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A B S T R A C T

The purpose of this study was to explore the stability and toxicity of the herbicides and their degradation
byproduct after exposure to different environmental factors. Triazines (atrazine, propazine, simazine) and
chloroacetanilides (acetochlor, alachlor, metolachlor) which are commonly used herbicides were evaluated for
cytotoxicity in different UV (254 nm and 365 nm) and temperature (4 �C, 23 �C, and 40 �C) conditions as well as
degradation rates. Atrazine with the highest LD50 (4.23 μg mL�1) was less toxic than the other tested triazine
herbicides Chloroacetanilides tested were more toxic than tested triazines, with LD50 0.08–1.42 μg mL�1 vs
1.44–4.23 μg mL�1, respectively. Alachlor with LD50 0.08 μg mL�1 showed the strongest toxic response as
compared with other tested herbicides. Temperatures only did not alter cytotoxicity of the tested herbicides,
except for acetochlor and alachlor showing about 45 % more cell death after exposure to 40 �C for 2 h. At all 3
tested temperatures, 2 h of UV treatments did not affect cytotoxic effects of the tested herbicides, except for
acetochlor and alachlor. At 4 �C, acetochlor toxicity was attenuated about 63 % after UV 365 nm exposure; but
alachlor toxicity was enhanced after either UV 254 or 365 nm exposure for about 40 % and 24 %, respectively. At
23 �C, acetochlor toxicity was enhanced about 35 % after UV 254 nm exposure, but attenuated about 48 % after
UV 365 nm exposure. Alachlor toxicity was enhanced about 34 % after UV 254 nm and 23 �C exposure. In
combination of UV 254 nm and 40 �C, acetochlor toxicity was lowered by 63 % and alachlor toxicity was no
change as compared with 4 �C, no UV group. After co-treatment with UV 365 nm and 40 �C both acetochlor and
alachlor toxicity was enhanced 55 % and 80 %, respectively. Through degradation analysis by LC-MS/MS, ala-
chlor showed the most dramatic degradation (only 0.58 %–10.58 % remaining) after heat and UV treatments.
1. Introduction

The United States’ herbicide use has surged 25.6 % in just a 4-year
time span from 540 million pounds in 2008 to 678 million pounds in
2012 [1]. While being beneficial to crop growth, the dramatic increase in
herbicides use over recent decades poses a serious threat to the envi-
ronment, due to residue remains left on crops, posing a direct threat to
humans through consumption, as well as collection into water systems
through runoff [2, 3, 4, 5, 6]. This, in turn, leads to the consumption of
harmful chemicals by organisms in and around the ecosystem. Surface
runoff from agricultural areas is the main reason for contamination of
surface water by herbicides and causes serious environmental impacts.
Transformation of herbicides due to nature environmental factors could
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produce more hazardous transformed byproducts [7]. The toxicity of
herbicides, however, after transformation by natural environmental
factors are not well studied.

Triazine and chloroacetanilide herbicides are some of the most
commonly used in agriculture in the United States of America. They are
frequently found in soil and aquatic systems due to their high usages and
the persistence through physiochemical degradation [8]. Atrazine has
been found to have the highest concentration of 30 μg L�1 in ground and
surface water [9]. Kalkhoff et at. (1998) detected chloroacetanilides in
ground and surface water with concentration of 0.05 μg L�1 and 0.13 μg
L�1, respectively [10]. Chloroacetanilides are known to transform
rapidly in soil under aerobic conditions [11]. In water with microor-
ganisms, chloroacetanilides are degraded via various pathways to form a
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large number of degradation byproducts [12, 13, 14]. Triazines, which
are relatively more stable than chloroacetanilides, can undergo deal-
kylation and dechlorination simultaneously with faster rates under UV
and ozonation [15].

The triazine herbicides used in this study specifically are atrazine,
propazine, and simazine are regarded as more stable compounds [16].
Atrazine, one of most widely used triazines, has up a half-life of up to 6
months in soil [17], and its degradation is known to be affected by
temperature and moisture. The main photodegradation processes for
triazines at the early phases are through dechlorination and dealkylation.
Different triazines have different degradation rates depending on
chemical structure [7,18]. Simazine with one less alkyl group and a more
symmetric structure is degraded slower as compared with atrazine.
Atrazine at low dose exhibits carcinogenic properties and disrupts
endocrine system [19]. Studies have demonstrated that some triazine
degradation byproducts, such as deisopropyl-atrazine, deethyl-atrazine
and deethyldeisopropylatrazine, change toxicity and are persistence as
compared to their parent chemicals [18].

Chloroacetanilide herbicides, another widely used group of herbi-
cides, have been frequently detected in ground and surface waters and
are toxic to a wide range of organisms [20]. Even at very low concen-
tration, exposure to chloroacetanilide herbicides via contamination of
water or agricultural products would be a great public health and envi-
ronment risk. Ma et al. showed chloroacetanilides can increase oxidative
stress by increasing reactive oxygen species level and trigger apoptosis
[21]. Studies also showed that utilization of chloroacetanilides links to
caner and Parkinson's disease [22,23]. To minimize the impact of her-
bicide residue and its byproducts in the environment and risk it poses to
human health, unveiling the physiochemical effect on herbicide degra-
dation will provide the comprehensive information for improving current
pesticide management strategies.

It is known that these chemicals, while in the environment, undergo
degradation via different environmental factors [24, 25, 26, 27, 28].
There is a plethora of degradation factors on the average farm and
neighboring aquatic ecosystems through soil leaching, such as moisture
levels, light intensity, temperature, soil pH, and UV rays. Additional
factors can include microorganisms, which can alter chemical composi-
tion through degradation, mineralization, or conjugation [24].

Photodegradation is the differentiation (breakdown, derivatization,
decomposition) of a substance by exposure to sunlight, usually in tandem
with air. This type of degradation is responsible for oxidation and
reduction of environmental materials [26]. The degradation factors
focused on in this experiment include UV radiation and temperature,
both of which individually can cause degradation of organic molecules
[28, 29, 30]. When temperature and UV effects are applied in tandem to
degrade pesticides and herbicides, the exposure can result in different
byproducts, which can alter toxicity in relation to parent compounds.
Moreira's study showed that atrazine after radiation could generate 3
main hydroxyl byproducts: atrazine-2-hydroxy, atrazine-desethyl-2-hi-
droxy, and atrazine-desisopropyl-2-hydroxy [31].

As previously stated, pesticides have become more popular in agri-
cultural practices worldwide. The adverse effects that these chemicals
have on humans and other organisms around the world are dramatic and
highly complex. The toxic effects of the herbicides on animals and plants
were insufficiently investigated. Moreover, the toxicity of herbicide
degradation products is rarely taken into account for its toxicity. Many of
the degraded products can exert similar acute and chronic toxicities as
the parent compound [32]. The purpose of exposing the herbicides to
different environmental factors is to test their stability and to evaluate
the toxicity of degraded products together with their parent chemicals.
This study was aimed to elucidate the cytotoxicity of the degraded
byproducts of 2 classes of herbicides, triazines and chloroacetanilides
after exposure of UV and various temperatures. This study is critical to
public health as it allows us to build an understanding of the fate and the
toxicity of pesticides under the influence of environmental factors.
Hopefully it also highlights the need for further experimentation on these
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and other hazardous chemicals. This study will be beneficial to farmers
and other crop growers in order to ensure safer produce.

2. Materials and methods

2.1. Cell culture

Human embryonic kidney cells (HEK-293) were purchased from
American Type Culture Collection (Manassas, VA). Cells were cultured as
descripted in previous study with Dulbecco Modified Eagle Media
(DMEM) supplemented by 10 % fetal bovine serum, 2 mM L-glutamine,
and gentamicin (50 μg mL�1) [33]. Incubation occurred at 37 �C, in a 5 %
CO2 humidified incubator. The cells were cultured into 96-well plates at
50,000 cells per 200 μL on the day before chemical treatments. Cells were
about medium density (~80 % confluence) when chemicals were added.

2.2. LD50 determination: neutral red uptake assay

Herbicides (triazines: atrazine, simazine, propazine; chlor-
oacetanilides: acetochlor, alachlor, and metolachlor) were obtained from
Sigma Aldrich (St. Louis, USA) at a stock of 1 mg mL�1 in methanol.
These herbicides were diluted in phosphate buffered saline (PBS) or fresh
media to concentrations as indicated in cytotoxicity study for deter-
mining LD50 values which represent the chemical concentration needed
to inhibit 50 % cell proliferation by neutral red uptake assay. After LD50
was determined for each herbicide, specific LD50 results were used as the
concentration for UV and temperature treatments.

LD50 was determined by neutral red assay which is based on the
lysosome uptake of neutral red dye [34,35]. Briefly, 200 μL cell sus-
pension (2 � 104 cells per well) were seeded onto 96-well plate on the
day before chemical treatments. Chemicals in methanol (1 mg mL�1)
were diluted in fresh media to obtain various concentrations for each
chemical: acetochlor and alachlor (5–500 ng mL�1), metolachlor and
simazine (100–2000 ng mL�1); atrazine and propazine (500–5000 ng
mL�1). After 24 h of chemical treatments, 20 μL of 0.33 % Neutral Red
Solution (Sigma Aldrich) was added onto wells. After 2 h incubation at 37
C/5 % CO2 incubator, dye solution was carefully removed and cells were
rinsed with 200 μL Neutral Red Assay Fixative (0.1 % CaCl2 in 0.5 %
formaldehyde) (Sigma Aldrich) twice. The absorbed dye was then solu-
bilized in 200 μL of Neutral Red Assay Solubilization Solution (1 % acetic
acid in 50 % ethanol) (Sigma Aldrich) for 10 min at room temperature on
a shaker. Absorbance at 540 nm and 690 nm (background) was measured
by BioTek Synergy Mx microplate reader.

Each concentration in each experiment was done with at least trip-
licate. Multiple experiments were done to obtain LD50 values for each
herbicide. The viability was determined based on a comparison with
untreated cells which were set as 100 % cell viability. The LD50 values
were calculated from the dose-response curve.

2.3. UV and temperature treatments

The temperatures chosen for this study are to mimic our real envi-
ronmental situation. To study temperature effect on herbicide degrada-
tion, each herbicide solution at LD50 was solely placed in a cold room (4
�C), laboratory (RT, 23 �C), or an incubator (40 �C) for up to 2 h and then
kept in a -20 �C freezer until analysis. Temperature conditions were
chosen to be the most relevant representation of real-world situations, in
which crops will be grown. The exposure time of UVwas chosen based on
Mermama's study which showed 2 h of photocatalysis treatment signif-
icantly altered IC50 of S-metolachlor [36].

To study UV effects on herbicide degradation, each herbicide solution
at LD50 concentration was solely exposed to 2 h of UV radiation from UV
lamps (Spectroline, Model ENF-280C). JAZ Spectrometer JAZA 1464
(Ocean Optics Inc) detected the intensity of UV-A (365 nm; 470 μW/cm2)
and UV-C (254 nm; 650 μW/cm2) for consistency. UV-A is the main UV
ray which can penetrate the atmosphere and reach earth. UV-C is almost



Table 1. Multiple reaction monitoring (MRM) transitions, collision energies,
retention time of pesticides and internal standard (IS) included in the method.
The quantifier transition is underlined.

Analyte MRM Transition
(m/z)

Collision
energy (eV)

Retention time
(min)

Internal
Standard

Acetochlor 270.3 > 224.1 -12 5.4 Butachlor

270.3 > 148.1 -23

Alachlor 270.3 > 238.2 -12 5.4 Butachlor

270.3 > 162.3 -21

Metolachlor 284.3 > 252.1 -13 5.4 Butachlor

284.3 > 176.1 -23

Atrazine 216.2 > 174.1 -20 4.1 Butachlor

216.2 > 104.1 -30

Propazine 230.2 > 188.1 -18 4.6 Butachlor

230.2 > 146.1 -25

Simazine 202.1 > 132.0 -18 3.4 Butachlor

202.1 > 124.1 -21

Butachlor 312.4 > 238.1 -13 4.8

312.4 > 162.2 -23

Table 2. LD50 of chloroacetanilide and triazine herbicides determined by neutral
red uptake assay in HEK-293 cells.

LD50 of Chloroacetanilide
herbicides (μg mL�1)

LD50 of Triazine
herbicides (μg mL�1)

Acetochlor 0.22 Atrazine 4.23

Alachlor 0.08 Propazine 2.51

Metolachlor 1.42 Simazine 1.44
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all blocked by the atmosphere. When preparing chemicals for cell culture
exposure, the herbicides were set in a space with a UV lamp overhead
(height of 27 cm) for up to 2 h and then kept in a -20 �C freezer until
analysis.

2.4. Cytotoxicity: neutral red uptake assay and MTT assay

In order to determine the HEK-293 cells ability to survive exposure to
the treated herbicides, two viability assays were performed: neutral red
uptake assay and MTT assay as described in previous studies by Cheng
[34,37]. The neutral red uptake assay is to test cell viability through
monitoring cellular lysosomal activity. TheMTT viability assay is another
assay commonly used for quantifying culture viability by measuring
metabolic activity and in turn mitochondrial functionality. The cells were
treated with herbicides for heat and UV studies at the concentrations
based on the LD50.

2.4.1. Neutral red uptake assay for monitoring of cell lysosomal activity
The assay was conducted as descripted in Section 2.2. LD50 determi-

nation: Neutral Red Uptake Assay. The relative cell survival rate was
calculated by comparing with untreated cells which were set as 100 %
cell viability.

2.4.2. MTT assay for the estimation of cell mitochondrial activity
The assay was conducted by following the manufacturer's protocol

(Sigma-Aldrich) with slight modification to improve the formazan solu-
bility (ATCC, 2011). Briefly, cells were introduced to 20 μL of MTT re-
agent (5 mg mL�1 in PBS) after chemical treatments. After 2 h of
incubation (37 �C and 5% CO2) with MTT solution, MTT reagent was
removed and 100 μL dimethyl sulfoxide (DMSO) was added to the wells
to dissolve the formazan. The plates were then shaken for 10 min and
read in BioTek SynergyMxmicroplate reader spectrophotometrically at a
wavelength of 540 nm and 690 nm for background. The relative cell
survival rate was calculated by comparing with untreated cells which
were set as 100 % cell viability.

2.5. Degradation rate measurement by LC-MS/MS

To further understanding of the degradation, the samples were sub-
jected to LC-MS/MS analysis. The use of LC-MS/MS becomes vital in
verifying degradation rate. To begin, the herbicide samples, after treat-
ments, were dried in Turbovac using N2 gas for 45 min at 23 �C. After
drying, the samples were reconstituted with 0.1 % formic acid in water,
with 50 ngmL�1 butachlor as the internal standard (IS) based on EPA 535
3

method which used butachlor-ESA as an internal standard to detect
chloroacetanilides in drinking waters by LC-MS/MS [38]. Finally, the
samples were injected into ultra-high-performance liquid
chromatography-tandem mass spectrometer (UPLC-MSMS) LCMS 8030
(Shimadzu Inc., Columbia, USA). LCMS 8030 with a Phenomenex
KinetexTM C18 column (2.1 � 100 mm, 1.7 um) was used to separate
compounds under the following condition: gradient mobile phase system
(A: 0.1 % formic acid in water: methanol and B: 0.1 % formic acid in
acetonitrile; 0 min 5 % B, 3 min 40 % B, 3.5 min 90 % B, 4 min 5 %);
column heater: 30 �C; 10 μL injection volume; flow rate 0.5 mL min�1.
The triple quadrupole mass spectrometer with Dual Ionization Source
(DUIS) was operated in the positive ionization mode with spray voltage
at 4.5 kV; corona pin voltage at 4.5 kV; desolvation line temperature at
250 �C; heat block temperature at 400 �C; nebulizing gas flow rate at 1.5
L min�1 and drying gas flow rate at 15 L min�1. Each compound was
monitored by at least two transitions in multiple reaction monitoring
(MRM) mode (Table 1). The chromatograms and mass spectra were
shown in the Supplementary data. The percentage of remaining herbicide
after treatments was calculated by dividing the ratio of treated herbicide
with IS to the ratio of untreated herbicide with IS.
2.6. Statistical analysis

All the experiments were performed in triplicates at least. The data
was calculated from the mean of at least three separate experiments. The
results are reported as means � SEM. The data were evaluated using the
analysis of variance (ANOVA) and the means were analyzed using stu-
dent's t-test. Statistical significance was determined using student's t-test
(p < 0.05, with control at 100 %).

3. Results and discussion

3.1. LD50 determination by neutral red uptake assay

In order to study whether degradation products have altered cytotox-
icity as compared to parent compounds, LD50 was chosen as the experi-
mental dosage for UV and temperature treatments. Before testing the
environmental factors on herbicide degradation on cytotoxicity, the lethal
dosewhich cankill 50%of tested cells (LD50)was needed to be determined
first. To determine the LD50 for subsequent studies, cells were treatedwith
various concentrations (5–5000 ngmL�1) of herbicides for 24 h before the
neutral red uptake assay. The concentrations of herbicides which caused
50%of cell death (LD50)was calculated and shown inTable 2. The LD50 for
triazine herbicides used in this study were from 1.44 μg mL�1 to 4.23 μg
mL�1. Simazine showed stronger toxic effect with the lowest LD50 (1.44 μg
mL�1) as compared with atrazine which showed weaker toxicity, LD50
4.23 μg mL�1. The LD50 for chloroacetanilide herbicides used in this study
were from 0.08 μg mL�1 to 1.42 μg mL�1. Alachlor showed stronger toxic
effect with the lowest LD50 (0.08 μg mL�1) as compared with metolachlor
which showed weaker toxicity, LD50 1.42 μg mL�1.

Moreover, chloroacetanilide herbicides which have lower LD50 values
(0.08–1.42 μg mL�1) showed stronger toxic effects as compared with
triazine herbicides which have higher LD50 values (1.44–4.23 μg mL�1).
It is consistent with NIH data in NIH TOXNET: Chloroacetanilides: Ace-
tochlor 1929–2148 mg kg-1; Alachlor 790–1350 mg kg-1; Metolachlor
2780–2877 mg kg-1; Triazines: Atrazine 1869–3090 mg kg-1; Propazine



Figure 1. Cytotoxicity assessments by the neutral red uptake assay in HEK-293 cells. The cells were exposed to herbicides with different temperature treatments.
Values are the mean � SEM of experiments. The relative cell viability for cells treated with chemicals at LD50 dosage was set up as 100 %.
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>5000 mg kg-1; Simazine >5000 mg kg-1 [39], except Atrazine. Among
of chloroacetanilide herbicides in this study, the order of herbicide
toxicity based on neural red study was alachlor > acetochlor > metola-
chlor. Among of triazine herbicides in this study, the order of triazines
toxicity based on neutral red study was simazine> propazine> atrazine.
Atrazine was much less toxic as compared with the other two tested
triazines in this study. However, atrazine's results in this study were not
consistent with NIH data which atrazine is much more toxic as compared
with other tested triazines. Since NIH data is based on in vivo studies, it
could be due to different testing systems. The toxicokinetic factors, such
as metabolism, must be included in the consideration of chemical
toxicity. Jin et al. [40] demonstrated that the metabolites of atrazine by
cytochrome P450 can increase oxidative stress and disrupt the endocrine
system in mice. Abarikwu and Farombi [41] suggested that atrazine
toxicity is cell-type specific. Studies observed that human SH-SY5Y cells
shows toxic responses to lower levels of atrazine; but HepG2 liver cells to
higher levels of atrazine. Kale et al. [42] suggests that acetochlor and
alachlor, but not metolachlor, have hepatotoxicity in rats and dogs at the
lowest tested dose 100–200 μmole L-1 for 2–4 h; but all three chlor-
oacetanilides have the same potency in human hepatic cells at 400–800
μmole L-1 for 2 h.

3.2. Herbicides after heat and UV exposures exhibit different effects on cell
viability

In order to test the cytotoxicity of degraded herbicides after UV and
temperature treatments, HEK-293 cells were treated with those herbi-
cides at LD50 dosage with or without UV and various temperature
treatments for 2 h. After 24-h sample exposure, cells were then subjected
for neutral red uptake assay for lysosomal activity and MTT assay for
mitochondrial activity. The relative cell viability for cells treated with
chemicals at LD50 dosage was set up as 100 %. If the relative cell viability
is more than 100 %, it indicates cells have higher survival rate after
exposure with chemicals. If the relative cell viability is less than 100 %, it
indicates cells have lower survival rate after exposure with chemicals.

3.2.1. Temperature or UV effect on cytotoxicity of triazines and
chloroacetanilides

Herbicides after various temperature treatments were used to treat
cells to determine cell viability by neutral red assay (Figure 1). In these
experiments, the 4 �C group was set up as a control. The results showed
that acetochlor (Figure 1a) and alachlor (Figure 1b) exhibited higher
toxicity after exposing to 40 �C for 2 h as compared with 4 �C and RT
4

treatment groups with about 45 % more cell death. Temperature has no
further effect on metolachlor triggered cytotoxicity (Figure 1c). For tri-
azines, all tested triazine compounds showed no further effect after
temperature treatments on cytotoxicity (Figure 1d-f).

For UV effect on herbicide toxicity, cells were first exposed to UV 254
nm or UV 365 nm for 2 h at 4 �C and then subjected for neutral red cell
viability analysis. In these experiments, the no UV group was set up as a
control. The results showed that the cell viability increased significantly
for about 63 % after acetochlor exposed to UV 365 nm as compared with
no UV treatment and UV 254 nm treated groups (Figure 2a). Alachlor
after either UV 254 nm or UV 365 nm treatment showed increased
toxicity (40% and 24%, respectively) as compared with no UV treatment
group (Figure 2b). For metolachlor, the cytotoxicity has no further
change between no UV, UV 254 nm, and UV 365 nm groups (Figure 2c).
On the other hand, 2-h UV treatments at 4 �C showed no further changes
on cytotoxicity of all tested triazine compounds (Figure 2d-f). These re-
sults are consistent with other studies which found alachlor has shorter
half-life than metolachlor has in outdoor aquatic mesocosms, 19.8 days
vs 33.8 days at 25 ng mL�1, respectively [43].

3.2.2. Temperature and UV combination effect on cytotoxicity of triazines
and chloroacetanilides

Two of chloroacetanilide herbicides, acetochlor and alachlor,
exposed to UV 254 nm and UV 365 nm for 2 h at 23 �C (Figure 3a,b) and
40 �C (Figure 4a,b) have triggered slightly different cellular responses as
compared 4 �C groups did (Figure 2a,b). However, there are no differ-
ences in cell viability responses for metolachlor and 3 tested triazine
herbicides between 4 �C groups (Figure 2c-f), 23 �C groups (Figure 3c-f)
and 40 �C (Figure 4c-f).

With 2 h of 23 ºC/UV 254 nm exposure, cells in acetochlor (Figure 3a,
35 % lower) and alachlor (Figure 3b; 34 % lower) groups exhibited
significant lower viability as compared with cells treated with no UV at
23 �C. With 2 h of 23 ºC/UV 365 nm exposure, cell viability in the ace-
tochlor group was increased about 48 % as compared with 23 ºC/No UV
(Figure 3a). This indicated that with the combination of UV 254 nm and
23 �C acetochlor has further degraded into higher-toxic byproducts, but
into less-toxic byproducts with 23 ºC/UV 365 nm co-exposure. Cells
exposed to the 23 ºC/UV365 nm co-treated alachlor showed no further
change in cytotoxicity as compared with 23 ºC/No UV group (Figure 3b).
This indicated that at 23 ºC/UV 254 nm alachlor was degraded into
higher-toxic byproducts, but not with UV 365 nm.

With 2 h of 40 ºC/UV 254 nm exposure, cells in acetochlor group
exhibited a significant change in cell viability (~63 % increase) as



Figure 3. Cytotoxicity assessments by the neutral red uptake assay in HEK-293 cells. The cells were exposed to herbicides with 2 h of UV-C (254 nm) and UV-A (365
nm) treatments at 23 �C. Values are the mean � SEM of experiments. The relative cell viability for cells treated with chemicals at LD50 dosage was set up as 100 %.

Figure 4. Cytotoxicity assessments by the neutral red uptake assay in HEK-293 cells. The cells were exposed to herbicides with 2 h of UV-C (254 nm) and UV-A (365
nm) treatments at 40 �C. Values are the mean � SEM of experiments. The relative cell viability for cells treated with chemicals at LD50 dosage was set up as 100 %.

Figure 2. Cytotoxicity assessments by the neutral red uptake assay in HEK-293 cells. The cells were exposed to herbicides with 2 h of UV-C (254 nm) and UV-A (365
nm) treatments at 4 �C. Values are the mean � SEM of experiments. The relative cell viability for cells treated with chemicals at LD50 dosage was set up as 100 %.
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Figure 5. Mitochondrial cytotoxicity assessment by MTT assay in HEK-293 cells. The cells were exposed to herbicides with 2 h of UV-C (254 nm) and UV-A (365 nm)
at different temperature treatments. Values are the mean � SEM of experiments. The relative cell viability for cells treated with chemicals at LD50 dosage was set up as
100 %.

Table 3. Degradation rates (% of remaining) of chloroacetanilide and triazine
herbicides after 2 h of UV and temperature treatments by LC-MS/MS analysis.

Acetochlor % Remaining amount

254nm UV exposure 365nm UV exposure

4 �C 48.38 � 34.06 84.07 � 23.29

23 �C 11.8 � 0.01 125.1 � 3.28

40 �C 20.31 � 5.95 17.01 � 10.7

Alachlor % Remaining amount

254nm UV exposure 365nm UV exposure

4 �C 10.58 � 4.85 4.83 � 0.15

23 �C 1.51 � 0.10 0.58 � 0.01

40 �C 2.33 � 0.01 3.13 � 0.56

Metolachlor % Remaining amount

254nm UV exposure 365nm UV exposure

4 �C 16.83 � 6.40 35.39 � 17.66

23 �C 51.70 � 28.71 67.98 � 6.27

40 �C 25.01 � 15.91 46.66 � 26.12

Atrazine % Remaining amount

254nm UV exposure 365nm UV exposure

4 �C 34.86 � 6.06 25.75 � 11.07

23 �C 41.81 � 13.24 138.76 � 23.50

40 �C 64.23 � 0.01 34.89 � 13.50

Propazine % Remaining amount

254nm UV exposure 365nm UV exposure

4 �C 40.38 � 6.85 5.93 � 3.07

23 �C 15.50 � 5.07 47.17 � 22.87

40 �C 19.15 � 12.42 57.43 � 12.30

Simazine % Remaining amount

254nm UV exposure 365nm UV exposure

4 �C 11.67 � 1.61 38.74 � 14.98

23 �C 45.11 � 13.02 30.80 � 3.52

40 �C 64.66 � 11.20 86.15 � 16.82
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compared with cells in alachlor and metolachlor groups which showed
no further changes in cell viability (Figure 4a vs Figure 4b,c). And the cell
viability in acetochlor group treated with 40 ºC/UV 254 nm (162.9 %)
was significantly higher than 4 ºC/No UV (100 %) and 40 ºC/No UV
groups (56.6 %) (Figure 4a). Interestingly, with 2 h of 40 ºC/UV 365 nm
6

exposure, cell viability in the acetochlor group (45.1 %) exhibited the
similar level of cytotoxicity as compared with 40 ºC/No UV (56.6 %)
(Figure 4a). This indicated that with combination of UV 254 nm and heat
(40 �C) acetochlor has further degraded into less-toxic byproducts, but
not with UV 365 nm co-exposure. Cells exposed to the 40 ºC/UV254 nm
co-treated alachlor (87.9 %) showed less cytotoxicity as compared with
40 ºC/No UV group (54.1 %) (Figure 4b). Cells exposed to the 40 ºC/UV
365 nm co-treated alachlor (19.2 %) showed higher cytotoxicity as
compared with 40 ºC/No UV group (54.1 %) (Figure 4b). This indicated
that UV 254 nm further degraded alachlor into less-toxic byproducts, but
UV 365 nm further degraded alachlor into more-toxic byproducts.

Changes in mitochondrial activity of HEK-293 cells in response to
herbicides and its byproducts after the heat and UV exposures were also
monitored. However, there were no significant changes in mitochondrial
activity in cells after exposed to the tested herbicides and it byproducts
for 2 h (Figure 5).

3.3. Heat and UV exposures trigger different degradation rate

The different cell viability responses to herbicides with heat and UV
treatments could be due to the different degradation responses to heat
and UV. To quantify the degradation profile, LC-MS/MS was applied to
detect the degradation rate of herbicides in response to heat and UV
(Table 3).

The degree of degradation measured by LC-MS/MS (Table 3) has
shown no specific patents or correlation with specific temperature and
UV exposures. All of the tested herbicides have exhibited some degree of
degradation. Alachlor was the highest degree of degradation as
compared with all other tested herbicides. This signified the instability of
alachlor. Since this study was designed to reveal the environmental ef-
fects on herbicides toxicity and the mixture of parent compound and
degradation products in our environment is what we normally encounter,
the formation of specific degradation products was not focused in this
study.

The three tested triazines also showedmore resistance to heat and UV
treatments (Figures 1d-f and 2d-f). Even in the combination of heat and
UV (Figures 3d-f and 4d-f), triazines showed no changes in its cytotox-
icity as compared to 4 �C/No UV. Triazines are well known about its
persistence in biological and chemical degradation. For example, atra-
zine's half-life is about 150 days in aerobic condition and more than 2
years in anaerobic condition [44]. The combination treatment of heat
and UV has triggered the degradation of acetochlor and alachlor.
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Figure 6. Representative spectra of UV lamps for UV-C (254 nm) and UV-A (365 nm).
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Especially, more toxic byproducts after exposing to UV 254 nm for 2 h at
23 �C were formed (Figure 3a,b). Interestingly, more toxic byproducts
after exposing to UV 365 nm for 2 h at 40 �C were formed (Figure 3,b). In
degradation degree study, the results showed alachlor was the most
unstable one among the tested herbicides (Table 3). In Kawabata's study
[45], nine pharmaceuticals in solution format also show different
degradation profiles after UV irradiation at 254 nm, 302 nm or 365 nm
(UV–C, UV-B or UV-A, respectively) which are dependent on both
chemical structure and the wavelength of UV exposure. Kawabata et al.
[45] suggested that UV-A is less effective as compared with UV-C on
degrading pharmaceuticals. Another concerning factor for degradation is
that UV-C (254 nm) has a higher energy content determined through
calculation (Figure 6). For UV-C the energy content was 7.82*10–24J.
For UV-A the energy content for UV-A was 5.49*10–24J. This is an
important point to make as it allows for an understanding of the differ-
ence between UV-A (365 nm) and UV-C (254 nm) being 2.33*10–24J.
Due to increased energy content, the degradation of samples exposed to
UV-C experienced greater degradation. Moreover, the toxicity study
conducted by Kawabata's group also indicated that UV irradiation can
reduce the toxicity of some compounds due to the decrease of the amount
and also can increase the toxicity of others due to the generations of toxic
byproducts [45].

4. Conclusion

In summary, the triazine herbicides used in this study were more
stable than their chloroacetanilide counterparts used in this study under
these testing conditions. Acetochlor and alachlor were more sensitive to
temperature and UV effects as compared to the other four tested herbi-
cides. At 40 �C, the toxicity of acetochlor and alachlor was further
enhanced. The cytotoxicity of acetochlor and alachlor was also altered
after the combination treatments of UV and temperature. Since 365nm
UV (UV-A) is the main component (about 95 %) of solar UV radiation to
earth, it is important to focus on 365 nm UV and heat effects on herbicide
toxicity. The study shows that the toxicity of acetochlor and alachlor after
365 nm UV and 23 �C treatments was attenuated, but was enhanced after
365 nm UV and 40 �C treatments. This indicates that degradation
byproducts of acetochlor and alachlor after heat and UV-A co-exposure
could also have detrimental impact for human health. The future study
will focus on identifying the specific degradation products of each test
herbicide and their effects on cytotoxicity.
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