 263 

minimize the joint toxicity of OPFRs in the special population according to the 264 
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binding free energy. 265 

3 Results and discussion 266 

3.1 Joint toxicity mechanism of OPFRs molecules based on 2D-QSAR model 267 

The various parameters of OPFRs molecules used to construct the 2D-QSAR 268 

model are shown in Table S1. The joint toxicity of OPFRs molecular reproductive 269 

toxicity, neurotoxicity and ED toxicity were taken as the dependent variable, while 270 

the molecular structure parameters were considered to be the independent variables. 271 

The independent variables that significantly affected the joint toxicity of OPFRs were 272 

screened by stepwise regression method in SPSS, and the 2D-QASR model between 273 

the OPFRs molecular joint toxicity and its parameters was constructed. According to 274 

the 2D-QASR model, we studied the influence mechanism of the parameters on the 275 

OPFRs molecular joint toxicity. 276 

Taking Considering the value T (the absolute value of binding free energy 277 

between OPFRs molecules and the JTR complex) of reproductive toxicity, 278 

neurotoxicity, and ED joint toxicity as the dependent variable, the 2D-QSAR model 279 

equation for the joint toxicity of OPFR molecules was as follows: 280 𝑇 = 14.74 − 0.897𝑄𝑌𝑍 + 0.963𝐸𝐿𝑈𝑀𝑂 − 1.372𝐸𝐺 + 6.735 𝑅𝑎𝑚𝑎𝑛 −281 (𝐶 − 𝑂)𝑆𝑉𝐹                                               (5)  282 

The R-value of the 2D-QSAR model was 0.85 (>0.8), and the Sig value was 0 283 

(<0.05). Sig represents the significance at P=0.05. The 2D-QSAR model passed the 284 

significance test, indicating that the parameters selected in the equation of the 2D-285 

QSAR model were related to the joint toxicity of the OPFR molecules. The 𝑅𝑎𝑑𝑗 value 286 

of the 2D-QSAR model was 0.76 (>0.6), 𝑅𝑎𝑑𝑗 represents the determination coefficient 287 

of the 2D-QSAR model after the calibration of the internal validation parameters and 288 

the  𝑅𝑀𝑆𝐸𝑇𝑅  representing the root mean square error value met all the desired 289 
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requirements. Thus, the 2D-QSAR model showed a good fitting degree (Golbraikh et 290 

al. 2020). The 𝑄𝐿𝑂𝑂2  value of the 2D-QSAR model was 0.85 (>0.6) and represented the 291 

cross-validation coefficient, indicating that the model had good stability (Qin et al. 292 

2013). The calculated 𝑅𝑡𝑒𝑠𝑡2  value of the 2D-QSAR model was 0.72 (0.6), suggesting 293 

that the model had a strong external prediction ability (Roy et al. 2009). 294 

The linear fitting diagrams of the OPFRs molecular predicted values and 295 

experimental values of the training set, the test set, and William’s diagram within the 296 

application domain of the 2D-QSAR model equation are shown in Figure 1. The 297 

predicted and the experimental values of the training and test sets in the 2D-QSAR 298 

model were in good agreement with each other. The scope of application was 299 

determined by the lever alert values ℎ∗ and 𝛿. The OPFRs molecules (15 molecules as 300 

training set and five molecules as the test set) used for constructing the 2D-QSAR 301 

model were introduced into equation (1) to calculate ℎ∗ and 𝛿. The ℎ∗ value was 0.75 302 

(X-coordinate) and the 𝛿 value was ±3 (Y- coordinate) (Yang et al. 2020b). All the 303 

results of the 2D-QSAR model were within the acceptable range, indicating that the 304 

2D-QSAR model was robust and had a wide range of applications. The model was 305 

also reliable in predicting the joint toxicity of similar molecules. 306 

Place Fig. 1 here 307 

The geometric parameter-quadrupole moment ( 𝑄𝑌𝑍 ), electronic parameter- 308 

minimum orbital energy (𝐸𝐿𝑈𝑀𝑂 ), energy gap (EG), and spectrogram parameter- 309 

Raman C-O stretching vibration frequency ( 𝑅𝑎𝑚𝑎𝑛 − (𝐶 − 𝑂𝑆𝑉𝐹) of OPFRs 310 

molecules played important roles in the joint toxic effects. In order to further illustrate 311 

the influence of these parameters on the joint toxicity of OPFRs molecules, a 312 

sensitivity analysis was conducted for the above four parameters by using equation 313 

(5). Each parameter was increased by 10%, 20%, 30%, 40%, and 50%. The influence 314 
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trend and significance of each parameter on the joint toxicity were expressed by 315 

relative sensitivity, and the sensitivity coefficient value of each parameter calculated 316 

by the change of parameters is shown in Table 1. 317 

Place Table 1 here 318 

By comparing the absolute values of the sensitivity coefficients, it was found that 319 

the effect of the variable parameters on the joint toxicity of OPFRs molecules acted in 320 

the following trend:𝐸𝐿𝑈𝑀𝑂  > 𝑅𝑎𝑚𝑎𝑛 − (𝐶 − 𝑂𝑆𝑉𝐹) > EG >𝑄𝑌𝑍. 𝐸𝐿𝑈𝑀𝑂  appeared as 321 

the important parameter that significantly influenced the joint toxicity of OPFRs 322 

molecules and had a positive coefficient value (in equation 5), indicating that it 323 

positively affected the toxicity of OPFRs. This implied that as the value of 𝐸𝐿𝑈𝑀𝑂was 324 

increased, the absolute value of the binding free energy of OPFRs molecules and JTR 325 

complex also increased subsequently, thereby increasing the joint toxicity of OPFRs 326 

molecules. Moreover, 𝐸𝐿𝑈𝑀𝑂 represented the electrophilicity of compounds (Liu et al. 327 

2019), in other words, the electron affinity of OPFRs molecules is considerably 328 

affected the joint toxic effect of OPFRs on the JTR proteins in the special population. 329 

OPFRs are electrophilic in nature and thus have strong binding affinities for the 330 

biomolecules. During ligand binding to the receptor, ELUMO represents the electric 331 

field properties around the binding sites of OPFRs molecules and toxic receptor 332 

proteins. Therefore, a change in the electric field around the binding sites can be 333 

considered to alter the binding affinities of OPFRs and toxic receptor proteins; thus, 334 

reducing the OPFRs molecular toxicity. Previous studies have shown that target 335 

receptor proteins involved in various biological activities have high specificity and 336 

selectivity for ligands with specific structures or molecular force fields (Jones et al. 337 

2021; Gong et al. 2019). Therefore, we considered adding other ligands into the 338 

compound system of OPFRs molecules and JTR complex, and by controlling the field 339 
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properties around the binding sites of OPFRs and toxic receptor proteins, the 340 

competitive binding between multiple ligands was regulated; thus, reducing the 341 

binding affinity between OPFRs molecules and JTR proteins, hence the joint toxicity 342 

of OPFRs. 343 

3.2 Human health risk regulation of special population exposed to OPFRs 344 

3.2.1 Screening of CFSs based on MD simulations to regulate human health risks 345 

in pregnant women 346 

Dietary intake is a potential pathway of human exposure to OPFRs. Zhang et al. 347 

investigated the concentrations of typical OPFRs in 50 varieties of rice and 75 348 

varieties of common food in China and found that the concentration of OPFRs was 349 

the highest in rice (Zhang et al. 2016). The intake of meat and fish may be related to 350 

higher DPP and BDCPP levels (Thomas et al. 2017). Therefore, in this study, 15 351 

complementary food items with low OPFRs content and regular diet suggested during 352 

pregnancy were selected to develop a recommended CFS. The main nutrients in 353 

complementary food items were added into the complex system of OPFRs and JTR 354 

protein and the competitive combination of nutrients and OPFRs molecules was used 355 

to restrict or reduce the human health risks of OPFRs. Various supplements have been 356 

used in the past to improve the toxicity risks of biological receptors exposed to 357 

contaminants (Zhang et al. 2018; Rajabiesterabadi et al. 2020; Yilmaz, 2020). The 358 

binding of OPFRs molecules to JTR in the special population was a key step in its 359 

joint neurotoxicity, reproductive toxicity, and ED toxicity (Chen et al. 2015; Sun et al. 360 

2016; Baldwin et al. 2017; Gu et al. 2018). TCEP, TPHP, and TDCPP were the most 361 

important OPFRs contaminants detected in the environment and pregnant women. 362 

MD simulations were used to simulate the influence of the binding ability of major 363 

nutrients in each complementary food items and OPFRs to JTR protein. The 364 
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recommended CFS beneficial to reduce the health risks in the special population 365 

exposed to OPFRs were screened out. 366 

The main nutrients present in milk are β-lactoglobulin, α-lactoalbumin, and milk 367 

fat globule membrane (MFGM) protein; in the egg are ovalbumin (OVA) and 368 

ovotransferrin (OVT); in the soybean milk are plant protein, vitamin B1, vitamin B3, 369 

and niacin; in the orange are vitamin C and lycopene; in carrots are vitamin A and 370 

folic acid; in the broccoli are vitamins A, B, C, and K; in the spinach are vitamin A 371 

and B; in grapes are vitamin A and B and anthocyanin; in the jujube are vitamin A, B, 372 

C, and E; in the apple are vitamin C, apple polyphenols, malic acid, anthocyanin, 373 

lycopene, and niacin; in the kiwi fruit are vitamin A, C, and E; in black rice in the 374 

cereal category are vitamin A and B and folic acid, in oats are vitamin B1, B2, and E 375 

and folic acid. The main nutrients found in honey as a drink are vitamin B and C, and 376 

in the cubilose are sialic acid and epidermal growth factor. The binding free energies 377 

of OPFRs molecules and JTR protein complexes after the addition of main nutrients 378 

found in complementary food items were as follows:–62.763 kJ/mol, –65.059 kJ/mol, 379 

–55.695 kJ/mol, –108.303 kJ/mol, –95.456 kJ/mol, –86.659 kJ/mol, –99.629 kJ/mol,–380 

108.373 kJ/mol, –68.857 kJ/mol, –84.325 kJ/mol, –54.174 kJ/mol, –78.35 kJ/mol,–381 

102.828 kJ/mol, –96.725 kJ/mol, and –89.651 kJ/mol. The results showed an increase 382 

in the absolute values of the binding energies of OPFRs molecules and the JTR 383 

protein complexes in the presence of 11 complementary food items (milk, egg, 384 

soybean milk, orange, spinach, broccoli, grapes, jujube, apple, kiwi fruit, and 385 

cubilose) (Figure 2). However, the opposite was true in the case of milk (A), egg (B), 386 

orange (C), spinach (D), grape (E), jujube (F), apple (G), and kiwi fruit (H) where the 387 

absolute values of binding energies of OPFRs molecules and JTR protein complex 388 

decreased significantly within the range of 10.74% to 44.20%. Therefore, it was 389 
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suggested that the above eight complementary food items could significantly reduce 390 

the combined toxicity of OPFRs molecules (TCEP, TPHP, and TDCPP) in pregnant 391 

women. 392 

In the above eight complementary food items, except milk and eggs, the rest of 393 

them were (fruits and vegetables) edible plant supplements. Previous studies showed 394 

that medicinal plants and their extracts had antioxidant effects when varieties of fish 395 

were exposed to toxic substances such as heavy metals Cu and Zn, bisphenol A, etc. 396 

(Abdel-Tawwab et al. 2018; Hamed and Abdel-Tawwab, 2017; Hoseini et al. 2018a, 397 

2018b). Hoseini et al. found that myrcene or menthol inclusive diet inhibited 398 

ammonia-induced tissue damage, anemia, and oxidative stress responses in common 399 

carps (Hoseini et al. 2019). Also, plant supplements such as garlic (Yousefi et al. 400 

2020), artemisia annulis (Taheri Mirghaed et al. 2020), olea europea (Rajabiesterabadi 401 

et al. 2020), ceratonia silique (Yilmaz, 2020), phytochemicals such as 1, 8 cineole 402 

(Taheri Mirghaed et al. 2019), myrcene (Hoseini et al. 2019), menthol (Hoseini et al. 403 

2019), and berberine (Chen et al. 2016) helped biological receptors exposed to a 404 

variety of toxic substances to resist their biotoxicity. The results of these studies 405 

supported our observations and were consistent with the efficacy of plant supplements 406 

used in this study.  407 

Place Fig. 2 here 408 

3.2.2 Recommendation of CFS based on Taguchi experimental design to improve 409 

human health risks in special population 410 

MD results showed that milk (A), egg (B), orange (C), spinach (D), grape (E), 411 

jujube (F), apple (G), and kiwi fruit (H) could significantly reduce the joint toxicity of 412 

OPFRs molecules (TCEP, TPHP, and TDCPP) in special population. The above eight 413 

supplemental foods were considered as the experimental variables, and the binding 414 
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free energies of TCEP, TPHP, and TDCPP molecules and the JTR protein complex 415 

were calculated by MD simulations according to the complementary food 416 

combinations generated by the L32 (28) Taguchi orthogonal experimental design 417 

(Figure 3). 418 

Place Fig. 3 here 419 

In Figure 3, the dark blue color represented the presence of complementary food 420 

whereas, the light blue color represented the absence. It was observed that the heat 421 

map of scheme 33 (blank group, without complementary food items) had the darkest 422 

color. The absolute values of binding free energies of 32 groups of CFS were lower 423 

than that of scheme 33, indicating that all the CFS were able to reduce the binding 424 

ability of OPFRs and the JTR complex protein. The absolute values of the binding 425 

free energies of 32 groups of CFS were changed in the range of–14.16% -–85.19%, in 426 

comparison to the blank group. When milk (A), orange (C), grape (E), jujube (F), and 427 

kiwi fruit (H) were all added at the same time (the main nutrition: β-lactoglobulin, α-428 

lactoalbumin, MFGM protein, vitamin A, B, C, D, and E, anthocyanin, and lycopene), 429 

the binding ability of TCEP, TPHP, and TDCPP to JTR protein in special population 430 

was significantly reduced (85.19% lower than that in the blank group); consequently, 431 

the health risks of OPFRs to humans was significantly reduced. 432 

The absolute values of binding energies of TCEP, TPHP, and TDCPP with the 433 

JTR protein in the special populations were taken as the response value and the 434 

factorial analysis of Taguchi experimental design was performed subsequently. As the 435 

absolute value of average binding free energy was decreased, consequently, the 436 

binding affinity between OPFRs molecules and the JTR protein and the toxicity of the 437 

OPFRs in special population was also decreased. Hence, according to Table 2, the 438 

recommended CFS was : milk (A), orange (C), spinach (D), and jujube (F), their main 439 
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nutrients were β-lactoglobulin, α-lactoalbumin, MFGM protein, Vitamin A, B, C, D, 440 

E, lycopene). The binding free energy of TCEP, TPHP, and TDCPP with the JTR 441 

protein (–8.563 kJ/mol) was calculated in the presence of recommended CFS. When 442 

compared with the binding free energy of the blank group, the change rate of the 443 

binding free energy under recommended CFS was –91.18%. It was the lowest 444 

absolute value of binding energy among all CFS and was consistent with the results of 445 

the Taguchi experimental design factor analysis. The main nutrition of CFS could 446 

reduce the combined toxicity of OPFRs to the maximum extent (85.19%) in 32 groups 447 

of Taguchi experimental design schemes (comprised of milk (A), orange (C), grape 448 

(E), jujube (F), and kiwi fruit (H)) and the recommended CFS containing milk (A), 449 

orange (C), spinach (D) and jujube (F) (sources of main milk protein, vitamins, and 450 

plant pigments). These results indicated that β-lactoglobulin, α-lactoalbumin, MFGM 451 

protein, vitamins A, B, C, D, and E, and plant pigments were the main factors that 452 

significantly reduced the binding ability of OPFRs to the JTR protein in the special 453 

population. 454 

Yousef et al. evaluated the immune stimulation, and anti-inflammatory effects of 455 

Roselle added to the diet under normal conditions and ammonia exposure on rainbow 456 

trout (Oncorhynchus mykiss). Roselle contains a lot of natural pigments such as multi-457 

vitamins and anthocyanins. The results showed that Roselle supplementation 458 

significantly increased the white blood cells, plasma total immunoglobulins, 459 

alternative complement pathway (ACH50), bactericidal activity, and skin 460 

mucus/plasma lysozyme activity. It was demonstrated that Roselle was capable of 461 

augmenting immune response and mitigate inflammation in rainbow trout, leading to 462 

better health following ammonia toxicity (Yousefi et al. 2021). Supplementation of 463 

vitamin C in feed could improve iron toxicity in aquatic Ictalurus punctatus (Yadav et 464 
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al. 2020). The antioxidant protective effects of multi-vitamins have been shown to 465 

counteract the toxicity of hydrophilic metals such as lead (Pb) in many species of fish 466 

(Nourian et al. 2019; Shahsavani et al. 2017). Besides, Harsij et al. (2020) found that 467 

fish fed with diets containing nanoselenium, vitamins C and E, and antioxidants and 468 

exposed to sublethal ammonia showed significantly better growth performance, 469 

immune and antioxidant responses than those in the control group. All of these studies 470 

have shown that the dietary plants rich in vitamins and natural pigments can reduce 471 

the toxicity of the recipient organisms exposed to a variety of toxic materials. The 472 

above studies supported our results and confirmed that vitamin A, B, C, D, and E and 473 

plant pigments screened in this study were the main factors that significantly reduced 474 

the binding ability of OPFRs to the JTR protein in special populations. 475 

Place Table 2 here 476 

In accordance with the response value (absolute value of binding free energy), 477 

the CFS for reducing the binding affinity of OPFRs molecules and JTR followed the 478 

sequence: egg (B) > orange (C) > grape (E) > apple (G) > milk (A) > fresh jujube (F) > 479 

spinach (D) > kiwi fruit (H). The average binding free energy analysis showed that 480 

out of the top three complementary food items in the above sequence, i.e., egg (B), 481 

orange (C), and grape (E), the addition of orange only could reduce the binding 482 

affinity between OPFRs molecules and the JTR. In 32 groups of the Taguchi 483 

experiment scheme, the schemes 10, 12, 26, and 28 met the above-mentioned 484 

requirements, where CFS contained only orange (C) and no egg (B) and grape (E). 485 

The absolute value of binding free energy of OPFRs molecules and JTR in the 486 

presence of the above-mentioned complementary foods was in the range of 58.84% - 487 

78.58%, lower than that of the blank group. On the contrary, the schemes 5, 7, 21, and 488 

23 (with egg (B) and grape (E) and without oranges (C)) had a lower absolute value of 489 
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binding free energy (18.52%-34.72%) of OPFRs molecules and JTR than that of the 490 

blank group. The reduction degree of the absolute value of binding free energy was 491 

much less than that of the CFS determined according to the average response values 492 

and the rank of the factorial analysis results, indicating that the factorial analysis 493 

results of the Taguchi experimental design were representative and reliable. 494 

Therefore, according to the results of factorial analysis of Taguchi experimental 495 

design, the recommended CFS with the milk (A), orange (C), spinach (D), and jujube 496 

(F) (main nutrient: β-lactoglobulin, α-lactoalbumin, MFGM protein, and vitamins) 497 

significantly reduced the binding free ability of OPFRs to the toxic receptor protein in 498 

the special population. The main proteins present in the milk and vitamins were the 499 

recommended complementary nutrient combinations for the prevention of health risks 500 

in special populations exposed to OPFRs. However, with the presence of milk (A), 501 

eggs (B), spinach (D), and apple (G) (primary nutrients: β-lactoglobulin, α-502 

lactoalbumin, MFGM protein, OVA, OVT, vitamin, plant pigments, apple 503 

polyphenols, and malic acid) at the same time, the absolute value of binding free 504 

energy of TCEP, TPHP, and TDCPP with JTR protein was minimally decreased (only 505 

14.16%). Therefore, it was not recommended to consume OVA, OVT, β-506 

lactoglobulin, α-lactoglobulin, and MFGM protein together with the complementary 507 

foods rich in vitamins, plant pigments, apple polyphenols, and malic acid. In addition, 508 

although no dietary factors were significantly associated with OPFRs and their 509 

metabolite concentrations, some studies showed that increased dairy product and fresh 510 

intake could be associated with the lower levels of OPFRs metabolites DPP, BDCPP, 511 

and ip-DPP (M.B. Thomas et al. 2017) and supported the introduction of the CFS 512 

(with milk, orange, spinach and jujube present at the same time) recommended in the 513 

present work capable of significantly reducing the binding affinity of OPFRs with the 514 
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JTR protein. 515 

3.3 Analysis of the mechanism for the improvement of OPFRs joint toxicity 516 

effects by recommended CFS in special population 517 

3.3.1 Mechanism analysis for the improvement of OPFRs molecular 518 

neurotoxicity, reproductive toxicity, and ED toxicity under recommended CFS 519 

To investigate the toxic effects that played a major role in joint toxicity in 520 

pregnant women exposed to OPFRs, three OPFRs molecules (TCEP, TPHP, and 521 

TDCPP) were docked with the neurotoxic receptor, reproductive toxic receptor, and 522 

endocrine disrupting toxic receptors, respectively. Then, each molecule of TCEP, 523 

TPHP and TDCPP was docked with neurotoxic receptor, reproductive toxic receptor 524 

and endocrine disrupting toxic receptor in sequence. The binding free energies of 12 525 

groups of docking complexes were calculated by MD simulations, and their absolute 526 

values are shown in Figure 4. The darkest shades of red, green, and blue colors in the 527 

outermost part of the annular histogram in Figure 4 represented the absolute values of 528 

binding free energies of the three OPFRs molecules with the JTR complex. The 529 

absolute value of binding energy represented the binding affinity of OPFRs and JTR 530 

protein. The colors varying from dark to light in the legend represented the binding 531 

affinity of different ligands and each toxic receptor in the annular histogram. 532 

Place Fig. 4 here 533 

It was observed from Figure 4 that the absolute value of binding free energy of 534 

three OPFRs molecules with the JTR complex, neurotoxic receptor, reproductive 535 

toxic receptor, and endocrine disrupting toxic receptor were 97.089, 98.352, 116.27, 536 

and 89.089, respectively. The toxicity increases with the increase in absolute values of 537 

binding free energies. The results showed that the toxicity effect of OPFRs molecules 538 

and reproductive toxic receptor complex was most prominent and increased by 539 
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19.76% in comparison to the joint toxicity effect of OPFRs molecules and JTR 540 

complex. While the toxicity of TCEP, TPHP, and TDCPP with neurotoxic receptors 541 

increased slightly (1.30%), it decreased slightly with ED toxic receptor (8.24%), 542 

suggesting that the reproductive toxicity of OPFRs molecules was greater than 543 

neurotoxic and endocrine disrupting toxicity and played a dominant role in the joint 544 

toxicity. The results showed that the absolute values of binding free energies of TCEP 545 

and TPHP with reproductive toxicity receptor (67.876 and 60.612) were higher than 546 

those with neurotoxicity receptor (56.238 and 48.971) and endocrine disrupting 547 

toxicity receptor (48.502 and 42.640). It can be said that the reproductive toxicity of 548 

TCEP and TPHP molecules was greater than neurotoxicity and endocrine toxicity. On 549 

the contrary, the TDCPP molecule showed significant neurotoxicity in comparison to 550 

TCEP and TPHP, which could be related to the strong neurotoxicity of the TDCPP 551 

molecule itself (Ali et al. 2016; Wang et al. 2015; Dishaw et al. 2011). The binding 552 

free energy results of the three OPFRs molecules in simultaneous or sequential 553 

binding with neurotoxicity receptor, reproductive toxicity receptor, and endocrine 554 

toxicity receptor showed that the effect of reproductive toxicity was significantly 555 

greater than that of the other two toxic effects and was the main influencing factor in 556 

the joint toxicity. Therefore, it was necessary to explore the regulatory mechanism of 557 

the joint multi-toxicity in terms of reproductive toxicity.  558 

The recommended CFS proposed in this study could significantly reduce the 559 

joint toxicity of OPFRs in the special population (decreased by 91.18%). To 560 

investigate whether the recommended CFS also had a significant low health risk 561 

effect on the main toxicity (reproductive toxicity) of the joint toxic effects, the 562 

binding free energies of OPFRs with the reproductive toxic receptor, neurotoxicity 563 

receptor, and endocrine toxic receptor were calculated under the recommended CFS. 564 
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The results showed that the absolute values of binding free energies of three OPFRs 565 

with reproductive toxicity receptor, neurotoxicity receptor, and endocrine toxicity 566 

receptor were 20.37, 52.79, and 47.49. However, without recommended CFS, the 567 

binding affinities of OPFRs to reproductive toxicity receptor (116.27), neurotoxicity 568 

receptor (98.53), and endocrine disrupting toxic receptor (89.09) were decreased by 569 

82.48%, 46.55%, and 46.69%, respectively. The ratio of reduction in reproductive 570 

toxicity, neurotoxicity, and endocrine toxicity was 4.69: 2.65: 2.66. The results 571 

showed that the recommended CFS could not only significantly reduce the joint 572 

toxicity of OPFRs, but also effectively reduce the single effects of reproductive 573 

toxicity, neurotoxicity, and endocrine toxicity, and it was worth mentioning that the 574 

reproductive toxicity in the joint toxicity decreased the most. Effects of reproductive 575 

toxicity on animals mainly included decreased pregnancy rate, miscarriage, stillbirth, 576 

teratogenesis, and fetal developmental disorders (Guerby et al. 2021). Therefore, 577 

reproductive toxicity could be considered as a major health risk factor in pregnant 578 

women during delivery. The presence of the recommended CFS reduced reproductive 579 

toxicity by 176.98% and 176.32% when compared with the reduction in neurotoxicity 580 

and endocrine toxicity, respectively. This indicated that the recommended CFS had a 581 

significant positive effect in the improvement of reproductive toxicity as the major 582 

health risk in pregnant women. 583 

3.3.2 Mechanism analysis of the competitive binding of nutrients and OPFRs 584 

molecules with JTR complex 585 

Since main nutrients such as β-lactoglobulin, α-lactoalbumin, MFGM protein, 586 

vitamin A, B, C, D, and E, and plant pigments (lycopene and anthocyanin) in CFS 587 

significantly reduced the binding ability of OPFRs to JTR, hence, the competitive 588 

binding mechanism of main nutrients and OPFRs molecules with the JTR complex 589 
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was determined by molecular docking and DFT. Varieties of hydrophobic organic 590 

contaminants (HOCs) were concentrated in the zucchini plants and contaminated the 591 

agricultural soil through the roots of the plants. Major latex-like proteins (MLPs) in 592 

the zucchini family played an important role in binding with HOCs. Fujita et al. 593 

inhibited the binding of HOCs and MLPs by introducing the compounds with indoles 594 

and quinazolines-like structures to facilitate easy binding to MLP. When zucchini 595 

plants were cultivated in the contaminated soil with 1.25 mmol/kg pyrene and 12.5 596 

mmol/kg dieldrin, the concentration of pyrene and dieldrin in xylem sap was 597 

significantly reduced by 30% and 15%, respectively. It was demonstrated that the 598 

pesticides bonded to MLPs, competitively inhibited the binding of MLPs to pyrene 599 

and dieldrin in roots, resulting in the reduction of agricultural soil pollution caused by 600 

HOCs (Fujita et al. 2020). PUM2 could facilitate the stemness of breast cancer cells 601 

by competitively binding to neuropilin-1 3’ UTR with miR-376a (Zhang et al. 2019). 602 

The above studies have shown that the competitive binding between different ligands 603 

could achieve the optimal regulation of ligand-receptor binding and accomplish the 604 

established goals. Therefore, it can be speculated that when ligands were added to the 605 

OPFRs - JTR complex system, nutrients modified the nature of the molecular force 606 

field around the target binding spot of ligand molecules (including nutrients and 607 

OPFRs molecules) and JTR. Consequently, nutrients competitively inhibited the 608 

binding of OPFRs to JTR in special populations and changed the binding affinity of 609 

OPFRs and JTR, resulting in a subsequent reduction in the human health risks in 610 

special populations exposed to OPFRs. 611 

Firstly, nutrients that significantly reduced the binding affinity between OPFRs 612 

and  JTR protein and the corresponding OPFRs molecules were sequentially docked 613 

with  JTR by the molecular docking method. The total score (TS) of ligand molecules 614 
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docked with receptor protein represented their binding affinities. As the TS increases, 615 

the binding affinity of ligands and receptors increases. In Figure 5, the TS of vitamin 616 

A, B, C, D, and E, lycopene, and anthocyanin docked with JTR complex was the Z 617 

value of spherical coordinate with a radius equal to one. (The TS of β-lactoglobulin, 618 

α-lactoalbumin, and MFGM protein docked with JTR was not considered, because β-619 

lactoglobulin, α-lactoalbumin, and MFGM protein were directly docked with the JTR 620 

protein as a protein complex; thus TS could not be calculated.) The TS of three 621 

OPFRs molecules (TCEP, TPHP, and TDCPP) docked with JTR complex was the Z 622 

value of spherical coordinate, and the radius was equal to 1.5. The TS of the nutrients 623 

docked with JTR slightly fluctuated in the range of–25.63% - 16.48%, in comparison 624 

to the TS score of the three OPFRs molecules. The TS of β-lactoglobulin, α-625 

lactoalbumin, MFGM protein, vitamin A, B, C, D, and E, lycopene, anthocyanin, and 626 

the three OPFRs molecules docked with JTR was 81.01% higher than that of the only 627 

three OPFRs molecules docked with the JTR, indicating that when β-lactoglobulin, α-628 

lactoalbumin, MFGM protein, vitamin A, B, C, D, and E, lycopene, anthocyanin were 629 

present along with the three OPFRs, the binding affinity of nutrients to the JTR 630 

protein was better than that of only OPFRs. It can be speculated that OPFRs 631 

molecules and the nutrients had competitive binding with the JTR protein. 632 

Furthermore, the coexistence of these ten nutrients and OPFRs molecules facilitated 633 

the easier binding of nutrients to JTR and occupancy of more target binding spots of 634 

JTR by nutrients and reduced or prevented the binding of OPFRs molecules to JTR 635 

protein, thereby reducing the joint toxicity of OPFRs in special population.  636 

Place Fig. 5 here 637 

In the docking system of OPFRs molecules and JTR protein, OPFRs molecules 638 

were taken as the object of study. According to the force field diagram of OPFRs and 639 
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nutrients docked with JTR (Figure S1), the main non-bonded interactions acted 640 

between OPFRs molecules and amino acid residues of the JTR protein were hydrogen 641 

bonding and charged or polar interactions, which played an important role in the 642 

stability of the ligand-receptor protein complex. While, in the presence of nutrients of 643 

the CFS when the nutrients and OPFRs were simultaneously docked with the JTR 644 

protein, van der Waals forces with low binding ability was the major non-bonded 645 

interaction between OPFRs molecules and the amino acid residues of the JTR protein. 646 

This indicated that the presence of nutrients changed the nature of the force field of 647 

the target binding spot of the OPFRs-JTR docking system (from hydrogen bond and 648 

electrostatic force with the strong binding ability to van der Waals force with small 649 

binding ability) (Jiang and Li, 2016; Qu et al. 2012). From the perspective of the total 650 

number of forces in the OPFRs-JTR docking system, TCEP, TPHP, and TDCPP 651 

generated 12, 24, and 18 non-bonded interactions with amino acid residues of JTR, 652 

respectively. However, when OPFRs molecules and multiple nutrients of CFS were 653 

simultaneously docked with the JTR protein, the number of non-bonded forces 654 

generated by TCEP remained the same but were decreased to 12 and 11 in the case of 655 

TPHP and TDCPP, respectively. In conclusion, the nutrients of the recommended 656 

CFS presented in the OPFRs-JTR complex altered the properties of the amino acid 657 

field of the OPFRs molecules.  658 

 According to the results of 2D-QSAR model, 𝐸𝐿𝑈𝑀𝑂was the main factor that 659 

significantly affected the joint toxicity of OPFRs. In other words, the electron affinity 660 

of OPFRs was the main factor affecting the toxic effects of OPFRs on JTR in the 661 

special population. Gaussian 09 was used to calculate the electronic parameter 𝐸𝐿𝑈𝑀𝑂 662 

of TCEP, TPHP, and TDCPP molecules and nutrients that could minimize the binding 663 

affinity of OPFRs molecules to the JTR. The 𝐸𝐿𝑈𝑀𝑂values of TCEP, TPHP, TDCPP, 664 
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vitamin A, B, C, D, and E, lycopene, and anthocyanin were 1.32, 1.69, 1.61, –0.07, –665 

0.75, –1.14, –0.19, –1.78, –2.45, and –2.09, respectively. The 𝐸𝐿𝑈𝑀𝑂 of all the 666 

nutrients was significantly lower than that of OPFRs molecule. According to DFT, the 667 𝐸𝐿𝑈𝑀𝑂  of a compound was related to its ionization potential. Moreover, it also 668 

characterized the binding sensitivity of a compound toward an organic nucleophile 669 

(JTR protein). JTR proteins preferred to bind to the molecules with low 𝐸𝐿𝑈𝑀𝑂  670 

(Karelson et al. 1996; Mumit et al. 2020). This explains the easy binding of the 671 

nutrients found in dairy products and fresh food to the receptor protein than OPFRs 672 

molecules due to the significantly lower value of 𝐸𝐿𝑈𝑀𝑂 than OPFRs molecules, thus, 673 

altering the force field of amino acid around the OPFRs - JTR complex system to a 674 

greater extent and decreasing the binding effect of OPFRs to the target binding spot of 675 

the JTR. It is a common phenomenon that multiple ligands compete to bind to a 676 

receptor (Fujita et al. 2020; Jones et al. 2021). Wang et al. (2017) showed that among 677 

several strong non-bonded interactions of amino acids surrounding a ligand-receptor 678 

protein docking complex, the electrostatic force was the main force that kept the 679 

HSA-Ceviprex complex stable and targeted the receptor protein selectively bound to 680 

the ligand. These results were in complete agreement with our results, validating the 681 

effectiveness of the 2D-QSAR model, and thus, it was suggested that the joint toxicity 682 

of OPFRs in the special population could be controlled by regulating the intake of 683 

nutrients in complementary food. 684 

3.3.3 MD simulations of the OPFRs molecular metabolic process in the human 685 

body under the recommended CFS 686 

In humans and animals, once the activities of certain metabolic enzymes are 687 

induced and activated, the metabolism of toxic components is accelerated; thus, 688 

reducing the time for toxic components to accumulate in vivo and the toxicity of the 689 
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pollutants. For example, Aconitum alkaloids were metabolized by the metabolic 690 

enzyme CYP450 into single-ester alkaloids with low toxicity (Park et al. 2016). Some 691 

metabolic enzymes belong to kinase, which can activate the toxicity of pollutants in 692 

vivo. For example, CYP3A65 is an important metabolic enzyme in zebrafish that 693 

activates BDE47 to cause developmental toxicity, resulting in delayed embryo 694 

hatching and abnormal embryonic neurodevelopment. This could be due to the 695 

decreased thyroxine levels and the subsequent destruction of thyroid hormone 696 

homeostasis through the up-regulation of Dio3A and Dio3B gene expressions by 697 

CYP3A65. However, it was found that CYP3A65 knockout could significantly 698 

improve the thyroid hormone homeostasis and reduce the toxic effect of BDE47 on 699 

zebrafish embryos (Yang et al. 2017). 700 

Six metabolic kinases (thyroid hormone receptor (TRα1), retinoic acid receptor α 701 

(RARα), retinoid X receptor (RXRα), pregnane X receptor (PXR), and liver X 702 

receptor (LXR)) in pregnant women were selected to simulate the metabolic 703 

activation processes with OPFRs molecules by MD method. The activation processes 704 

were simulated with and without the recommended CFS. The OPFRs molecules 705 

bonded to the above six metabolic kinases could activate the toxicity of OPFRs in 706 

vivo, which in turn could inhibit or block normal biochemical reactions in the human 707 

body; thus, inducing hepatomegaly, thyroid hormone secretion disorder, and other 708 

toxic effects (Kojima et al. 2013; Belcher et al. 2014; Jiang et al. 2020). Therefore, it 709 

can be deduced that as the binding affinity between OPFRs and metabolic kinases 710 

decreases, the activation degree of OPFRs molecular toxicity also decreases thus, 711 

reducing the health risks of OPFRs in special populations. 712 

MD simulations were carried out to calculate the binding free energy of OPFRs 713 

and six metabolic kinases receptors in the presence of the recommended CFS 714 
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comprised of milk (A), orange (C), spinach (D), and jujube (F), as well as without 715 

them (Figure 6).  The absolute value of binding free energies of OPFRs molecules and 716 

TRα1, TRβ1, RARα, RXRα, PXR, and LXR in the presence of recommended CFS 717 

were decreased by 41.32%, 60.70%, 87.54%, 39.77%, 28.85%, 68.67%, respectively, 718 

considering the binding energy values without the recommended CFS as the 719 

reference. These results verified that the recommended CFS could not only 720 

significantly reduce the joint toxicity of OPFRs in the special population but also 721 

reduce the binding affinity between OPFRs and metabolic kinases receptors, 722 

inhibiting the toxic effects of OPFRs. Hence, it can be anticipated that the 723 

recommended CFS had certain theoretical guiding significance to reduce the human 724 

health risk of OPFRs in pregnant women. 725 

Place Fig. 6 here 726 

4 Conclusions  727 

In summary, the joint toxicity mechanism of OPFRs molecules in the special 728 

population was studied via integrated molecular docking and MD simulations based 729 

on the 2D-QSAR model, DFT, and Taguchi experiment design. Besides, the health 730 

risk regulation scheme of human exposure to OPFRs for the special population was 731 

presented, where the recommended CFS could theoretically reduce the joint effects of 732 

neurotoxicity, reproductive toxicity, and ED toxicity in the special population. The 733 

methods constructed in this study provided theoretical support for mitigating the 734 

potential health risks in the special population exposed to OPFRs in the environment. 735 

 736 
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Table 1. Sensitivity coefficient of independent parameters of OPFRs molecular joint 1050 

toxicity in 2D-QSAR model 1051 

Dependent 

parameters 

Independent 

parameters 

Sensitivity 

10% 20% 30% 40% 50% Average 

Ta 

QYZ 0.01 3.94 3.26 2.81 2.51 2.51 

ELUMO 133.20 10.86 6.26 4.54 3.71 31.71 

EG 0.11 0.11 0.12 0.13 0.14 0.12 

Raman-(C-

O)svf 

-0.82 -0.93 -1.12 -1.32 -1.57 -1.15 

 1052 

Table 2. Average binding free energy and rank results of OPFRs molecules and JTR 1053 

under the CFS 1054 

Level A B C D E F G H 

Presence 52.05 63.86 47.60 54.06 56.69 52.91 56.29 54.12 

Absence 56.19 44.37 60.64 54.18 51.55 55.33 51.95 54.11 

Rank 5 1 2 7 3 6 4 8 
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Fig. 1. Linear fitting diagrams and William’s diagrams obtained within the 1056 

application domain of the 2D-QSAR model 1057 
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Fig. 2. Changes in binding free energies and OPFRs-JTR protein complexes in 1060 

presence of 15 supplemental food, (A) high protein-rich foods, grains, and drinks, and 1061 

(B) fresh fruits and vegetables 1062 

 1063 
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Fig. 3. Heat map of binding free energies of OPFRs molecules-JTR protein 1065 

complexes with different CFS 1066 
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Fig. 4.  Annular histogram of binding affinity of OPFRs molecules (TCEP, TPHP, 1069 

and TDCPP) simultaneously or in sequence binding with the neurotoxic receptor, 1070 

reproductive toxic receptor, and endocrine disrupting toxic receptor 1071 
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Fig. 5. Schematic diagram of the TS of nutrients from recommended CFS and OPFRs 1074 

molecules docked with JTR (A) frontal view, and (B) rotation view 1075 
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 1077 

Fig. 6. Schematic diagram of absolute values of binding free energies of OPFRs and 1078 

six metabolic kinases receptors in pregnant women with/without the recommended 1079 

CFS 1080 

 1081 



Figures

Figure 1

Linear �tting diagrams and William’s diagrams obtained within the application domain of the 2D-QSAR
model.

Figure 2

Changes in binding free energies and OPFRs-JTR protein complexes in presence of 15 supplemental
food, (A) high protein-rich foods, grains, and drinks, and (B) fresh fruits and vegetables.



Figure 3

Heat map of binding free energies of OPFRs molecules-JTR protein complexes with different CFS.



Figure 4

Annular histogram of binding a�nity of OPFRs molecules (TCEP, TPHP, and TDCPP) simultaneously or in
sequence binding with the neurotoxic receptor, reproductive toxic receptor, and endocrine disrupting toxic
receptor.



Figure 5

Schematic diagram of the TS of nutrients from recommended CFS and OPFRs molecules docked with
JTR (A) frontal view, and (B) rotation view.



Figure 6

Schematic diagram of absolute values of binding free energies of OPFRs and six metabolic kinases
receptors in pregnant women with/without the recommended CFS.
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