£

and Public Health

International Journal of
Environmental Research

Article

Strategies to Control Human Health Risks Arising from
Antibiotics in the Environment: Molecular Modification of QNs
for Enhanced Plant-Microbial Synergistic Degradation

Peixuan Sun and Wenjin Zhao *

check for

updates
Citation: Sun, P.; Zhao, W. Strategies
to Control Human Health Risks
Arising from Antibiotics in the
Environment: Molecular
Modification of QNs for Enhanced
Plant-Microbial Synergistic
Degradation. Int. J. Environ. Res.
Public Health 2021, 18, 10610. https://
doi.org/10.3390/ijerph182010610

Academic Editor: Daniela Varrica

Received: 20 August 2021
Accepted: 8 October 2021
Published: 10 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of New Energy and Environment, Jilin University, Changchun 130012, China; sunpx19@mails.jlu.edu.cn
* Correspondence: zhaowj@jlu.edu.cn; Tel.: +86-0431-8516-8031

Abstract: In the present work, a comprehensive screening and evaluation system was established to
improve the plant-microbial synergistic degradation effects of QNs. The study included the construction
of a 3D-QSAR model, the molecular modification, environmental friendliness and functional evaluation
of drugs, degradation pathway simulation, and human health risk assessment. Molecular dynamics
was applied to quantify the binding capacity of QNs toward the plant degradation enzyme (peroxidase)
and microbial degradation enzymes (manganese peroxidase, lignin peroxidase, and laccase). The fuzzy
comprehensive evaluation method was used in combination with the weighted average method for
normalization and assigning equal weights to the plant and microbial degradation effect values of the
QNs. Considering the synergistic degradation effect value as the dependent variable and the molecular
information of the QN as the independent variable, a 3D-QSAR model was constructed for the plant—
microbial synergistic degradation effect of QNs. The constructed model was then employed to conduct
the molecular modification, environmental friendliness and functional evaluation, degradation pathway
simulation, and human health risk assessment of transformation products using pharmacokinetics
and toxicokinetics. The results revealed that the synergistic degradation effect 3D-QSAR (CoMSIA)
model exhibited good internal and external prediction ability, fitting ability, stability, and no overfitting
phenomenon. Norfloxacin (NOR) was used as the target molecule in the molecular modification. A
total of 35 NOR derivatives with enhanced plant-microbial synergistic degradation effect (1.32-21.51%)
were designed by introducing small-volume, strongly electronegative, and hydrophobic hydrogen bond
receptor groups into the active group of the norfloxacin structure. The environment-friendliness and
the functionality of NOR were evaluated prior to and after the modification, which revealed seven
environment-friendly FQs derivatives exhibiting moderate improvement in stability and bactericidal
efficacy. The simulation of the NOR plant and microbial degradation pathways prior to and after the
modification and the calculation of the reaction energy barrier revealed Pathway A (D-17 to D-17-2)
and Pathway B (D-17 to D-17-4) as the most prone degradation pathways in plants and Pathway A
(D-17 to D-17-1) and Pathway B (D-17 to D-17-4) as the most prone degradation pathways in microor-
ganisms. This demonstrated that the degradation of the modified NOR derivatives was significantly
enhanced, with the hydroxylation and piperazine ring substitution reaction playing an important role in
the degradation process. Finally, the parameters, including hepatotoxicity, mutagenicity, and rodent
carcinogenicity, among others, predicted using the pharmacokinetics and toxicokinetics analyses re-
vealed a significant reduction in the human health risk associated with the modified NOR, along with a
considerable reduction in the toxicity of its transformation products, implying that the human health
risk associated with the transformation products was reduced remarkably. The present study provides a
theoretical basis for novel ideas and evaluation programs for improving the plant-microbial synergistic
degradation of the QN antibiotics for source control and drug design, thereby reducing the residues of
these antibiotics and the associated hazard in the complex plant-soil environment, ultimately decreasing
the potential risks to human health.

Keywords: quinolones; plant-microbial synergistic degradation; transformation pathways; 3D-QSAR;
molecular dynamics; pharmacokinetics; toxicokinetics; human health risk assessment
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1. Introduction

The consumption of quinolones (QNs) antibiotics in China is high and accounts
for approximately 15% of the total consumption of antibiotics consumed by humans,
livestock, and poultry [1,2]. QNs have a long half-life, therefore, do not degrade easily
and are not absorbed completely by organisms [3,4]. Approximately 30-90% of the QNs
antibiotics are discharged from the body of organisms through feces or urine into the soil,
plants, and water bodies, thereby causing pollution, reaching humans via the food chain,
endangering human health, and reducing the effectiveness of treatment [5,6]. According
to reports, urban sewage treatment plants have a low rate of removal of QNs [7-9], with
microbial degradation and sediment adsorption being the main methods employed for
QNs removal [10-13]. Alexy et al. studied the degradation ability of 18 different antibiotics
and observed that the ofloxacin (OFL) removal rate was only 7.5% [14]. Senta et al. studied
antibiotics removal in the urban sewage treatment plants in Croatia and reported that
fluoroquinolones (FQs) exhibited strong adsorption and a low biological removal rate
(8—22%) when solid particles were used [15]. Rodriguez-Mozaz et al. evaluated the
concentration of FQs in wastewater from hospitals and municipalities, and the effluent
discharged into rivers from sewage treatment plants [16]. The authors reported that in
downstream rivers, the concentration of OFL was as high as 131 ng/L and the concentration
of ciprofloxacin (CIP) was 10 times higher than that in upstream rivers, which revealed
the low FQs removal efficiency of these sewage treatment plants. Xiong et al. reported
that the overall levofloxacin (LEV) removal rate in wastewater treatment plants was less
than 10% [17]. Zhang et al. evaluated the concentration and removal rate of antibiotics
in 12 municipal sewage treatment plants in Dalian and reported that the average FQs
removal rate in certain sewage treatment plants was 20.3%, while the macrolides (MLs)
removal rate was as high as 90.1% [18]. Moreover, QNs exert a strong binding force on soil
particles [19]. In addition, the ability of soil microorganisms to remove QNss is also quite
limited, which results in the persistence of QNs residues in the soil environment [20]. For
instance, Chen et al. reported that over 80% of the soil microorganisms could not degrade
danofloxacin (DAN) [21].

Numerous studies have demonstrated that the rhizosphere effect is capable of promot-
ing the degradation of antibiotics to a certain extent [22]. The rhizosphere effect alters the
physical and chemical properties of the soil [23,24], the soil microorganism community [25],
nutrient uptake by roots, and the root exudate release [26,27], thereby remarkably affecting
the removal and subtraction of antibiotics present in the soil. Plants and rhizosphere soil
microorganisms work in synergy to affect the removal of antibiotics from the soil. Chekol
et al. reported that the plant rhizosphere effect significantly increased the number of soil mi-
croorganisms and the associated enzyme activities, thereby promoting the degradation of
polychlorinated biphenyls (PCBs) [28]. Gilbert et al. reported that oxygen transport in plant
roots and the secretion of small molecular weight organic molecules in the rhizosphere
promoted the degradation of PCBs [29]. Yi et al. compared the root exudates from 43 plants
in terms of their effects on the degradation of polycyclic aromatic hydrocarbons (PAHs)
and reported that the pyrene degradation efficiency was different for the root exudates
from different plants due to the differences in composition and nature [30]. Therefore, it
is clear that the synergistic effect of plants and soil microorganisms greatly influences the
degradation of QNs and the other antibiotics in the complex plant-soil environment.

Studies have demonstrated that some common degradation enzymes play key roles
in the degradation of antibiotics like QNs by plant and soil microorganisms. After absorp-
tion by plants, the QN antibiotics are degraded by peroxidase, an enzyme distributed
widely in both plants and animals [31,32]. The microorganisms present in the soil may
also degrade the QNs antibiotics and generate a series of degradation products [33]. For
instance, white-rot fungi [34] and Phychaete chrysosporium [35] mineralize the pollutants
by using non-specific enzyme systems, including extracellular lignin-modified enzymes
(manganese peroxidase, laccase, and lignin peroxidase, etc.) and intracellular enzymes
(cytochrome P450 system) [36]. Horseradish peroxidase (HRP) was reported to effectively
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remove sulfamazine (SMR) in a relatively short time, exhibiting a removal rate of 79.7% [37].
Potato pulp peroxidase reportedly removed 98% of 2,4-dichlorophenol (2,4-DCP) under the
most favorable reaction conditions [38]. The manganese peroxidase from Trametes versicolor
exhibited complete removal of NOR, CIP, and OFL within 14 days [39]. The removal rate
of NOR by laccase and the P450 enzyme from Phanerochaete chrysosporium may reach 90%
within seven days [35].

Furthermore, antibiotics could exert toxic effects on soil organisms, terrestrial an-
imals, and plants, damage the skin and intestinal health of earthworms and other or-
ganisms [40], inhibit photosynthesis in plants, and destroy the cellular structures and
tissue function [41,42]. Moreover, antibiotics may induce a large number of drug-resistant
pathogenic bacteria and lead to the issue of antibiotic resistance gene (ARG) [43], thereby
raising a greater threat to the environment, animals and plants, and human health by
reducing the ability to prevent and control diseases [44,45]. In addition, the antibiotics
would alter the community structure of soil microorganisms [46], thereby affecting the
growth and development of plants [47,48]. Most antibiotics remain active even after being
metabolized inside the bodies of organisms and might even be further converted to toxic
products [49,50]. The current assessment of the risks to human health due to the ingestion
of QNs contaminants through diet, inhalation, dermal contact, etc., is inadequate, with
the risk levels greatly underestimated [51]. Therefore, studies investigating the residues
and transformation of QNs as emerging pollutants in soil and plants and deciphering their
potential risks to the ecological environment and human health have become a focal point
in the research field in China as well as across the world.

On this basis, the present study was aimed to establish a comprehensive screening sys-
tem based on 3D-QSAR model construction, molecular modification, drug environmental
friendliness and functional evaluation, degradation pathway simulation, and human health
risk assessment for application to improve the plant-microbial synergistic degradation
effect of QNs. The study commenced with the use of molecular dynamics (MD) to quantify
the binding capacity of QNs toward the common degradation enzymes present in different
plants and microorganisms. Next, the fuzzy comprehensive evaluation method was used
in combination with the weighted average method for the normalization and assigning
equal weights to the plant and microbial degradation effect values of QNs. Subsequently,
using the synergistic degradation effect value and the molecular information of QNs as the
dependent and independent variable, a three-dimensional quantitative structure—activity
relationship (3D-QSAR) model was constructed for the plant-microbial synergistic degra-
dation effect of QNs. Using the 3D contour map of the constructed model, norfloxacin
(NOR) was used as the target molecule for the subsequent molecular modification and
screening of the environment-friendly derivatives of QNs exhibiting high synergistic degra-
dation. Finally, the microbial and plant degradation pathways of NOR prior to and after
the molecular modification were simulated, the energy barrier (AE) was calculated, and the
human health risk of the transformation products was assessed using pharmacokinetics
and toxicokinetics, which provide the theoretical basis for novel ideas for source control,
drug design, risk assessment, and other fields associated with the QNs antibiotics.

2. Materials and Methods
2.1. Data Source of the Plant—Microbial Synergistic Degradation Effect of QNs

The Protein Data Bank (PDB) database (http:/ /www.rcsb.org/pdb (accessed on 20
October 1971)) is a recognized basic repository for free access to the three-dimensional
structures of most protein, DNA, RNA, and related compounds [52]. In the present study,
the structures of four common degradation enzymes present in plants and microorgan-
isms (Figure 1), namely, peroxidase (POD, PDB ID: 1PA2) [53] from Arabidopsis thaliana,
manganese peroxidase (MnP, PDB ID: IMNP) [54], and lignin peroxidase (LiP, PDB ID:
1B85) [55] from the white-rot basidiomycete Phanerochaete chrysosporium, and laccase from
white-rot fungi (Lac, PDB ID: 1GYC) [56] were searched from the PDB database.
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(a) (b)
Figure 1. The structures of (a) 1PA2; (b) IMNP; (c) 1B85; and (d) 1GYC enzymes.

The molecular docking method was employed to dock the QNs ligands with the above
protein receptors under the Dock Ligands module of Discovery Studio (DS) (BIOVIA Inc.,
Shenzhen, China) software [57]. The proteins were defined under the LibDock module,
the binding sites in the receptors were obtained by the Find Sites From Receptor Cavities
under the Define module, and a sphere with a radius of 9 was defined at the binding site by
using Define Sphere from Selection under the Define module. Furthermore, the Docking
Preferences and the Max Hits to Save were set as User Specified and 10, respectively, in the
Dock Ligands module. Finally, the ligands were integrated into the formed binding cavity
of the proteins for rapid docking with the receptors, obtaining the complexes of the ligand
molecules and protein receptors [58-60].

The degree of binding of each of four degradation enzyme structures with the QNs
molecules was calculated based on molecular dynamics using the Gromacs 4.6.5 software
(Karolinska Institutet, Stockholm University, Stockholm, The Kingdom of Sweden) of the
Dell PowerEdge R7425 server [61-63]. The complex system of QNs molecules and enzymes
was placed inside a 12-periodic cube with a side length of 15 nm. The GROMOS96-43al
force field was applied for molecule restriction, and Na* was added to neutralize the system
charge, rendering the whole system electrically neutral. The steepest gradient method was
adopted for energy minimization simulation, and the number of simulation steps was set
at 5,000,000 for 1-ns simulation. In the canonical ensemble (NVT) and the constant-pressure
and constant-temperature ensemble (NPT) simulation, the temperature was set to the
indoor temperature (300 K) [64], and the size of the pressure bath was set to a constant
standard atmospheric pressure (1 bar). The binding energy (Gping, AGy,, kcal/mol) was
analyzed using Molecular Mechanics Poisson-Boltzmann Surface Area (MMPBSA) [65],
quantifying the binding degree between the QNs molecules and each degradation enzyme,
and finally expressing the binding capacity of the ligands and receptors in terms of binding
energy values, i.e., the plant-microbial synergistic biodegradability, which was used as the
data basis for the study on the plant-microbial synergistic degradation effect of QNs in
the present study. The smaller the binding energy values (usually negative) and the larger
the absolute values, the stronger is the binding capacity between the degradation enzymes
and the QNs molecules, which indicates a greater plant-microbial synergistic degradation
effect of QNis.

2.2. D-QSAR Model of the Plant—Microbial Synergistic Degradation Effect of QNs
2.2.1. Characterization of the Plant-Microbial Synergistic Degradation Effect of
QNs—Fuzzy Comprehensive Evaluation Method

The fuzzy comprehensive evaluation method was originally proposed by Wang, which
was applied widely to solve fuzzy problems difficultly to be quantified [66]. In the present
study, the fuzzy comprehensive evaluation method was used in combination with the
weighted average method to conduct the relative normalization treatment of the plant and
microbial degradation effect values of QN5 [67]. The synergistic degradation effect values
of QNss were calculated using the weight ratio of 25:25:25:25% and subsequently utilized
to characterize the plant-microbial synergistic degradability of QNs. The plant-microbial
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synergistic degradability of the QNs molecules was evaluated, revealing the factor set
U comprising four degradation enzymes (which were selected as the main factors of the
evaluated objects), while the values of binding energy between the QNs molecules and
each degradation enzyme constituted the judgment set V;. The expressions for these two
sets are provided below.

U={u1,u2,...,uj,...,um} m=4 €))

Vj={V1,V2,...,Vi,...,Vn}j=1,...,4,1’1=29 2)

where y; represents the j-th evaluation factor, i.e., the j-th degradation enzyme, V; represents
the numerical set of the binding energies between the j-th degradation enzyme and the
QN molecules, v; represents the value of the single-effect binding energy corresponding
to the i-th molecule, m is the number of degradation enzymes, and n is the number of
QNs molecules.

A fuzzy comprehensive evaluation matrix R comprising the values of binding energy
between the QNs molecules and each of the four enzymes was constructed. The weight
vector W for each of the four degradation enzymes was determined using the weighted
average method. The expressions for R and W are provided below.

11 I12 e I'1ln
21 I . 'on
r= . ] . m=29n =14 3)
. : Tjj .
'mi Im2 ... Tmn
W = (a1, ay, a3, a4) 4

where r;j; represents the value of binding energy between the i-th molecule and the j-th
degradation enzyme. All four degradation enzymes were assigned equal weights.

The application of the weighted average fuzzy operator o on the weight vector W
and matrix R generated the fuzzy vector B, and the molecular plant-microbial synergistic
degradation effect values of QNs denoted by b;. The corresponding expressions are
provided below.

4
o:M(e,®) :bn =min(1, } aifmn)m =1,2,...,29, n =1,..., 4 (5)
i=1

11 12 e I'ln
21 185)) . I'on
B=W o R=(ay, ap, a3, aq) . . . = (by, by, ...,bi, ...,bm) (6)
. : Ty .
'mi I'm2 .-+ Tmn

2.2.2. Construction of the 3D-QSAR Model for the Plant-Microbial Synergistic Degradation
Effect of QNs

In the present study, a modified three-dimensional quantitative structure-activity
relationships (3D-QSAR) model of plant-microbial synergistic degradation effect was
constructed by combining the fuzzy comprehensive evaluation method and the traditional
QSAR method and comprehensively considering the four degradation enzymes and dual
effects. The Sybyl-X2.0 (Tripos Inc., Saint Louis, MO, USA) software was used to perform
the 3D-QSAR analysis and to construct the comparative molecular similarity indices
analysis (CoMSIA) model for the plant-microbial synergistic degradation effect of QNs.
First, the structures of the QNs molecules were obtained using the Sketch Molecule module
of Sybyl-X2.0. Since the molecular structures constructed did not represent the most stable
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conformations of the respective molecules, the conformation with the lowest energy was
generally selected for each molecule in the case of an unknown receptor. In the software,
the Powell conjugate gradient method under the Minimize module was adopted, the Tripos
force field was selected, the Gasteiger-Hiickel charge was added, energy convergence
was limited to 0.005 kJ /mol after 10,000 iterations, and the other parameters were set to
default values for molecular optimization [68]. Temafloxacin (TEM), a third-generation
fluoroquinolone antimicrobial agent exhibiting the largest synergistic degradation effect,
was selected as the template molecule. The common structure of the QNs molecules was
selected as the common skeleton (Figure 2). The Align Database module was used to
perform the skeleton alignment of the QNs molecules. The optimized molecules were
allocated to the training and test sets randomly, and both training and test sets contained
the template molecule.

Carboxyl
Fluorine

5
X/
1

I

Y]

HN
1

l\)‘)
1

10
K\NH
ux\)

Piperazine

HN

Figure 2. The molecular structure and the common skeleton of TEM. “a—f” indicate atoms H, O, O, C,
O, and C, respectively, in the common skeleton.

When calculating the parameters of the constructed CoMSIA model, the molecular
field types, namely the steric field (S), electrostatic field (E), hydrophobic field (H), hydrogen
bond acceptor field (A), and hydrogen bond donor field (D), were applied to elucidate the
structure—activity relationship of the compounds directly, and led to the construction of the
CoMSIA model for the plant-microbial synergistic degradation effect and the single effect
of QNss, respectively (Figure 3).

2.3. Evaluation of the Environment-Friendliness and Functional Properties of the QNs
Derivatives—EPI, Gaussian, Pharmacodynamics, and HQSAR Model

In the present study, bioaccumulation (log Kow) and soil adsorbability (log Ko.) were
used as indices for the evaluation of the environment-friendliness of QN derivatives. The
EPIWEB 4.1 (Estimation Programs Interface) software (OTTP of EPA&SRC, Washington,
DC, USA) was employed to predict the log Kow and log Ko values for the QNs derivatives.
Furthermore, stability (molecular structure stability as well as molecular metabolic stability)
and genotoxicity were used as indices for the functional evaluation of QNs derivatives
to ultimately determine the degree of improvement in the molecular function of NOR
derivatives. The molecular structure stability was defined based on the positive frequency
(cm~1) and the total energy (a.u.) at the unit level of b3pw91/6-31G*, according to the
density functional theory (DFT), calculated using the GAUSSVIEW 5.0 software (Gaussian
Inc., Wallingford, CT, USA) [69-71]. In this software, the GIF format molecules were
loaded, optimized, and finally output the result files. The molecular metabolic stability of
the QNs derivatives in the human body was predicted using an evaluation model for the
combination of the human cytochrome P450 2D6 enzyme (CYP450 2D6) and the molecules
under the ADMET module in DS software [72]. The ADMET Descriptors of Calculation
Molecular Properties under the ADMET module were used to predict the Bayesian scores
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which represented the pharmacokinetics properties of QNs and derivatives. In addition, the
negative logarithm of the Lowest Observed Effect Concentration (pLOEC) was predicted
using the HQSAR model for the genotoxicity of quinolones toward Salmonella typhimurium,
constructed by Zhao et al., to evaluate the bactericidal effect of NOR and its derivatives [73].

Method 5 Database ! Validation Method Parameters ! References
E . :J;T: Cross-validated (q%) ] [69]
] '], Cross :r l !
' g Sl “| Leave-one-out | 0
0 | validation :J‘,.} Optimal principal !
E : l component (1) ;
i Training set Y ! E
' v 1 | Standard error of estimate | 1 (701
i | (SEE) H
: isfi itions: 1l Non-cross-validated |
i Satisfied | conditions:Lbn, validation [* Leave-one-out e e .
. ' correlation coefficient (R”) | .
Partial Least Squares : : '
(PLS) ! : R 0
] ' Fischertest value (F) 1
1 ha o [ Correlation coefficient | |
i :‘ I External validation — s 1 [71]
i ! : (Cprea) 0
' Test set ':‘ : '
i i all o i
A """ Internal validation — ™ Q% cSDEP; dg¥dr’yy ! [72]

Figure 3. The specific method and the associated parameters of model construction (created with https://biorender.com
(accessed on 9 October 2017)).

2.4. Simulation of the Plant and Microbial Transformation Pathways of QNs and Their Derivatives

The intermediates and the final products of plant and microbial transformation of
QN and their derivatives were identified based on the main pathways of trimethoprim
(TMP) in leafy vegetables reported by Tian et al. [74] (Figure 4a) and the main pathways
which the brown-rot fungi used to degrade enrofloxacin (ENR) [75] (Figure 4b). DFT and
the GAUSSVIEW 5.0 software of GAUSSIAN 09 package were used for optimizing the
structures of molecules, and calculating the reaction energy barrier (AE) and the simple
harmonic vibration frequencies of the substances at the unit level of b3lyp/6-31G* [76],
respectively, in order to analyze the plant and microbial transformation pathways of
ONs and their derivatives. The transition state had only one virtual frequency, but the
intermediate did not. The Intrinsic Reaction Coordinate (IRC) verification of the transition
states was carried out [77]. Firstly, the specific parameters of the Gaussian input file (.gif) of
compounds were edited. “% mem = 3000 MW" and “% nproc = 16” represented 3000 MW
of memory space and 16 CPU cores for structure optimization and frequency calculation,
respectively. “# b3lyp/6-31g (d, p) opt freq” was the unit level of b3lyp/6-31G* of DFT, and
“iop (5/13 = 1)” represented the number of iterations which increased when the calculation
results did not converge. Secondly, the edited Gaussian input files were submitted into the
software and the “g09&” command was used to start optimization and betrothal calculation.
Finally, the Gaussian output file (log) was generated [78].
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2.5. Assessment of Human Health Risk Raised by the Plant and Microbial Transformation Products
of QNs and Their Derivatives Using Pharmacokinetics and Toxicokinetics

The hepatotoxicity levels of the plant and microbial transformation products of QNs
and their derivatives were predicted based on pharmacokinetics using the ADMET module
of the DS software (BIOVIA Inc., Shenzhen, China) [79,80]. In addition, the potential
risks to human health raised by these transformation products were predicted based on
toxicokinetics using the 10 toxicity models in the TOPKAT module of the DS software [81],
including the developmental toxicity potential (DTP), skin sensitization, skin irritancy,
ocular irritancy, mutagenicity (Ames Test), rodent carcinogenicity (NTP and FDA datasets),
and rat oral toxicity (LDs), etc.

3. Results and Discussion

3.1. Construction and Evaluation of the 3D-QSAR Model for the Plant—-Microbial Synergistic
Degradation Effects of QNs

3.1.1. Calculation of the Plant-Microbial Synergistic Degradation Effect Values of QNs

The values of the binding energy between the QNs and one plant degradation enzyme
(POD, PDB ID: 1PA2) and three microbial degradation enzymes (MnP, PDB ID: IMNP; LiP,
PDB ID: 1B85 and Lac, PDB ID: 1GYC) were calculated based on molecular dynamics, fol-
lowed by the relative normalization of the calculated values using the fuzzy comprehensive
evaluation method in combination with the weighted average method. The weight ratio
used was 25:25:25:25%. Table 1 summarizes the calculated binding energy values for the
plant and microbial degradation effects of QNs along with the synergistic degradation effect
values after normalization. Smaller synergistic degradation effect values (larger absolute

values) obtained for the molecules indicated a stronger synergistic degradation effect.

Table 1. The plant, microbial, and the plant-microbial synergistic degradation effect values of QNs.

No. Compounds Abbreviations Binding Energy (AGy, keal/mol) Synergistic Value
1PA2 1MNP 1GYC 1B85 (B, kcal/mol)
1 Difloxacin DIF 25.182 —132.832 —134.927 —154.835 —38.709
2 Enrofloxacin ENR —99.515 —113.013 —129.396  —150.755 —37.689
3 Norfloxacin NOR —54.030 —34.061 —78.238 —136.532 —34.133
4 Lomefloxacin LOM —86.227 —75.699 —137.530  —156.759 —39.190
5 Levofloxacin LEV —102.767  —108.691  —131.059 —88.252 —32.765
6 Pefloxacin PEF —113.216 —76.226 —122.837  —141.439 —35.360
7 Fleroxacin FLE —57.882 —118.085 —144.362 —148.723 —37.181
8 Ciprofloxacin CcIp —74.823 —84.186 —126.139 —82.975 —31.535
9 Balofloxacin BAL —111.963  —113.730 —86.164 —137.961 —34.490
10 Marbofloxacin MAR —129.744 —81.674 —143.075  —135.558 —35.769
11 Pipemidic acid PIP —75.560 8.497 —116.738  —101.248 —29.185
12 Cinoxacin CIN —76.538 —108.556 —96.815 —86.754 —27.139
13 Enoxacin ENO —45.854 —38.068 —88.957  —114.112 —28.528
14 Danofloxacin DAN —83.938 —117966 —115.184 —167.616 —41.904
15 Gatifloxacin GAT —68.580 —178.118 —111.547 —170.889 —44.530
16 Ofloxacin OFL —84.910 —107.253 —84.247 —51.343 —26.813
17 Rufloxacin RUF —136.757 —144.343 —121.198 —122.849 —36.086
18 Pazufloxacin PAZ —82.190 —11.624 —112.995  —103.151 —28.249
19 Nadifloxacin NAD —109.028 —80.519 —121.006 —116.732 —30.252
20 Moxifloxacin MOX —112.860  —192.333 —95.345 —170.045 —48.083
21 Sparfloxacin SPA —95.365 —102.209 —123.286  —132.893 —33.223
22 Sarafloxacin SAR —98.545 —125.849  —131.262  —124.028 —32.816
23 Amifloxacin AMI —120.565 —120.368 —148.711 —129.569 —37.178
24 Besifloxacin BES —121.613 —77.347  —122906 —187.176 —46.794
25 Clinafloxacin CLI —97.981 —95.433 —121.897  —131.993 —32.998
26 Grepafloxacin GRE —126.186 —109.368 —98.129 —168.713 —42.178
27 Orbifloxacin ORB —96.297 —97.955 —136.773  —161.230 —40.308
28 Sitafloxacin SIT —85.799 —138.752  —129.410 —183.378 —45.845
29 Temafloxacin TEM —118.200 —57.170 —128.660 —206.845 —51.711
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3.1.2. Construction and Evaluation of the 3D-QSAR Model for the Plant-Microbial
Synergistic Degradation Effects of QNs

An effective COMSIA model for the plant-microbial synergistic degradation effects
of QNs was constructed employing Sybyl-X2.0 software. The partial least squares (PLS)
module of Sybyl-X2.0 software (Tripos Inc., Saint Louis, MO, USA) was used for analysis.
The cross-validated correlation coefficient (qz) of the constructed model was 0.707 (>0.5),
and the optimal principle number of components (1) was eight, indicating that this model
revealed a great predictive ability [82]. The non-cross-validated correlation coefficient (R?)
of this model was 0.999 (>0.9), the standard error of estimation (SEE) was 0.308 (<0.95),
and the Fischer’s test value (F) was 1156.013, indicating that this model exhibited reliable
fitting ability and internal predictive ability [83]. The (RZ — q2) /R? value (<30%) of the
constructed model indicated that no overfitting phenomenon occurred when using this
model [84]. The values of the parameters Q?, ¢SDEP, and dq2/ drzyy obtained in the
perturbation stability test of the model were 0.416, 7.495, and 1.597, respectively, which
indicated the good predictive ability and stability of this model [85]. Furthermore, the
external validation of the model’s testing set revealed a correlation coefficient rzpred of 0.901
(>0.6), which indicated the good external predictive ability of the model [86] (Table 2).

Table 2. Parameters of the CoMSIA model for the plant, microbial, and the plant-microbial synergistic degradation effects

of QNs.
CoMSIA q> n R? (R? — q»)/R? SEE F Q? cSDEP  dq?/dr?yy P pred
For 4enzymes 0707 10  1.000 29% 0.223  1816.658  0.571 8.009 1.664 0.764

plant-microbial

For plant 1PA2 0833 6 099 16% 0.640 230436  0.705 5.050 1.599 0.854
IMNP 0695 6 0997 30% 0.862 507.790 0503  10.529 1.529 0.921
For microbial 1B85 0.707 10  0.999 29% 0.396 974934 0459  10.154 1.385 0.870
1GYC 0743 5 0990 25% 0.558  198.713  0.501 3.907 2.116 0.678

3.1.3. Validation of the 3D-QSAR Model for the Plant-Microbial Synergistic Degradation
Effects of QNs

The constructed CoMSIA model was used to predict the activity of the molecules
in the training set and the test set. The accuracy of the model was tested by a linear
analysis of the predicted values and the calculated values of plant-microbial synergistic
degradation effects in the model. As shown in Figure 5, the predicted values in the CoMSIA
model presented a linear correlation with the calculated values, and the slope of the linear
equations for the calculated and predicted values was 0.988, revealing that the constructed
model had good internal predictive ability and could be used to predict the plant-microbial
synergistic degradation effects of QNs derivatives [68].

-404

Predicted value

Calkulated value

Figure 5. Correlation of the calculated and predicted values of plant-microbial synergistic degrada-
tion effects of QNs in the COMSIA model.
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3.2. Molecular Modification of the QNs Derivatives Based on the CoMSIA Model for the
Plant—Microbial Synergistic Degradation Effects

In the present study, NOR, which is a widely-used third-generation fluoroquinolone
antibacterial agent, was selected as the target molecule for the 3D contour map analysis of
the constructed CoMSIA model. The distribution principle of the color blocks in the 3D
contour map revealed that the activity of the compound could be increased by increasing
the group volume close to the green blocks and reducing the group volume close to the
yellow blocks of the steric field and also by increasing the group electronegativity close to
the blue blocks and the group electronegativity close to the red blocks of the electrostatic
field. In addition, the introduction of hydrophobic groups close to the yellow blocks and
hydrophilic groups close to the white blocks of the hydrophobic field could be beneficial
to increasing the activity of the compound. Furthermore, the introduction of hydrogen
bond acceptors close to the purple blocks and hydrogen bond donors close to the red
blocks of the hydrogen bond acceptor field, as well as the introduction of hydrogen bond
donors close to the cyan blocks and hydrogen bond acceptors close to the purple blocks
of the hydrogen bond acceptor field could all be beneficial to increasing the activity of
the compound [87]. In the present study, the binding energy parameter was used for
characterizing the synergistic degradation effect of the QNs molecules; the synergistic
degradation effect increased when the binding energy was reduced. Therefore, to reduce
the binding energy of the compounds and enhance the synergistic degradation effect, the
molecular modification was conducted in a manner contrary to the above substitution law.
The molecular structure of NOR and the steric, electrostatic, hydrophobic, hydrogen bond
acceptor, and hydrogen bond donor fields of the CoMSIA model are depicted in Figure 6.

(d)

(e) ()

Figure 6. Molecular structure of NOR and the 3D contour map of the CoMSIA model: (a) Molecular structure of
NOR; (b) Steric field; (c) Electrostatic field; (d) Hydrophobic field; (e) Hydrogen bond acceptor field; (f) Hydrogen bond

donor field.

As depicted in Figure 6, the contribution rate of the S, E, H, A, and D fields for the
constructed model was 19.1%, 21.7%, 27.4%, 9.3%, and 22.5%, respectively. These results
indicated that the electrostatic, hydrophobic, and hydrogen bond acceptor fields were the
main factors affecting the plant-microbial synergistic degradation of QNs, while the effect
of the hydrogen bond donor field was relatively small, and it could, therefore, be regarded
as a secondary factor. As visible in Figure 6b, the green blocks are widely distributed
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around the —-CHj3 group at site C; and the -CH;— group at site C,. Figure 6¢,d revealed
that the blue and white blocks are mainly distributed close to sites C, and Cy3, respectively.
As depicted in Figure 6e,f, both red and cyan blocks are distributed around site Cy3. In
conclusion, a small group (-Br) was introduced at site C;, seven small groups with greater
electronegativity (-F, -CHj3, -NH,, -SH, -COOH, —CF3, and -CH,F) were introduced at site
Cy, three hydrophobic hydrogen bond receptor groups (-SH, —Cl, and -F) were introduced
at site Cq3, and a total of 35 NOR derivatives with enhanced plant-microbial synergistic
degradation effect were designed and are presented in Table 3.

Table 3. Substitution sites and groups in NOR.

No. Compounds Substitution Sites and Groups
3 NOR

D-1 Derivative-1 13-Sulfydryl

D-2 Derivative-2 13-Chlorine

D-3 Derivative-3 13-Fluorine

D-4 Derivative-4 1- Bromine

D-5 Derivative-5 2- Fluorine

D-6 Derivative-6 2- Methyl

D-7 Derivative-7 2-Amidogen

D-8 Derivative-8 2-Sulfydryl

D-9 Derivative-9 2-Carboxyl

D-10 Derivative-10 2-Trifluoromethyl

D-11 Derivative-11 2-Fluoromethane

D-12 Derivative-12 13-Sulfydryl, 1-Bromine
D-13 Derivative-13 13-Sulfydryl, 2-Fluorine
D-14 Derivative-14 13-Sulfydryl, 2-Methyl
D-15 Derivative-15 13-Sulfydryl, 2-Amidogen
D-16 Derivative-16 13-Sulfydryl, 2-Sulfydryl
D-17 Derivative-17 13-Sulfydryl, 2-Carboxyl
D-18 Derivative-18 13-Sulfydryl, 2-Trifluoromethyl
D-19 Derivative-19 13-Sulfydryl, 2-Fluoromethane
D-20 Derivative-20 13-Chlorine, 1-Bromine
D-21 Derivative-21 13-Chlorine, 2-Fluorine
D-22 Derivative-22 13-Chlorine, 2-Methyl
D-23 Derivative-23 13-Chlorine, 2-Amidogen
D-24 Derivative-24 13-Chlorine, 2-Sulfydryl
D-25 Derivative-25 13-Chlorine, 2-Carboxyl
D-26 Derivative-26 13-Chlorine, 2-Trifluoromethyl
D-27 Derivative-27 13-Chlorine, 2-Fluoromethane
D-28 Derivative-28 13-Fluorine, 1-Bromine
D-29 Derivative-29 13-Fluorine, 2-Fluorine
D-30 Derivative-30 13-Fluorine, 2-Methyl
D-31 Derivative-31 13-Fluorine, 2-Amidogen
D-32 Derivative-32 13-Fluorine, 2-Sulfydryl
D-33 Derivative-33 13-Fluorine, 2-Carboxyl
D-34 Derivative-34 13-Fluorine, 2-Trifluoromethyl
D-35 Derivative-35 13-Fluorine, 2-Fluoromethane

The molecular structure and synergistic degradation of the ciprofloxacin (CIP) (Figure 7c)
and sarafloxacin (SAR) (Figure 7d), which were widely used, the target molecule nor-
floxacin (NOR) (Figure 7b), and the derivative D-5 (Figure 7e) were compared as examples
to verify the rationality of the above substitution law. By analyzing the 3D contour map
of NOR in the constructed model (Figure 6) and the molecular structure of CIP and SAR
(Figure 7c,d), it was found that there were differences in the R; substitution group of NOR,
CIP, and SAR. The green blocks of the steric field and white blocks of the hydrophobic field
were widely distributed around the R; substitution group, that is, reducing the volume or
increasing the hydrophobicity of the R; group could improve the plant-microbial syner-
gistic degradation of QNs molecules. In the present study, the Ry substitution groups of
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NOR and its derivative D-5 were ethyl (-C,Hs) and fluorine (-F), respectively. The volume
of ethyl was larger than that of fluorine, and the hydrophobicity of ethyl was smaller
than that of fluorine, while the comprehensive value of NOR (—34.133 kcal/mol) was
larger than the predicted value of D-5 (—39.659 kcal/mol), indicating that the synergistic
degradation effect of QNs was improved after modification. The R substitution groups of
NOR and CIP were ethyl and cyclopropyl, respectively (the volume of ethyl was smaller
than that of cyclopropyl), and the comprehensive value of NOR (—34.133 kcal /mol) was
smaller than that of CIP (—31.535 kcal/mol) (Table 1), verifying the substitution law that
the smaller the volume of Ry substitution group, the greater the synergistic degradation
effect. Furthermore, studies have shown that hydrophilicity and hydrophobicity of groups
are correlated with log P value (the larger the log P, the stronger the hydrophobicity) [88].
The R; substitution groups of CIP and SAR were cyclopropyl (log P = 1.25, hydrophilic
group) and fluorophenyl (log P = 2.19, hydrophobic group), respectively, and the compre-
hensive value of SAR (—32.816 kcal/mol) was smaller than that of CIP (—31.535 kcal/mol)
(Table 1.), verifying the substitution law that the stronger the hydrophobicity of R; substi-
tution group, the greater the synergistic degradation effect. The present study had verified
and analyzed the rationality of molecular modification based on 3D contour map and
groups properties [89]. Therefore, the molecular modification based on the 3D contour map
of the CoMSIA model, the molecular structure, and the properties of groups had rationality
and reliability in the present study.

(a) (b) (©) (d) (e)

Figure 7. Molecular structure of FQs and derivative D-5: (a) Maternal structure of FQs; (b) Norfloxacin (NOR);
(c) Ciprofloxacin (CIP); (d) Sarafloxacin (SAR); (e) Derivative D-5.

3.3. Prediction and Evaluation of the Plant—Microbial Synergistic Degradation Effects of the
Modified NOR Derivatives

The synergistic degradation effect values and change rates for NOR derivatives pre-
dicted by the constructed CoMSIA model was visible in Table 4. The predicted values of
the 35 NOR derivatives exhibited a decrease of 1.32-21.51%, i.e., the degradability by both
plants and microorganisms had increased. The comprehensive predicted values for 9 NOR
derivatives, namely, D-1, D-2, D-13, D-14, D-15, D-16, D-18, D-21, and D-23, exhibited
a significant decrease (>18%), indicating a remarkable enhancement in the synergistic
degradability. Among these, seven derivatives (D-1, D-2, D-13, D-14, D-15, D-16, and D-18)
had the substitution at site C;3, and the substituent group sulthydryl (-SH) belonged to the
group of hydrogen bond receptors with strong hydrophobicity [90,91], which confirmed
that the hydrophobic and hydrogen bond receptor fields in the CoMSIA model were the
main factors affecting the plant-microbial synergistic degradation effect of QNs.

3.4. Evaluation of the Environment-Friendliness and the Functional Properties of NOR Derivatives
3.4.1. Evaluation of the Environment-Friendliness of NOR Derivatives

Studies have demonstrated that adsorption is critical to the migration of antibiotics
in the soil as well as their environmental fate [92]. Antibiotic residue and accumulation
in soil could result in the multiplicand of drug-resistant genes [93-96], which, when
introduced into the food chain, would cause chronic adverse harm to animals, plants,
as well as humans [97-100]. QNs exhibit a high degree of adsorption in soil. Pan et al.
reported a high degree of soil adsorption for NOR, with the adsorption coefficient K4 of
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approximately 591 L/kg [101]. Golet et al. reported that QN exhibited high persistence
and limited mobility in soil [12]. Bioaccumulation of antibiotics is another measure of their
environment-friendliness. Schathauser et al. reported that the environmental concentration
of erythromycin in aquatic organisms in the inland waters of Asia exceeded the ERY
food safety tolerance levels established by the US Food and Drug Administration by
approximately 5%, while this percentage was 7% in fish [102]. Michelini et al. reported
that the high concentration of sulfadiazine in willow and maize caused severe stress to
plants and even plant death in certain cases [103]. Han et al. observed that exogenous
substances, such as microplastics, could amplify the bioaccumulation of veterinary drugs
in Mytilus coruscus and induce synergistic immunotoxic effects [104]. Therefore, reducing
the bioaccumulation and soil adsorbability of QN is of great significance to both human
beings and the environment.

Table 4. The values and change rates of the plant, microbial, and plant-microbial synergistic degradation effects of NOR

and its derivatives predicted using the CoMSIA model.

Plant Degradation Microbial Degradation Effect
Synergistic Effect
Degradation Effect i ioni
No. g Peroxidase (1PA2) Mangar(l;lsvelﬁgondase Perox?:é::}lBSS) Laccase (1GYC)
Change Change Change Change Change
Pred. Rate ({’;/o) Pred. Rate (§/0) Pred. Rate (§/n) Pred. Rate (§A)) Pred. Rate (g/o)

NOR —34.133 —13.508 —8.515 —34.133 —19.560

D-1 —41.476 21.51 —22.395 65.80 —24.503 187.76 —38.547 12.93 —25.518 30.46
D-2 —40.962 20.01 —22.802 68.81 —26.370 209.69 —37.985 11.29 —25.736 31.57
D-3 —40.264 17.96 —22.431 66.06 —25.574 200.34 —36.847 7.95 —25.247 29.07
D-4 —37.647 10.30 —20.081 48.67 —22.109 159.65 —37.158 8.86 —21.794 11.42
D-5 —39.659 16.19 —21.930 62.35 —26.472 210.89 —41.139 20.53 —26.767 36.85
D-6 —37.730 10.54 —19.620 45.25 —21.055 147.27 —32.266 —5.47 —22.889 17.02
D-7 —38.463 12.69 —22.785 68.68 —22.665 166.18 —31.787 —6.87 —26.959 37.83
D-8 —38.084 11.58 —23.036 70.54 —22.719 166.81 —31.336 —8.19 —25.945 32.64
D-9 —37.642 10.28 —22.492 66.51 —22.367 162.68 —33.497 —1.86 —25.880 32.31
D-10 —37.863 10.93 —17.501 29.57 —20.936 145.87 —39.716 16.36 —21.092 7.83
D-11 —37.960 11.21 —18.353 35.87 —19.453 128.46 —31.118 —8.83 —22.320 14.11
D-12 —39.697 16.30 —19.601 45.11 —23.427 175.13 —39.766 16.50 —21.912 12.02
D-13 —40.974 20.04 —22.558 67.00 —24.818 191.46 —40.992 20.09 —26.805 37.04
D-14 —40.344 18.20 —20.468 51.53 —23.313 173.79 —36.819 7.87 —23.498 20.13
D-15 —41.174 20.63 —23.340 72.79 —24.561 188.44 —37.111 8.72 —27.152 38.81
D-16 —40.751 19.39 —23.709 75.52 —24.861 191.97 —36.279 6.29 —26.317 34.54
D-17 —39.598 16.01 —22.146 63.95 —23.723 178.60 —36.198 6.05 —26.126 33.57
D-18 —40.278 18.00 —17.726 31.23 —22.833 168.15 —43.327 26.94 —21.470 9.76
D-19 —39.670 16.22 —19.617 45.23 —22.965 169.70 —39.374 15.35 —22.482 14.94
D-20 —39.165 14.74 —19.715 45.96 —24.314 185.54 —39.254 15.00 —21.891 11.92
D-21 —40.431 18.45 —22.691 67.99 —26.170 207.34 —40.512 18.69 —26.815 37.09
D-22 —35.528 4.09 —23.541 74.28 —23.630 177.51 —41.617 21.93 —27.929 42.79
D-23 —40.614 18.99 —23.527 74.18 —25.955 204.82 —36.655 7.39 —27.258 39.36
D-24 —40.199 17.77 —23.860 76.64 —26.209 207.80 —35.791 4.86 —26.390 34.92
D-25 —39.083 14.50 —22.262 64.81 —24.560 188.43 —35.597 4.29 —26.084 33.35
D-26 —34.702 1.67 —21.147 56.56 —21.602 153.69 —48.717 42.73 —26.756 36.79
D-27 —34.582 1.32 —22.809 68.86 —22.980 169.88 —44.842 31.37 —27.215 39.14
D-28 —37.599 10.15 —20.159 49.24 —21.980 158.13 —38.281 10.84 —22.085 12.91
D-29 —39.758 16.48 —22.317 65.22 —25.357 197.79 —39.869 16.80 —26.477 35.36
D-30 —39.205 14.86 —20.095 48.77 —23.667 177.94 —35.861 5.06 —23.026 17.72
D-31 —36.572 7.15 —25.676 90.09 —24.773 190.93 —41.135 20.51 —30.032 53.54
D-32 —36.482 6.88 —26.681 97.53 —26.457 210.71 —40.807 19.55 —29.724 51.96
D-33 —38.599 13.08 —22.699 68.05 —28.217 231.38 —34.088 —0.13 —27.707 41.65
D-34 —39.239 14.96 —17.691 30.97 —23.286 173.47 —42.904 25.70 —21.280 8.79
D-35 —38.567 12.99 —19.225 42.33 —23.257 173.13 —38.399 12.50 —21.954 12.24

In the present study, the bioaccumulation (log Kow) and soil adsorbability (log Koc) of
the NOR derivatives involved were predicted (Table 5). D-5, D-15, D-17, D-21, D-23, D-24,
D-25, D-29, D-31, and D-33 exhibited decreased values of log Koy and log Ko (in the ranges
of 12.62-166.99% and 12.76-237.24%, respectively), implying that both bicaccumulation
and soil adsorbability of these derivatives were reduced. However, the derivatives corre-
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sponding to the minimum and maximum change rates in these two properties remained
the same (D-21 and D-33). Moreover, the change rates of the bioaccumulation and soil
adsorbability of the above-stated 10 derivatives were of the same order. Among the other
16 derivatives that presented increased predicted values for bioaccumulation and soil ad-
sorbability, although D-30 and D-35 presented slightly increased values of log Koy and log
Koc, the amplitude was small, indicating that the bioaccumulation and soil adsorbability of
these two derivatives remained unchanged fundamentally.

Table 5. Evaluation of the environment-friendliness of NOR and its derivatives.

Bioaccumulation Soil Adsorbability
No. log Kow Change Rate (%) log Ko Change Rate (%)
3 —1.03 —0.392

D-1 04 —138.83 0.399 —201.79%
D-2 —-0.13 —87.38 0.105 —126.79%
D-3 —0.44 —57.28 —0.066 —83.16%
D-4 —0.45 -56.31 —0.072 —81.63%
D-5 —1.34 30.10 —0.542 38.27%
D-10 —0.38 —63.11 —0.033 —91.58%
D-12 0.25 —124.27 0.316 —180.61%
D-13 —0.64 —37.86 —0.155 —60.46%
D-14 —0.09 —91.26 0.128 —132.65%
D-15 -1.32 28.16 —0.531 35.46%
D-16 —0.66 —35.92 —0.166 —57.65%
D-17 —-1.91 85.44 —0.857 118.62%
D-18 0.33 —132.04 0.36 —191.84%
D-19 -0.15 —85.44 0.094 —123.98%
D-20 —0.27 —73.79 0.028 —107.14%
D-21 —1.16 12.62 —0.442 12.76%
D-23 —-1.85 79.61 —0.824 110.20%
D-24 —1.18 14.56 —0.454 15.82%
D-25 —2.44 136.89 —1.15 193.37%
D-28 —-0.59 —42.72 —0.149 —61.99%
D-29 —1.48 43.69 —0.619 57.91%
D-30 —0.93 —9.71 —0.337 —14.03%
D-31 —2.16 109.71 —0.996 154.08%
D-33 —2.75 166.99 —1.322 237.24%
D-34 —0.51 —50.49 —0.105 —73.21%
D-35 —0.99 —3.88 —0.37 —5.61%

According to the above results, 12 NOR derivatives (including D-5, D-15, D-17, D-21,
D-23, D-24, D-25, D-29, D-30, D-31, D-33, and D-35) were considered environment-friendly
QN derivatives exhibiting increased synergistic degradation along with significantly
decreased or fundamentally unchanged bioaccumulation and soil adsorbability.

3.4.2. Evaluation of the Functional Properties of NOR Derivatives

Studies have evaluated the functional properties of derivatives of different antibiotics.
Li et al. used density functional theory (DFT) to determine the molecular structure stability
characterized by the positive frequency values [105]. Zhang et al. reported using molec-
ular metabolic stability and genotoxicity as indices for the functional evaluation of FQs
derivatives [106]. Both Zhang et al. and Hou et al. reported using the HQSAR model for
the genotoxicity of quinolones toward Salmonella typhimurium for predicting the negative
logarithm lowest observed effect concentration (pLOEC) values, which were then used for
characterizing bacterial genotoxicity [59,107].

In the present study, the parameters and their change rates were obtained in the
functional evaluation of NOR and its derivatives (Table 6), and the evaluation criteria
are visible in Table 7. The analysis of the stability parameters revealed that the positive
frequency value of each of the evaluated 12 NOR derivatives was positive, indicating that
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these derivatives could exist stably in the environment. The total energy values of these
12 NOR derivatives exhibited different degrees of reduction (1.85-51.30%), indicating that
the environmental stability of these NOR derivatives was better than that of the original
NOR molecules. The Bayesian scores for NOR as well as its derivatives were all less than
0.161 (referred to as non-inhibitor), indicating a certain degree of molecular metabolic
stability in NOR and its derivatives. In addition, the genotoxicity of D-5, D-15, D-17, D-23,
D-24, D-25, and D-31 remained fundamentally unchanged, indicating a certain degree of
bactericidal efficacy in these derivatives. On the basis of the results of the evaluation of
environment-friendliness and functional properties, the above-stated seven derivatives
(D-5, D-15, D-17, D-23, D-24, D-25, and D-31) were considered environment-friendly QNs
derivatives exhibiting moderately improved molecular stability and bactericidal efficacy.

Table 6. Functional evaluation parameters of molecular stability and genotoxicity for NOR and its derivatives.

Stability ..
Genotoxicity
No. Molecular Structure Stability Molecular Metabolic Stability
Frequency Total Energy  Change Rate Bayesian Change Rate LOEC Change Rate
(cm~1) (a.u) (%) Score (%) P (%)
3 24.82 —1109.899 —3.860 8.055

D-5 28.90 —1130.418 1.85 —3.434 —11.05 7.559 —6.16
D-15 26.16 —1484.726 33.77 —2.516 —34.83 8.435 4.72
D-17 18.46 —1617.921 45.77 —2.214 —42.65 8.159 1.29
D-21 22.80 —1589.958 43.25 —2.876 —25.49 7.464 —7.34
D-23 23.88 —1546.137 39.30 —2.772 —28.18 7.97 —1.06
D-24 2211 —1888.951 70.19 —4.553 17.96 7.814 —2.99
D-25 18.30 —1679.331 51.30 —2.471 —36.00 7.692 —4.51
D-29 27.90 —1229.614 10.79 —2.449 —36.54 7.311 —9.24
D-30 23.08 —1169.793 5.40 —3.051 —20.97 7.483 —7.10
D-31 27.64 —1185.797 6.84 —2.163 —43.96 7.766 —3.59
D-33 18.66 —1318.992 18.84 —2.044 —47.06 7.466 —7.31
D-35 13.05 —1268.980 14.33 —2.876 —25.50 7.443 —7.60

Table 7. Evaluation criteria for the functional evaluation parameters of stability and genotoxicity.

Property Parameter Value Description References
- Frequency (cm™1) >0 Stable [108]
Stability of molecular structure Total Energy (a..) Lower Higher [109]
- . . <0.161 Non-inhibitor
Stability of molecular metabolism Bayesian Score 50161 Inhibitor [110]
Genotoxicity pLOEC Higher Higher [73]

3.5. Simulation of the Plant and Microbial Transformation Pathways of NOR and Its Derivatives
3.5.1. Simulation of the Plant Degradation Pathways of NOR and Its Derivatives

Antibiotics that enter the soil environment could catalyze a series of transformations
and degradations under the combined action of plants and microorganisms. After being
absorbed by plant roots, these antibiotics are transported to the stems, leaves, and fruits,
where these are transformed into different metabolites through the action of the related
enzymes [111-115]. The relevant studies in the existing literature mainly focused on
the residue of antibiotics in plants but lacked the analysis of antibiotic degradation, the
internal mechanism of degradation, and the toxicity of the products of antibiotics after
transformation in plants [116]. The studies exploring the plant degradation pathways of
QNss are scarce. In the present study, two main plant degradation pathways (involving the
processes of hydroxylation, decarboxylation, and dealkylation) of QNs were speculated,
and the pathways of NOR and its derivative D-17 were simulated based on the previous
study [78] (Figure 8). The AE was calculated (Table 8), and the toxicity levels of the main
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transformation products were predicted based on pharmacokinetics and toxicokinetics
(Table 9). Moreover, the most probable degradation pathways with the lowest risk were
screened for risk assessment.
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Figure 8. Simulation of the plant degradation pathways of (a) NOR; and (b) its derivative D-17.
Table 8. Calculation of the AE for the plant and microbial transformation pathways of NOR and its derivative D-17.
NOR D-17 h
. Change
Transformation Pathway AE AE (Total) AE AE (Total)
Rate (%)
Reactant Product (J/mol) (J/mol) Reactant Product (J/mol) (iJ/mol)
NOR NO-1 7.021 D-17 D-17-1 0.098 1*—98.61
Pathway A NO-1 NO0-2 575.569 1042.390 D-17-1 D-17-2 9.357 569.287 1—98.37
Plant NO0-2 NO-3 459.801 D-17-2 D-17-3 559.832 1*21.76
Degradation NOR  NO0-4 59555 D-17 D-17-4 25.885 25.885 1—56.54
Pathway B NO0-4 NO-5 0.364 63.301 D-17-4 D-17-5 —5.233 _ _
NO-5 NO-6 3.381 D-17-5 D-17-6 527.635
Pathway A NOR NO-1 59.555 59.555 D-17 D-17-1 25.885 25.885 1—56.54
NOR NO-2 102.450 D-17 D-17-2 86.674 1—15.40
Pathway B NO-2 NO-3 —39.949 644.955 D-17-2 D-17-3 —2.983 147.276 -
Microbial - NO-4 542.506 T D-17-4 60.602 1—88.83
Degradation
NOR NO-5 14.263 D-17 D-17-5 57.831 1305.47
PathwayC o5 No6 24687 38.950 D175  D-17-6 10.754 68.585 1 —56.44
NOR NO-7 40.871 D-17 D-17-7 —17.971
Pathway D NO-7 NO0-8 1.274 63.897 D-17-7 D-17-8 646.370 - -
NO-8 NO0-9 21.752 D-17-8 D-17-9 343.622

*“|” indicates that the value decreases, and “1” indicates that the value increases.
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Table 9. Assessment of the human health risk raised by the plant and microbial transformation products of NOR prior to and after the modification based on pharmacokinetics
and toxicokinetics.

ADMET EXT Hepatotoxic . NTP Rodent Carcinogenicity FDA Rodent Carcinogenicity
(Non vs. Toxic) Ames Mutagenicity (Non vs. Carcinogen) (Non vs. Carcinogen)
Transformation Pathway Product (Non vs. I n : " . : h :
. . o, Mutagenicity) Male Female Male Female Male Female Male Female
Hepatotoxicity Change Rate (%) Rat Rat Mouse Mouse Rat Rat Mouse Mouse
NOR 1.861/T 0.937/M 0.671/C  0.500/N  0.674/C 0378/N 0.091/N 0.137/N  0.125/N  0.217/N
Plant A NO-1 1.131/T —39.21 0.728/M 0.578/N  0.448/N  0.608/C 0.522/N  0.154/N  0.183/N 0.171/N  0.212/N
Deeradation NO-2 —0.338/N —118.15 0.671/N 0.589/N  0.403/N  0.600/C 0378/N 0.157/N  0.184/N 0.154/N  0.221/N
& B NO0-4 —0.106/N —105.71 0.703/N 0.606/C 0464/N 0517/N  0479/N  0312/N  0230/N  0220/N  0.215/N
Microbial A NO-1 —0.106/N —105.71 0.703/N 0.606/C 0464/N 0517/N  0479/N  0312/N  0.230/N  0220/N  0.215/N
Deeradation B NO-2 —1.040/N —155.88 0.707/N 0.566/C 0.395/N  0568/C 0434/N 0218/N 0217/N  0216/N  0.206/N
& NO0-4 —0.277/N —114.88 0.725/N 0.311/C 0.363/N  0.395/N  0311/N  0257/N  0.205/N  0.234/N  0.208/N
D-17 1.931/T 0.663/N 0.591/N  0.445/N  0486/N 0.362/N 0.171/N  0.205/N  0.140/N  0.213/N
Plant A D-17-1 1.593/T —17.47 0.666/N 0.515/N  0.381/N  0462/N  0.335/N  0.173/N  0.204/N  0.145/N  0.213/N
Deeradation D-17-2 —1.185/N —161.36 0.632/N 0.532/N  0.332/N  0418/N  0.277/N  0.166/N  0.219/N  0.167/N  0.206/N
& B D-17-4 0.382//N —80.19 0.721/N 0.625/C  0487/N  0.540/N  0461/N 0317/N  0226/N  0219/N  0.219/N
Microbial A D-17-1 0.382/N —80.19 0.721/N 0.625/C  0487/N  0.540/N  0461/N 0317/N  0226/N  0219/N  0.219/N
Deeradation B D-17-2 —1.280/N —166.32 0.679/N 0.539/N  0.398/N  0.354/N  0.363/N  0.238/N 0227/N  0.189/N  0.205/N
& D-17-4 0.307/N —84.09 0.632/N 0.639/C 0418/N  0.541/N  0279/N  0218/N 0212/N  0.151/N  0.217/N
Rat Oral Developmental X . Skin Sensitization Ocular Irritancy
. .. . Skin Irritancy (Non
Transformation  Pathway Product . Toxicity Potential vs. Irritant) . Mild vs.
LDs ~ (g/kg) (DTP) (Non vs. Toxic) . Non vs. Sens Weak vs. Strong Non vs. Irritant Moderate/Severe
NOR 1.955/C4 0.707/T 0.957/N 0.800/S 0.897/S 0.999/1 0.861/M
Plant A NO-1 4.166/C5 0.651/T 0.966/N 0.810/S 0.890/S 0.999/1 0.841/M
Degradation NO0-2 1.622/C4 0.669/T 0.949/N 0.773/S 0.863/W 0.999/1 0.886/M
& B NO-4 0.278/C3 0.566/T 0.950/N 0.856/S 0.925/S 0.999/1 0.833/M
Microbial A NO-1 0.278/C3 0.566/T 0.950/N 0.856/S 0.925/S 0.999/1 0.833/M
Deeradation B NO0-2 2.731/C5 0.625/T 0.962/N 0.788/S 0.889/S 0.999/1 0.867/M
& NO-4 1.528/C4 0.541/T 0.906/N 0.861/S 0.913/S 0.999/1 0.828/M
D-17 1.369/C4 0.631/T 0.961/N 0.786/S 0.850/W 0.999/1 0.844/M
Plant A D-17-1 0.643/C4 0.637/T 0.959/N 0.774/S 0.848/W 0.999/1 0.857/M
Deeradation D-17-2 0.531/C4 0.644/T 0.952/N 0.748/S 0.795/W 0.999/1 0.871/M
& B D-17-4 0.236/C3 0.547/T 0.949/N 0.844/S 0.976/S 0.999/1 0.836/M
Microbial A D-17-1 0.236/C3 0.547/T 0.949/N 0.844/S 0.976/S 0.999/1 0.836/M
Deeradation B D-17-2 1.127/C4 0.599/T 0.967/N 0.775/S 0.858/W 0.999/1 0.844/M
& D-17-4 1.116/C4 0.625/T 0.966/N 0.772/S 0.860/W 0.999/1 0.862/M

* Assessment based on “Acute toxicity estimate (ATE) values and criteria for acute toxicity hazard categories” (Table 3.1.1), cited from [117] Boatman, R.; Kelsey, J.; Ball, N. Acute toxicity classification for ethylene
glycol mono-n-butyl ether under the Globally Harmonized System. Regul. Toxicol. Pharmacol. 2014, 68, 41-50.
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As visible in Figure 8, the QNs derivative D-17 could undergo hydroxylation of the
pyridoxylic acid-biphenyl moiety, generating the hydroxylated product D-17-1, which
further underwent an addition reaction and bond breakage to generate the intermediate
product D-17-2 that was eventually oxidized to D-17-3 (pathway A). Moreover, the piper-
azine ring at site C; could be replaced by an -OH group to generate the hydroxylation
products D-17-4 and D-17-4b, which further underwent the oxidative decarboxylation
reaction. This reaction produced the intermediate product D-17-5 through the substitution
of the -COOH group, while the six-membered ring was opened, then transformed into a
five-membered ring under the action of -OH to finally generate the dealkylation product
D-17-6 (pathway B).

3.5.2. Simulation of the Microbial Degradation Pathways of NOR and Its Derivatives

Soil microorganisms degrade the antibiotics into a series of products via four major
pathways (hydroxylation, oxidative defluorination, piperazine ring pyrolysis, and oxida-
tive decarboxylation reaction), as reported in previous studies [75,118,119]. These four
pathways of NOR and its derivative D-17 were simulated in the present study (Figure 9),
based on which the AE was calculated (Table 8), and the potential toxicity levels of the main
products were predicted (Table 9). In addition, the most probable degradation pathways
with the lowest risk were screened for risk assessment.

As illustrated in Figure 9, -OH played a vital role in the degradation as it replaced the
piperazine rings to generate the hydroxylation products D-17-1 and D-17-1b (pathway A) [120].
In addition, the C-F bond was activated to undergo the oxidative defluorination reaction,
in which F (Fg) was replaced with -OH to generate the intermediate product D-17-2. Sub-
sequently, the C atoms at the ortho-position (Cs) or para-position (C4) were activated to
finally generate the hydroxylated product D-17-3 or D-17-4 (pathway B). The piperazine
ring was highly prone to the ring-opening cleavage that resulted in the generation of the
semi-ring-opening intermediate product D-17-5 [120], which was unstable and ultimately
transformed to the ring-opening product D-17-6 (pathway C). Moreover, the intermediate
product D-17-7 could be formed in an oxidative decarboxylation reaction, followed by
the opening of the six-membered ring to generate a five-membered ring under the action
of —-OH, thereby forming the dealkylation product D-17-8, which then underwent the
hydrolysis reaction to form the decarboxylation product D-17-9 (pathway D).
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Figure 9. Simulation of the microbial degradation pathways of (a) NOR; and (b) its derivative D-17.

It was revealed that AE (>0) could explain the degree of difficulty in the occurrence of
the reaction. The smaller the energy barrier, the more probable was the reaction [121]. As
presented in Table 8, the energy barriers of the first two steps of pathway A and the first hy-
droxylation reaction of pathway B of the plant degradation process were reduced by 98.61%,
98.37%, and 56.54%, respectively. This indicated a higher probability of piperazine ring
replacement and oxidation reaction occurrences in the modified derivatives. During the
microbial degradation, the energy barriers of the two pathways (A and B) of the modified
derivative D-17 were significantly decreased (56.54% and 77.16%, respectively), indicating
that the microbial capacity for the degradation of QNs was significantly improved after
QN modification. Therefore, after the modification of QNs derivatives, pathway A (D-17 to
D-17-2) and pathway B (D-17 to D-17-4) were revealed as the main pathways for the plant
degradation of QNs, while the main pathways for the microbial degradation of QNs were
pathway A (D-17 to D-17-1) and pathway B (D-17 to D-17-4). The -OH group played a
significant role in both plant and microbial degradation of QNs.

3.6. Assessment of the Human Health Risk Raised by the Plant and Microbial Transformation
Products of NOR and Its Derivatives

The human health risk assessment was conducted for the products of the pathways
most prone to plant and microbial transformation (Table 9). In the case of derivative D-17,
the mutagenicity, rodent carcinogenicity (NTP and FDA datasets), and skin sensitization
(weak vs. strong) exhibited improvement by reaching non-toxic levels, while the hepato-
toxicity level remained unchanged fundamentally (the drug efficacy increased by 3.73%)
and the rat oral toxicity level LDsq (g/kg) reduced by 29.97%. The developmental toxicity
potential, skin irritation, skin sensitization (non vs. sens), and ocular irritancy exhibited
the same toxicity level as earlier. These results indicated an overall significantly reduced
human health risk for the modified QNs.

Furthermore, the hepatotoxicity levels of the intermediate and final products of NOR
and its derivative D-17 in both plant and microbial transformation pathways remained
unchanged prior to and after the modification, while the rodent carcinogenicity (NTP and
FDA datasets) and mutagenicity reduced remarkably. The levels of DTP, skin irritancy,
skin sensitization (non vs. sens; weak vs. strong), and ocular irritancy (non vs. irritant;
mild vs. moderate/severe) remain unchanged. In addition, the hydroxylation reaction
of piperazine rings could result in the transformation products having a certain degree
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of oral toxicity in rats, although the LDs level remained unchanged. Therefore, it was
inferred that the human health risk of the modified QNs was markedly reduced, and the
toxicity and the human health risk of the transformation products of these molecules also
decreased significantly.

4. Conclusions

In the present study, the fuzzy comprehensive evaluation method was used in combi-
nation with the weighted average method to construct a 3D-QSAR (CoMSIA) model for
the plant-microbial degradation effect of QNs. The constructed model was then effectively
applied for the molecular modification of environment-friendly QNs. Further, the simula-
tion of plant and microbial degradation pathways of the QNs molecules was performed to
assess the human health risks associated with these molecules and their transformation
products after their molecular modification, which revealed that the potential risks had
decreased significantly. A comprehensive system of model construction, molecular modifi-
cation, drug environment-friendliness and functional properties evaluation, degradation
pathway simulation, and drug human health risk assessment was successfully established
in the present study, providing a solid theoretical basis for novel ideas and approaches for
source control and drug design. However, there are still some limitations of this study, such
as the calculation of binding energy did not consider the influence of external conditions
in the process of model construction, or the designed derivatives were not synthesized
experimentally. To solve the above problems, the present study constructed the model with
molecular structural parameters as the main consideration, which have been proved to be
reliable and accurate, and provided theoretical guidance for the design and synthesis of
QN s. It is expected that the synthesis and experimental verification of QNs will be carried
out in future work.
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