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• Acetaminophen was taken up by plants,
and conjugated quickly with GSH;

• Activity of GST was significantly ele-
vated after exposure to acetaminophen;

• The GSH conjugates were found to con-
vert to cysteine and N-acetylcysteine
conjugates;

• Enzymes involved in GSH regeneration
were induced to maintain GSH
homeostasis.
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Many pharmaceutical and personal care products (PPCPs) enter agroecosystems during reuse of treated waste-
water and biosolids, presenting potential impacts on plant development. Here, acetaminophen, one of themost-
used pharmaceuticals, was used to explore roles of glutathione (GSH) conjugation in its biotransformation in
crop plants. Acetaminophen was taken up by plants, and conjugated quickly with GSH. After exposure to
5 mg L−1 acetaminophen for 144 h, GSH-acetaminophen conjugates were 15.2 ± 1.3 nmol g−1 and 1.2 ±
0.1 nmol g−1 in cucumber roots and leaves, respectively. Glutathione-acetaminophenwas also observed in com-
mon bean, alfalfa, tomato, and wheat. Inhibition of cytochrome P450 decreased GSH conjugation. Moreover, the
GSH conjugate was found to further convert to cysteine and N-acetylcysteine conjugates. Glutathione S-
transferase activity was significantly elevated after exposure to acetaminophen, while levels of GSH decreased
by 55.4% in roots after 48 h, followed by a gradual recovery thereafter. Enzymes involved inGSH synthesis, regen-
eration and transportwere consistently induced tomaintain theGSHhomeostasis. Therefore, GST-mediated con-
jugation likely played a crucial role in minimizing phytotoxicity of acetaminophen and other PPCPs in plants.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Climate change, continuing population growth, and urbanization are
exerting an unprecedented pressure on fresh water supply, mandating
the use of nontraditional water resources (Miller et al., 2016; Wu
et al., 2014), such as treated municipal wastewater, for agricultural
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irrigation (Miller et al., 2016; Riemenschneider et al., 2017). Treated
wastewater irrigation, however, poses potential risks because a multi-
tude of trace contaminants, including numerous pharmaceutical and
personal care products (PPCPs), are incompletely removed during
wastewater treatment and may enter the soil-plant continuum
(Lefevre et al., 2015; Malchi et al., 2014). Land application of biosolids
and animalmanure constitutes yet another route for such trace contam-
inants to enter agroecosystems (Bartrons and Peñuelas, 2017). Once in
the agroecosystems, PPCPs may be translocated into edible plant parts
and thus, enter the terrestrial food chains, including human diet. Conse-
quently, plant accumulation of PPCPs is raising widespread concerns
due to potentially deleterious effects on the environment and human
health (Malchi et al., 2014; Nunes et al., 2014).

Studies over the past decade show that various PPCPs can be taken
up from soil by plants (Carter et al., 2014). For instance, Wu et al.
(2014) detected 16 PPCPs in edible tissues of eight common vegetables
grown with treated wastewater irrigation. Additional studies showed
that some PPCPs can pose significant phytotoxicity, leading to inhibition
of plant growth (Bartrons and Peñuelas, 2017; Christou et al., 2016; Sun
et al., 2018). For example, carbamazepine, an antiepileptic drug,
displayed phytotoxic effects toward Cucurbita pepo at concentrations
N 1 mg kg−1 in soil (Carter et al., 2015). In contrast, other plant species
appeared to be unaffected by PPCP exposure. For instance, no significant
change in growth rate was noticed after Phragmites australis was ex-
posed to 60 μg L−1 ibuprofen (He et al., 2017). These findings imply
that certain plants may have detoxification mechanisms contributing
to their resilience to the stress of such xenobiotics. However, although
an increasing amount of research has considered plant accumulation
of PPCPs (Bartrons and Peñuelas, 2017; Malchi et al., 2014; Miller
et al., 2016), little is known about the detoxification mechanisms of
higher plants toward PPCPs.

A commonpathway inmost organisms for detoxifying xenobiotics is
through glutathione (GSH) conjugation catalyzed by glutathione S-
transferases (GSTs) (Bártíková et al., 2015; Coleman et al., 1997; Doty,
2008; Marrs, 1996). It has long been recognized that GSTs play an im-
portant role in normal cellular metabolism in plants (Marrs, 1996). In
addition, GST mRNA responds quickly to exposure of xenobiotics
(DeRidder et al., 2002), protecting the cell against oxidative stress
(Marrs, 1996; Vontas et al., 2001) or chemical toxicity (Coleman et al.,
1997). Previous research on xenobiotics such as herbicides shows that
differences in GSH availability and in the portfolio of GST isoenzymes
are associated with xenobiotic resistance (Coleman et al., 1997). Conju-
gation with various biomolecules was observed in plant metabolism of
different PPCPs, including diclofenac (Huber et al., 2012; Fu et al.,
2017a), ibuprofen (Marsik et al., 2017), triclosan (Macherius et al.,
2012), benzotriazole (Lefevre et al., 2015) and acetaminophen (Bartha
et al., 2010; Huber et al., 2009). However, GST-mediated conjugation
may play a predominant role, but has been relatively understudied so
far (Bartha et al., 2010). In particular, the entire process of GST-
mediated detoxification, fromGSH conjugation in the cytoplasm to vac-
uolar accumulation and processing of conjugates has yet to be eluci-
dated in vivo.

Acetaminophen and structural analogs are phenolic compounds that
are among ubiquitous environmental contaminants (Ashrap et al.,
2017). Acetaminophen is one of the most used pain and fever relief
medicines, and many billions of doses of acetaminophen are consumed
each year (Crane et al., 2006; Huber et al., 2009). Acetaminophen was
detected in the aquatic environment at 0.01–0.3 mg L−1 in the South
Wales region of the UK (An et al., 2009; Kasprzyk-Hordern et al.,
2008). Adverse effects of acetaminophen were also observed in fish
and plants (Bartha et al., 2010; Kavitha et al., 2011). Cucumber is a
crop plant, widely consumed, with high economic and ecological rele-
vance, and recommended for use in phytotoxicity studies by U.S. Envi-
ronmental Protection Agency (US EPA, 1996). In this study, we used
acetaminophen to elucidate themechanisms of GST-mediated detoxifi-
cation in cucumber plants. Findings of this study may provide evidence
for PPCP detoxification via GSH conjugation, and will likely prompt fur-
ther exploratory investigation on the role and value of this pathway for
the numerous emerging contaminants.

2. Materials and methods

2.1. Chemicals and reagents

Acetaminophen (≥99%) was purchased from Sigma-Aldrich (St.
Louis, MO). Chemical characteristics of acetaminophen are shown in
Table S1 in Supporting Information (SI). d4-Acetaminophen was ob-
tained from C/D/N Isotopes (Pointe-Claire, Quebec, Canada). Standards
of glutathione, cysteine and N-acetylcysteine conjugates of acetamino-
phen were acquired from Santa Cruz Biotechnology (Santa Cruz, CA).
All other chemicals and reagents used in the enzyme activity measure-
ment were of analytical grade or better (Text S1). Acetonitrile and
methyl tert-butyl ether were of liquid chromatography grade (Fisher
Scientific, Fair Lawn, NJ). Methanol and formic acid were Ultima grade
(Fisher). Ultrapure water was prepared using a Milli-Q system
(Millipore, Carrigtwohill, Cork, Ireland).

2.2. Plant culture and exposure experiments

Cucumber (Cucumis sativus L.) seeds were obtained from Fisher and
transferred to a 72-hole plate filled with a mixture of vermiculite and
perlite (3:1; v:v). Plants were cultivated under controlled conditions
(12 h/25 °C day and 12 h/25 °C night regime; relative humidity of
75–80%; a light intensity of 200 μmolm−2 s−1) for 1 week and irrigated
with half strength modified Hoagland nutrient solution, which is ade-
quate for the seedlings' energy demands for cucumber growth and the
low ionic strength nutrient solution permits a more precise computa-
tion of acetaminophen speciation than do more complete nutrient me-
dium. Details on the solution composition are given in Table S2.
Seedlings in the third-leaf stage were removed from the pots, rinsed
with tap water, and placed in 500 mL glass jars (one plant per jar) con-
taining aerated, half strengthmodified Hoagland nutrient solution. Each
treatment contained three replicates, and each replicate was prepared
from a single plant by separating into roots and shoots. The jars were
covered with aluminum foil to prevent evaporation and exposure of
roots to light. After 7 days of adaption, plantswere exposed to acetamin-
ophen by spiking 25 μL stock solution (100 mg mL−1 in methanol) to
yield an initial concentration of 5.0 mg L−1. The use of such a relatively
high concentration was to facilitate metabolite identification. Simulta-
neously, treatment blanks (nutrient solution in jars without plants but
with acetaminophen) and plant blanks (nutrient solution in jars with
plants butwithout acetaminophen)were included in duplicate to deter-
mine abiotic losses of acetaminophen under the experimental condi-
tions. All experimental materials were autoclaved, 121 °C for 30 min,
before use.

A parallel group trial enrolled with acetaminophen at 60 μg L−1 was
included to simulate more realistic levels and to validate the high level
treatment. The cultivation lasted for 20 days, with the nutrient solution
renewed every other day (Fig. S1). Additionally, in order to determine if
plants can detoxify acetaminophen via GSH conjugation in realistic field
environment, cucumber seedlings were cultivated for 20 days in soil
amended with 5% biosolids containing acetaminophen at an initial con-
centration of 10 mg kg−1 (Fig. S1). Cucumber roots were collected and
freeze-dried for acetaminophen-GSH analysis.

A root exudate control was included to evaluate the effect of plant
exudates on microbial degradation and GSH conjugation of acetamino-
phen in the hydroponic solution. Cucumber seedlingswere cultivated in
500 mL glass jars containing aerated, half strength modified Hoagland
nutrient solution, and the plants were removed after 7 days. The solu-
tion was brought back to 500 mLwith half strength modified Hoagland
nutrient solution, and then 25 μL of acetaminophen stock solution was
added to yield an initial concentration of 5.0 mg L−1. The nutrient
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solution samples were exposed to the same conditions, and were ana-
lyzed for acetaminophen and its conjugates.

To investigate whether GSH-acetaminophen can be transported
from the root to the shoot, two-week-old cucumber plants were ex-
posed to 1 mg L−1 GSH-acetaminophen for 2 days. Leaves were col-
lected and extracts from the aerial parts were analyzed as described
below.

To test whether cytochrome P450 was involved in GSH-conjugates
formation, two P450 inhibitors, 1-aminobenzotriazole and piperonyl
butoxide, were used to pretreat the plant on the basis of previous stud-
ies demonstrated specific inhibition effects (Kaspar et al., 2011; Chen
et al., 2018). Cucumber seedlings were pretreated with 1-
aminobenzotriazole (1 mM) or piperonyl butoxide (250 μM) for 12 h
in 500 mL glass jars with aerated, half strength modified Hoagland nu-
trient solution, followed by spiking 25 μL of acetaminophen stock solu-
tion to yield an initial concentration of 5.0mg L−1. After 96 h incubation,
tissue samples were collected from both the treated and untreated
plants. Extracts from the tissues were analyzed for GSH-conjugates.
The specificity of these P450 inhibitorswas evaluated bymonitoring cy-
tochrome P450 activity, GSH content and GST activity in cucumber tis-
sues after the treatment. For better clarity, all the experiments
performed was schematically represented Table S3.

Simultaneously, commercially available common bean (Phaseolus
vulgaris L.), tomato (Solanumly copersicum L.), alfalfa (Medicago sativa
L.) and wheat (Triticum aestivum L.) seeds were germinated and
transplanted under the same conditions as above. After 7 days of adap-
tion, plants were exposed to acetaminophen at 5.0 mg L−1. After 96 h,
plant roots were collected and analyzed for acetaminophen and its glu-
tathione, cysteine and N-acetylcysteine conjugates.

Sampling, sample preparation and analysis
Cucumber seedlings treated with or without 5 mg L−1 acetamino-

phen were sacrificed at 0, 12, 24, 48, 72, 96, 120 and 144 h. Before sam-
ple preparation, roots were rinsed thoroughly with tap water.
Harvested tissues were separated into roots and shoots and then frozen
in liquid nitrogen. Enzyme activities of GST, glutathione reductase (GR),
γ-glutamylcysteine synthetase (γ-ECS), and cytochrome P450, as well
as contents of reduced glutathione in both roots and shoots, and lipid
peroxidation were immediately analyzed after sampling, as described
below. The remaining plant samples were freeze-dried and stored at
−80 °C until chemical analysis.

At each sampling time, nutrient solution samples and the aqueous
root exudate samples were collected and mixed with equal volumes
ofmethanol. Themixturewas addedwith d4-acetaminophen as a surro-
gate, filtered through a PTFE syringe filter (0.2 μm, Millipore,
Carrigtwohill, Cork, Ireland) and stored at−20 °C before analysis.

To quantify acetaminophen and its glutathione, cysteine and N-
acetylcysteine conjugates, the freeze-dried plant tissue samples were
ground to a fine powder with a mortar and pestle, and a 0.5-g aliquot
was used for solvent extraction. Each sample was spiked with d4-
acetaminophen as the recovery surrogate, and extracted, sequentially,
with 20 mL methyl tert-butyl ether (MTBE), acetonitrile, and 0.5 mM
HCl solution in an ultrasonic water bath for 20 min for each extraction.
The supernatant from MTBE and acetonitrile extraction was combined
after centrifugation (15 min at 8000g) and reconstituted in 1.0 mL
methanol after drying under nitrogen (N2). The extract was pooled
with the supernatant from the HCl extraction. The pooled extract was
loaded onto an Oasis™ HLB cartridge (150 mg, Waters, Milford, MA)
that was preconditioned with 6 mL methanol and 12 mL deionized
water, and eluted with 15 mL methanol under gravity. The eluate was
evaporated to dryness under N2, and the residue was recovered in
1.5 mL methanol:water mixture (1:1, v:v) and filtered (PTFE, 0.2 μm)
before analysis.

The instrumental analysis was performed on a Waters ACQUITY
ultra-performance liquid chromatography (UPLC) coupled to a Waters
Micromass Triple Quadrupole mass spectrometer (QqQ) equipped
with an electrospray ionization (ESI) interface (Waters, Milford, MA).
Acetaminophen, and its glutathione, cysteine and N-acetylcysteine con-
jugates were separated using ACQUITY UPLC BEH C18 column (2.1 mm
× 100 mm, 1.7 μm particle size, Waters) with water (containing 0.2%
formic acid) and methanol as mobile phases. Electrospray ionization
was operated in the positive mode. Detailed information on the instru-
mental analysis is given in Table S4.
2.3. Assays of enzyme activity, glutathione and lipid peroxidation

Fresh cucumber roots (0.5 g) were frozen in liquid nitrogen, and ho-
mogenized on ice with 5 mL of 50 mM potassium phosphate buffer
(pH 7.0) containing 1mMEDTA and 1%polyvinylpyrrolidone. After cen-
trifugation at 15,000 g at 4 °C for 20 min, the supernatant was used for
the assay of activities of glutathione S-transferase, glutathione reduc-
tase, and cytochrome P450 (Text S2).

Measurement of GST (EC 2.5.1.18) activity was carried out spectro-
photometrically after the glutathione (GSH) and 1-chloro-2,4-dinitro-
benzene (CDNB) adduct synthesis reaction (Gonzalez et al., 2010).
Briefly, GST activity was measured in 2 mL of a reaction mixture con-
taining 50 mM PBS (pH 7.0), 1 mM CDNB, 5 mM GSH and 100 μL en-
zyme extract. The increase in absorbance as a result of GSH-CDNB
synthesis was determined at 340 nm for 5 min on a Cary 50 UV–
Visible spectrophotometer (Varian, Palo Alto, CA). The GST activity
was calculated using the extinction coefficient of GSH-CDNB (ε =
9.6 mM−1 cm−1).

To determine the activity of GR (EC 1.6.4.2), a 200 μL aliquot of en-
zyme extract was added to the reaction mixture of 0.15 mM NADPH
and 0.5 mM oxidized glutathione (GSSG) in 50 mM PBS (Sun et al.,
2014). The absorbance decrease was monitored at 340 nm for 3 min
after GSSG-dependent consumption of NADPH (ε=6.22mM−1 cm−1).

For the assay of γ-ECS (EC6.3.2.2), plant tissues (0.5 g)were homog-
enized and suspended in 5 mL of 0.1 M HCl. After centrifugation at
20,000 g for10min at 4 °C, the supernatant was collected. The γ-ECS ac-
tivity was measured according to Shan and Liang (Shan and Liang,
2010). An incubation solution was prepared with 800 μL 50 mM Tris-
HCl (pH 7.6) containing 0.25 mM glutamate, 10 mM ATP, 1 mM
dithioerythritol, 2 mM cysteine, and 400 μL of the γ-ECS sample. The
mixed solution was incubated for 1 h at 25 °C, and then 800 μL phos-
phorus agent (to detect cysteine-dependently generated PO4

3− in the
reaction; containing 3 mM H2SO4, distilled water, 2.5% ammonium
molybdate and 10% ascorbic acid) was added and mixed. After incu-
bation at 45 °C for 25 min, the absorbance at 660 nm was measured
on the UV–Visible spectrophotometer. One unit of γ-ECS activity
was defined as 1 mmol cysteine-dependently generated PO4

3− per
minute.

The levels of proteins in the enzyme extracts were determined using
Coomassie Brilliant Blue G-250 (Zhou et al., 2005). Briefly, 100 μL of en-
zyme extract was added to 5 mL of 0.01% Coomassie Brilliant Blue G-
250. After 5 min, the absorbance at 595 nm was measured on the UV–
Visible spectrophotometer. The protein content of enzyme extracts
was calculated by comparison with a standard curve using bovine
serum albumin (BSA) as the standard. The protein concentrations in
the extracts were estimated using the BSA standard curve.

The content of GSHwas determined spectrophotometrically accord-
ing to Jiang et al. (2012). Plant tissueswere homogenized in 5mL of cold
5% meta-phosphoric acid on ice and centrifuged at 12,000 g at 4 °C for
15 min, and the supernatant was analyzed for GSH. To 0.5 mL of super-
natant, 0.5 mL PBS (100 mM; pH 7.0) and 0.5 mL of 5′5′-dithiobis-2-
nitrobenzonic acid (DTNB, dissolved in PBS)were added. After thorough
mixing and incubation for 5 min, the absorbance at 412 nm was mea-
sured (ε = 1.3 × 104 M−1 cm−1).

Membrane lipid peroxidation, a typical indicator of stress phytotox-
icity (Sun et al., 2014), was estimated bymeasuring the concentration of
malondialdehyde, according to the reaction with thiobarbituric acid as
described in Sun et al. (2018).



Fig. 1. Time-dependent concentrations of acetaminophen in plant medium and tissues.
(a) Solution with no plant control (filled square, ■), solution with root exudates (open
circle, ○), and solution with cucumber plants (open triangle, Δ). (b) Concentrations of
acetaminophen in cucumber leaves (filled square, ■) and roots (open circle, ○). The
values shown are mean ± SD (n = 3). Ace, acetaminophen; DW, dry weight.
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2.4. Quality control and quality assurance

All treatments were performed in triplicates. A procedural blank and
a sample duplicate were included in every batch of 10 samples to mon-
itor background contamination and reproducibility, and the calculated
relative standard deviations were b10%. The d4-Acetaminophen was
used to account for any loss during sample preparation, matrix-
induced ionization effects, and variations in instrumental response. Au-
thentic standards were used to confirm the target analytes. A six-point
calibration line was used for quantification with the r2 values of at
least 0.99 for all analytes (Table S5). No acetaminophen or any of the
conjugates was detected in the solvent or treatment blanks. Limits of
detection (LOD) and quantification (LOQ) for individual acetaminophen
and the conjugates were calculated as 3 and 10 times the signal-to-
noise level from the low-level spiked samples (n= 3; Table S6). The re-
coveries in all samples were within acceptable limits ranging from 75 to
110%, demonstrating good method accuracy and precision. Extraction
efficiencywas N91% for acetaminophen and its conjugates. The plant po-
sition was regularly rearranged every 2 days to avoid side-effects.

2.5. Statistical analysis

Data were statistically analyzed using the SPSS package (version
11.0; SPSS, Chicago, IL). The mean and standard deviation (SD) of each
treatment were calculated. Statistical differences in enzymes activities
and glutathione content between treated and untreated plants (at the
same sampling points)were performed using t-test, and the differences
in content of acetaminophen-GSH among different treatments were
performed by the analysis of variance (one-way ANOVA) with Duncan
post-hoc (P b 0.05 and P b 0.01).

3. Results and discussion

3.1. Phytotoxicity and uptake of acetaminophen by cucumber plant

3.1.1. Concentration-dependent phytotoxicity of acetaminophen to cucum-
ber plants

The biomass of both leaves and roots significantly decreased after
7 days when the concentration of acetaminophen was higher than
10 mg L−1 (P b 0.05; Table S7). However, the lipid peroxidation in-
creased by 30.6–92.3% in various plant tissues after exposure to
5 mg L−1 acetaminophen (P b 0.05; Fig. S2); while no significant differ-
ence in biomasswas observed between the treated anduntreated plants
at this exposure level. Our results were in agreement with that reported
for other plant species (An et al., 2009; Bartha et al., 2010), suggesting
that plants may be susceptible to phytotoxicity when exposed to acet-
aminophen at high levels.

3.1.2. Dissipation of Acetaminophen in culture medium
The level of acetaminophen in the nutrient solution without plant,

after the removal of plant (i.e., the root exudate control), orwith cucum-
ber plant, all decreased over time (Fig. 1a). Significant losses occurred in
the unplanted control or the root exudate control (P b 0.05). Consider-
ing that the cultivation system was not a sterile environment, both mi-
crobial and abiotic degradation may have contributed to the apparent
acetaminophen dissipation in the solutions. This observation was con-
sistent with Bartha et al. (2010), who also reported the occurrence of
plant-independent, biotic processes that decreased the available acet-
aminophen in plant solution. Compared to the unplanted controls, how-
ever, acetaminophen in the growth media with plant disappeared
significantly faster (P b 0.05). For example, the average concentration
of acetaminophen in the medium with plant decreased from
5.0 mg L−1 at the beginning to 3.3 ± 0.3 mg L−1 at 48 h, and further
to 2.1± 0.4mg L−1 at the end of cultivation (Fig.1a). The significant dif-
ferences (P b 0.05) in acetaminophen concentration between the
treatments suggested that acetaminophenwas taken up from the nutri-
ent solution into the plant.

3.1.3. Accumulation and translocation of acetaminophen in plants
Time-dependent concentrations of acetaminophen in cucumber

roots and leaves are depicted in Fig. 1b. During the short growth period,
acetaminophen was detected in both roots and leaves. The accumula-
tion of acetaminophen in leaves suggested its acropetal translocation
(from the root upward to aboveground) in the cucumber seedlings.
However, acetaminophen concentrations in roots were 1.2–5.0 times
higher than those in leaves. For example, after 96 h, 1.7 ± 0.1
μmol g−1 (dryweight) and 0.5±0.1 μmol g−1 acetaminophenwere de-
tected in roots and leaves, respectively (Fig. 1b). The relatively lower
levels of acetaminophen in leaves pointed to moderate transport to
the aboveground and likely different transformation rates in these tis-
sues. The level of acetaminophen reached the maxima at 96 h in roots
and 48 h in the leaves, and a significant decrease was observed in
both tissues thereafter (P b 0.05), indicating active biotransformations
in plant cells or release of parent and conjugated compounds from
plant roots to the bathing solution. In plant tissues without exposure
to acetaminophen, neither acetaminophen nor GSH conjugates were
detected, indicating absence of cross contamination.

3.2. Formation of GSH-conjugated metabolites

In plants, GSH conjugates have been extensively studied because of
their role in detoxification and selectivity of herbicides, such as
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sulfonylureas (Brown and Neighbors, 1987), triazines (Guddewar and
Dauterman, 1979) and chloroacetanilides (Field and Thurman, 1996).
In comparison, only sporadic studies have considered GSH conjugation
of other contaminants in plants. Detoxification via GSH conjugation
was recently reported for the antibiotic chlortetracycline in plant cells
(Farkas et al., 2007). In the present study, the concentration of GSH-
acetaminophen conjugate in cucumber roots after 48 h was 1.7 ±
0.8 nmol g−1, and it remained relatively constant thereafter (Fig. 2a).
In comparison, the level of GSH-acetaminophen in leaves continued to
increase during the exposure and reached 1.2 ± 0.1 nmol g−1 at the
end of experiment (Fig. 2a). The relative differences between roots
and leaves also suggested that roots were the main location for acet-
aminophen detoxification. This observation was in agreement with a
previous study where extensive transformation of acetaminophen was
also found in the root hairy cell culture of Armoracia rusticana (Huber
et al., 2009).
Fig. 2. Time-dependent concentrations of glutathione-related metabolites of
acetaminophen in cucumber plants. (a) Acetaminophen-glutathione (Ace-GSH) in
leaves (filled circle, ●) and roots (open square, □); (b) Acetaminophen-cysteine
conjugate (Ace-Cys) in leaves (filled circle, ●) and roots (open square, □); and
(c) Acetaminophen-N-acetylcysteine conjugate (Ace-NAC) in leaves (filled circle, ●) and
roots (open square, □). The values shown are mean ± SD (n = 3). DW, dry weight.
In the follow-up experiments, GSH-acetaminophen conjugate was
also found in the roots of common bean, alfalfa, tomato, and wheat
plants (Fig. 3). The ability to carry out GSH conjugation appeared to
vary among plant species, with the overall level of GSH-conjugates fol-
lowing an order of tomato, cucumber, alfalfa Nwheat N common bean (P
b 0.05). The differences in the conjugation of acetaminophen by GSH
among plant speciesmay be attributed to differences in GSH availability
and the portfolio of GST isoenzymes, differences in Phase I reactions, or
the involvement of other Phase II metabolism pathways. It must be
noted that the commercial cultivars used as genotype may make a dif-
ference to the present results. Meanwhile, in all acetaminophen
(5 mg L−1) treatment crops, elevated lipid peroxidation was observed,
with the damage being less pronounced in cucumber, tomato and alfalfa
tissues (Fig. S2). Combining with the levels of GSH conjugates, this ob-
servation implied that the different tolerance to acetaminophen
among different plant species may be due to their differences in GSH
conjugation ability.

When cucumber plants were cultivated in nutrient solution contain-
ing acetaminophen at the lower level (60 μg L−1) or in soil amended
with acetaminophen-containing biosolids, GSH-acetaminophen conju-
gate was also detected, even though the levels were generally lower
(Fig. S1). This observation suggested that direct conjugation of acet-
aminophen with GSH in cucumber plants occurred under environmen-
tally relevant conditions.

In mammalian systems, acetaminophen is oxidized by cytochrome
P450 and peroxidases to a reactive quinone-like compound (N-acetyl-
para-benzoquinone imine) (Potter and Hinson, 1987), which can then
undergo GSH conjugation by GSTs. In the current study, it was noted
that in cucumber leaves and roots, the total activity of cytochrome
P450 (P b 0.05; Fig. S3), but not GSH content or GST activity (P N 0.05;
SI Fig. S4), was significantly inhibited by 1-aminobenzotriazole or
piperonyl butoxide, two specific cytochrome P450 inhibitors. With the
pretreatment of 1-aminobenzotriazole or piperonyl butoxide, levels of
GSH-acetaminophen decreased from 0.7 ± 0.1 nmol g−1 to 0.2 ± 0.1
or 0.3 ± 0.1 nmol g−1, and from 16.5 ± 1.4 nmol g−1 to 1.9 ± 0.9 and
2.4 ± 0.6 nmol g−1 in cucumber leaves and roots, respectively (Fig. 4).
These results clearly suggested that cytochrome P450 played a role
prior to GSH-acetaminophen conjugation. However, there was only a
slight difference in P450 activities between cucumber and common
bean (P N 0.05; Fig. S5); whereas cucumber displayed significantly
higher GST activity than common bean (P b 0.01; Fig. S5). It is therefore
likely that different activities of GST also contributed to the different
levels of acetaminophen-GSH conjugates. The results clearly showed
that GSH-mediated detoxification of acetaminophen in plants differed
from the known detoxification reactions of chlorinated herbicides,
Fig. 3. Concentrations of glutathione, cysteine and N-acetylcysteine conjugates of acet-
aminophen in roots of cucumber, common bean, alfalfa, tomato and wheat after 96 h ex-
posure to 5 mg L−1 acetaminophen.



Fig. 4. Effects of cytochrome P450 inhibitors on glutathione conjugation of acetaminophen
in cucumber roots. Cucumber seedlings were pretreated with 1-aminobenzotriazole
(1 mM) or piperonyl butoxide (250 μM) for 12 h, followed by exposure to 5.0 mg L−1

acetaminophen for 96 h. The values shown are mean ± SD (n = 3). ⁎⁎Indicates
significant difference between treatments at P b 0.01.
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such as chlorimuron ethyl (Brown and Neighbors, 1987), alachlor (Field
and Thurman, 1996), and metolachlor (Cottingham and Hatzios, 1992).
For these chlorinated herbicides, conjugation occurs via a nucleophilic
substitution of chlorine by the thiol residue of GSH, forming a polar
GSH-conjugate. For acetaminophen, however, the potential site of GSH
conjugation may involve alkyl groups (C_C) and result in the ring
opening of acetaminophen. A recent study on ibuprofen metabolism
in Phragmites australis also suggested that ibuprofen was not directly
amenable to Phase II conjugation; rather, it needed to be first function-
alized via Phase I activation (He et al., 2017). These findings together in-
dicated that conjugation with GSH is a common and important
detoxification pathway for xenobiotics of different structures in higher
plants. For PPCPs such as acetaminophen, Phase I enzymes may be in-
volved to create favorable reactive sites prior to GSH conjugation.

3.3. Fate of glutathione conjugates in plant tissues

Generally, conjugation to GSH occurs in the cytosol, but the accumu-
lation of the conjugates in this compartmentmay also confer toxicolog-
ical effects (Marrs, 1996). For example, the conjugate may block GST
activity (i.e., product inhibition), leading to an accumulation of unconju-
gated electrophiles in plant cells, or they may encounter cytosolic en-
zymes (Coleman et al., 1997), which could result in conversion to
toxic metabolites. It is generally assumed that the vacuole serves as a
site for the deposition of xenobiotic conjugates in plants and fungi
(Ghosh et al., 1999; Sandermann Jr, 1992; Tong et al., 2004;
Verbruggen et al., 2009). Several studies have shown that GSH-
conjugated arsenite was sequestered in the vacuole (Marrs, 1996;
Tong et al., 2004). However, little is known about the biological mecha-
nism underpinning GSH conjugates of organic contaminants across to-
noplast. Although vacuole was not collected in this study, GSH-
acetaminophen conjugate, however, was not detected in the xylem
sap of cucumber exposed to acetaminophen (5.0mg L−1). Furthermore,
GSH-acetaminophen conjugates were also not detected in the
aboveground tissues of cucumber exposed to GSH-acetaminophen
(1.0mg L−1; Fig. S6). These results indicated that the parent compound
was not metabolized in the xylem or GSH conjugate produced in the
roots was not transported to the aboveground. However, all GSH-
related conjugates were detected in the nutrient solution, ranging
from 22.7 ± 4.9 nmol L−1 to 44.6 ± 5.2 nmol L−1 after 5 mg L−1 acet-
aminophen exposure (Table S8), suggesting release of GSH-related con-
jugates from plant roots to the bathing solution. A similar phenomenon
where plants released conjugated metabolites was previously observed
for triclosan (Macherius et al., 2012), benzotriazole (Lefevre et al., 2015)
and 2-mercaptobenzothiazole (Lefevre et al., 2015). Additionally, mi-
croorganisms in the growthmedium could also convert acetaminophen
to GSH conjugates, although this possibility was not explored in this
study.

Glutathione conjugates produced in plant cells may undergo further
transformations to yield cysteine conjugates, as previously shown for
animals (Brüsewitz et al., 1997). Most herbicide-GSH conjugates in
plants were rapidly metabolized by dipeptidases to remove the glycine
residue of GSH to form cysteine conjugates, which could further yieldN-
acetylcysteine conjugates (Marrs, 1996). In this study, cysteine and N-
acetylcysteine conjugates (chromatograms shown in Fig. S7) of acet-
aminophen were detected in both roots and leaves of cucumber, and
the levels in roots were about 3.3 ± 0.2 and 0.07 ± 0.01 nmol g−1, re-
spectively, after exposure to 5 mg L−1 acetaminophen for 96 h
(Fig. 2b&c). Glutathione-acetaminophen derived cysteine and N-
acetylcysteine conjugates were also detected in roots of common
bean, alfalfa, tomato, and wheat plants (Fig. 3), with levels ranging
from 0.2 ± 0.1 to 4.5 ± 0.5 nmol g−1 and from 0.02 ± 0.01 to 0.3 ±
0.09 nmol g−1, respectively. The amount of acetaminophen conjugates
tended to decrease after 48 h and 96, in leaves and roots, respectively
(Fig. S8), indicating that some conjugates were converted further or
the conjugated metabolites were released back to the medium.

The content of acetaminophen-cysteine conjugate in leaves was
consistently much smaller than that in roots throughout the experi-
ment. Previous studies showed that the generated cysteine or N-
acetylcysteine metabolites were exported to the apoplast, where they
may be bound to lignin and cellulose (Marrs, 1996). Severalmetabolites
of cysteine conjugates have been identified in plant cells (Fu et al.,
2017b), although the precise fate and route of metabolism of cysteine
conjugates is still uncertain. Further research is needed to understand
the efflux of cysteine conjugates from the vacuole.
3.4. Acetaminophen-induced GST activity and changes in GSH homeostasis

Conjugation of xenobiotics with GSH is mediated by enzymes that
belong to the superfamily of GSTs, which were previously shown to re-
spond quickly to xenobiotics (Brüsewitz et al., 1997; He et al., 2017;
Schröder and Collins, 2002). An evaluation of changes in GST activity
was made to understand the mechanism by which acetaminophen
was conjugated by GSH. Dynamic changes in GST activity in cucumber
tissues during exposure are shown in Fig. 5a. The GST activity increased
in both leaves and roots after exposure to acetaminophen (P b 0.05).
Compared to the blank control, GST activity was consistently elevated
at each sampling point, amounting to 1.07–1.94 and 1.30–1.60 times
that in the blank control in leaves and roots, respectively. A similar be-
havior was reported earlier in tomato leaves exposed to the fungicide
chlorothalonil (McGonigle et al., 2000).

Although levels of PPCPs in wastewater effluents are usually below
the levels used in this study (Guerra et al., 2014), it may be argued
that continuous irrigation, activewater evapotranspiration, and adsorp-
tion, may render the actual concentrations of PPCPs in the soil
porewater considerably higher. Results from the biosolid amendment
experiment further supported the conclusion that GSH detoxification
may occur for acetaminophen under environmentally relevant
conditions.



Fig. 5. Effect of acetaminophen on glutathione (a) S-transferase activity and (b) GSH content in cucumber leaves and roots. The values shown are mean ± SD (n= 3). Asterisks indicate
significant difference between two treatments at each time point (⁎P b 0.05 and ⁎⁎P b 0.01). Pr, protein; FW, fresh weight.
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The GSH availability has been shown to correlate with the adapta-
tion or response to xenobiotics in plants (Dixon et al., 2002), and is an
important factor in determining cell sensitivity. For example, GSH avail-
ability has been used in understanding herbicide selectivity (Marrs,
1996). Any perturbation leading to a depletion of GSH can severely
Fig. 6. Effect of acetaminophen on activities of γ-glutamylcysteine synthetase (γ-ECS) and gluta
(b) roots; and activities ofGR in (c) cucumber leaves and (d) roots. The values shown aremean±
point (⁎P b 0.05 and ⁎⁎P b 0.01). Pr, protein.
impair a plant's defense against xenobiotics. Here, the concentration of
GSH in cucumber roots decreased immediately after exposure to
5mg L−1 acetaminophen, although it gradually recovered to the normal
level at 120 h;whereas GSH content only decreased at 72 h in cucumber
leaves. Compared to the control, the level of GSH was reduced by 55.4%
thione reductase (GR) in cucumber tissues. Activities of γ-ECS in (a) cucumber leaves and
SD (n=3). Asterisks indicate significant difference between two treatments at each time



Fig. 7.A schematic representation of acetaminophen detoxification in plants via glutathione conjugation. Ace, acetaminophen; NAPQI,N-acetyl-para-benzoquinone imine; Ace-GSH, acet-
aminophen-glutathione; Ace-Cys, 3-cysteinylacetaminophen; Ace-NAC, 3-(N-acetyl-l-cystein-S-yl) acetaminophen; P450, cytochrome P450; GST, glutathione S-transferase; γ-ECS, γ-
glutamylcysteine synthetase; GR, glutathione reductase.
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in the root after 48h and by15.2% in the leaves after 72 h (Fig. 5b). These
results were in agreement with the observation that roots were the tis-
sues where more GSH conjugated metabolites were found. However,
levels of GSH gradually recovered to a level similar to the control at
the end of experiment (Fig. 5b), possibly due to rapid recycling via GR
or synthesis of GSH by γ-ECS in plant cells (Wang et al., 2010).

In order to explore the roles of GR andγ-ECS inmaintaining GSH ho-
meostasis, their activities during the exposure were further monitored.
In leaves, activities of GR and γ-ECS were elevated slightly, at about
1.53- and 1.54-fold after 144 h, respectively (Fig. 6). In contrast, treat-
ment of acetaminophen significantly elevated γ-ECS activity in roots
and showed a time-dependent response, increasing by 2.32-fold after
24 h (P b 0.05, Fig. 6b). A similar pattern was observed in GR activity
in roots after exposure to acetaminophen (Fig. 6d); while significant in-
crease in GR activity was only observed at 144 h in cucumber leaves
(Fig. 6c). The finding indicated that activities of GR and γ-ECS were ele-
vated to ensure sufficient GSH turnover in response to acetaminophen-
induced consumption of GSH through GSH conjugation.

3.5. GSH detoxification pathway and environmental implications

Based on the results of this study, we propose a model to illustrate
the operation of the GST detoxification pathway, which involves conju-
gation, accumulation and processing of these metabolites (Fig. 7). The
present study provided strong evidence that transformation of acet-
aminophen, one of the most used antipyretic and analgesic drugs
worldwide, was likely catalyzed first by cytochrome P450, and followed
byGSHconjugationmediated byGSTs. TheGSH conjugateswere further
transformed and released back to themedium.Meanwhile, enzymes in-
volved in GSH synthesis, regeneration and transport appeared to work
in concert to maintain GSH homeostasis during acetaminophen trans-
formation and detoxification.

Detoxification byGSTs is known to play an important role in the bio-
transformations of a multitude of xenobiotics in plants (Bartha et al.,
2014; Malan et al., 1990; Vontas et al., 2001). When emerging contam-
inants such as acetaminophen are introduced in agroecosystems, GST-
mediated detoxification may serve the purpose to minimize their po-
tential phytotoxicity to susceptible plants. On the other hand, however,
the conjugation may effectively conserve the parent compound and its
biological activity, if deconjugation occurs, e.g., in the human digestive
tract. Conjugates back transformation to other biologically active com-
pounds has been reported for benzotrizole (Lefevre et al., 2015), triclo-
san (Macherius et al., 2012), and naproxen (Fu et al., 2017b). Thus,
understanding the toxicological consequence of Phase II conjugates of
such emerging contaminants in agricultural plantsmay improve risk as-
sessment of reuse practices of treated wastewater and biosolids. More-
over, non-food plants capable of such detoxification may be used for
removing such trace contaminants, in settings such as stormwater ba-
sins, wetlands and vegetative buffers.
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