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ABSTRACT: Pharmaceuticals can be metabolized after being taken up by plants. The metabolites could manifest similar or
equivalent bioactivity to the parent compound, promoting the critical need to understand the metabolism in plants. Caffeine has
been frequently detected in agriculture produce; however, little attention is given to its metabolites in vegetables. This study
examined uptake and metabolism of caffeine in lettuce in a hydroponic system. Caffeine and its metabolites in aqueous solution
and lettuce were identified and quantified using a liquid chromatography coupled to a QTrap tandem mass spectrometry
instrument. After 144 h, over 50% of applied caffeine dissipated in the hydroponic lettuce system, and eight caffeine metabolites
were identified primarily in the shoots. Caffeine underwent demethylation reactions, which were confirmed with authentic
standards, and the total amount accounted for 20% of the initially applied caffeine. Other metabolism pathways included
oxidation and hydroxylation, and the amount of metabolites increased over uptake time.
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B INTRODUCTION

The practices of land application of biosolids and irrigation
with reclaimed water in agricultural production are the major
routes to disseminate pharmaceuticals in agroecosystems. Phar-
maceuticals generally cannot be completely removed from
conventional wastewater treatments and are frequently found
in biosolids and reclaimed water."” Pharmaceuticals present in
soil and water can enter field crops and vegetables, which serve
as the starting point in the food chain to animals and humans.
During the past several years major research efforts have been
dedicated to the investigation of pharmaceutical uptake by
crops and vegetables from soil and water."*~® Accumulation of
pharmaceuticals, e.g., caffeine, carbamazepine, and naproxen,
has been detected in the edible parts of celery, lettuce, and
cabbage with a concentration up to 0.17 ug kg™' when irri-
gated with reclaimed water containing caffeine, carbamazepine,
and naproxen at concentrations of 11, 4.2, and 0.43 ng L7,
respectively.®

Many pharmaceuticals are metabolized in plants, and their
intermediate or end products still contain bioactive functional
moieties.”” For example, carbamazepine was readily metabo-
lized to 10,11-epoxycarbamazepine, 10,11-dihydroxycarbama-
zepine, 2-hydroxycarbamazepine, and 3-hydroxycarbamazepine
in tomato, cucumber, sweet potato, and carrot.>”® Among
these products, 10,11-epoxycarbamazepine was found to be the
major metabolite of carbamazepine in sweet potato and carrot
leaves® and demonstrated a toxic potency even higher than that
of the parent compound carbamazepine.” Long-term con-
sumption of carbamazepine-contaminated crops/vegetables
could lead to negative impacts on human health. For exam-
ple, the genotoxic 10,11-epoxycarbamazepine may potentially
destruct DNA and cause associated mutations.”'® Wu et al.
(2013)"" showed that acetaminophen accumulated only in

7 ACS Publications  © 2018 American Chemical Society

7907

vegetable roots and was not present in leaves of lettuce,
spinach, cucumber, and pepper; this could mitigate the poten-
tial risk to humans via dietary consumption. Acetaminophen
could be conjugated to glutathione and glycoside when the
oxidative stress increased in horseradish hairy root cultures.'”
Triclosan could conjugate with saccharides, disaccharides,
malonic acid, and sulfate in carrot.” Ibuprofen underwent
transformative and conjugative reactions mediated by cytochrome
P450 monooxygenase in Phragmites australis."* Considerin

that plants function as a “green liver” in the natural system,'>"

many xenobiotic compounds including pharmaceuticals can
be metabolized within plants via phase I reactions, such as
oxidation, reduction, or hydrolysis (e.g, formation of 10,
11-epoxycarbamazepine from carbamazepine), and phase II
conjugation with malonic acid, glucose, glutathione, or cysteine
(e.g, diclofenac conjugation with glutathione)."”'”"® The
products formed from phase I and II reactions generally
manifest increased hydrophilicity, which facilitates the seques-
tration of metabolites in vacuole and apoplast.”'” Currently,
the mechanism and transformation pathways of most pharma-
ceuticals in plants still remain largely unclear”'””" and need
further study.

Caffeine is one of the most commonly administered pharma-
ceuticals to humans for stimulating the central nervous system
and is an ingredient in coffee, tea, cocoa, and many soft
drinks.”' >’ Human withdrawal from the long-term consump-
tion of caffeine can cause headaches, fatigue, and anxiety.” ">
The large amount of consumption of caffeine, as well as

Received: April 28, 2018
Revised:  June 23, 2018
Accepted: June 29, 2018
Published: June 29, 2018

DOI: 10.1021/acs jafc.8002235
J. Agric. Food Chem. 2018, 66, 7907—7915



Journal of Agricultural and Food Chemistry

improper disposal of unused/expired caffeine-containing
medicine/drinks, has resulted in its widespread dissemination
in wastewater treatment plants (WWTPs),ZG’27 surface water,
and groundwater.”* ™" For example, the caffeine concentration
reached 3002 ng L™ in effluents from WWTPs*® and 41.2 ng L™
in surface water at Biscayne Bay, Florida, USA.> Irrigation
with reclaimed water or contaminated surface/groundwater
can lead to an accumulation of caffeine in agricultural products
and propagate its dissemination along the food chain. It has
been documented that irrigation with reclaimed water could
cause the accumulation of caffeine in cucumber and tomato
fruits with a concentration >1 ng g~' (dry weight).5 Pierattini
et al. (2016) reported that in Populus alba. L. Villafranca, exog-
enous caffeine underwent demethylation reactions by losing
one —CH; and forming theobromine and theophylline.’!
In coffee and tea plants, endogenous caffeine could be bio-
synthesized from xanthosine to methylxanthosine, methylxan-
thine, and theobromine.””** In mammals caffeine usually
undergoes demethylation reactions in livers by losing one
—CHj; group and forming theobromine, paraxanthine, and
theophylline.”"** Little is known about the metabolism pro-
cesses of caffeine in lettuce and other vegetables, even though
lettuce is one of the most common ready-to-eat fresh vege-
tables, e.g., average daily intake of 0.23 g/kg/ day.35 It has been
found that caffeine intake could affect fertility rate, sleep
quality (especial for children), bladder symptoms, and inter-
action with other prescribed drugs.36 Therefore, understanding
the accumulation and metabolism of caffeine in fresh vege-
tables is the key for accessing the potential risks interplayed
with environmental quality, food safety, and human health.

Liquid chromatography coupled to tandem mass spectrom-
etry (LC-MS/MS) with various or hybrid mass analyzers
(i.e., triple quadrupole, Orbitrap, linear ion trap, and time-of-
flight) has become the major tool employed to identify metab-
olites derived from pharmaceuticals in environmental and plant
matrices.”*’~* High-resolution time-of-flight (TOF) mass
spectrometry provides accurate mass information for determi-
nation of metabolites. Ion trap mass spectrometry can achieve
more enriched fragment ions for structure elucidation and
quantification of metabolites. Triple quadrupole mass spec-
trometry can quantify trace amounts of metabolites using the
scan mode of multiple reaction monitoring (MRM) as long as
the corresponding authentic standards are provided.*”*”

This study aimed to investigate uptake and distribution
of caffeine in the leafy vegetable lettuce and to examine the
metabolism of exogenous caffeine in the plant. A liquid chro-
matography coupled to a QTrap tandem mass spectrometry
(LC-QTrap-MS/MS) was used to obtain the fragment patterns
of metabolites for the elucidation of their chemical structures
and to quantify caffeine and the metabolites using MRM
mode. The identification of caffeine metabolites was performed
by comparing the mass spectra of the extracts from the lettuce
exposed to caffeine with the caffeine-free controls. This approach
could effectively eliminate the impacts of endogenously formed
caffeine in lettuce (if any) and improve the confidence of iden-
tified metabolites.” Kinetic uptake of caffeine was conducted
in a hydroponic system to further elucidate the evolution of
formed metabolites. The results provide the information for
evaluating uptake, translocation, and metabolism of caffeine in
lettuce. The analytical workflow established in this study could
be extended to investigate the metabolism of other pharma-
ceuticals in plants.
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B MATERIALS AND METHODS

Chemicals and Materials. Caffeine, 3-methylxanthine, 7-methyl-
xanthine, theobromine, theophylline, paraxanthine, and xanthine were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The physi-
cochemical properties of caffeine are summarized in Table S1. The
reagents and materials used for sample extraction and analysis are
provided in the Supporting Information (SI).

Hydroponic Experiment. Black Seeded Simpson lettuce (Lactuca
sativa) seeds were germinated on moist paper tissues, and the
seedlings were then transferred to a hydroponic system. The nutrient
solution was prepared using MaxiGrow plant nutrient (10—5—14)
(General Hydroponics, Sevastopol, CA, USA) with pH at 5.8 and an
electrical conductivity (EC) of 0.4 mS cm™". The pH and EC values
were measured every 24 h to keep the optimized growing conditions
by adjusting pH between 5.6 and 5.8 and gradually increasing EC
from 0.4 to 0.8 mS cm™' before the lettuce reached the stage of
maturity. Lettuce seedlings were exposed to LED light for 16 h per
day at an intensity of 150 ymol m™* s™' (Apollo Horticulture Full
Spectrum 300 W, Rowland Heights, CA, USA). The nutrient solution
was aerated using a fusion pump, and the ambient temperature was
kept at 18 °C.

After 22 days of growth, the lettuce was well-developed with
matured roots and reached 25—30 cm in height and 8.0—10.5 g of
biomass (fresh weight). The lettuce was then transferred into an
Erlenmeyer flask containing 210 mL of nutrient solution (pH = 5.8,
EC = 0.8 mS cm™) with a caffeine concentration of 575.0 ug L™".
The experiment was carried out in triplicate. Experimental controls
included lettuce exposed to caffeine-free nutrient solution and nutri-
ent solution containing caffeine but without lettuce. These experi-
ments were performed under the same conditions described above.
All flasks were wrapped with aluminum foil to prevent potential
photodegradation of pharmaceuticals (if any). During the exper-
imental period, the pH and EC values of nutrient solution were
adjusted to 5.6—5.8 and 0.8 mS cm™’, respectively, daily. To com-
pensate for water loss by transpiration, the same amount of freshly
prepared nutrient solution (free of caffeine) was replenished into the
flask every day. At 10, 24, 48, 72, 105, and 144 h of exposure, three
flasks with lettuce and the corresponding controls were sacrificed for
sampling lettuce and nutrient solution. The lettuce samples were
rinsed with deionized water, separated into roots and shoots, freeze-
dried, and ground to powders prior to the extraction for caffeine.

Dried lettuce roots (100 mg) or shoots (250 mg) were placed in
polypropylene centrifuge tubes, sequentially extracted with 1.0 mL of
300 mg L' disodium ethylenediaminetetraacetate (Na,EDTA),
1.75 mL of methanol, and 3.25 mL of acetonitrile in the presence
of two pieces of ceramic homogenizers, 0.2 g of Na,SO, and 0.5 g of
NaCl. The extracts were separated from lettuce tissues by centri-
fugation at 9240g for 10 min; the supernatants were combined and
cleaned up using dispersive solid phase extraction (d-SPE) sorbents
(12.5 mg of C18, 12.5 mg of primary secondary amine, and 225 mg of
Na,SO,). Caffeine in the nutrient solution was extracted using a
Waters Oasis hydrophilic—lipophilic-balanced (HLB) cartridge. The
HLB cartridge was preconditioned using 3.0 mL of methanol and
5.0 mL of water. Nutrient solution (20.0 mL) was passed through the
preconditioned HLB cartridge, and caffeine retained by the cartridge
was eluted with 5.0 mL of methanol. Caffeine in extracts were ana-
lyzed using a Shimadzu 20A liquid chromatographic system (Columbia,
MD, USA) coupled to a SCIEX 4500 QTrap tandem mass spec-
trometer (Foster City, CA, USA). The averaged extraction recoveries
of caffeine from nutrient solution, lettuce roots, and lettuce shoots
were measured at 116.3%, 91.8%, and 106.2%, respectively. The
details of caffeine analysis by LC-QTrap-MS/MS are provided in the
SI and Table S2.

Non-Target Screening of Caffeine Metabolites in Lettuce.
LC-QTrap-MS/MS was used to identify metabolites under both
positive and negative ionization modes, along with the combination of
an enhanced mass scan (EMS) as the survey scan, information depen-
dent acquisition (IDA) criteria, and an enhanced product ion (EPI)
scan to obtain the MS/MS fragment patterns. This approach was
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Scheme 1. Flowchart of Identification of Caffeine Metabolites using LC-QTrap-MS/MS
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applied to analyze the samples from caffeine-fortified and caffeine-free
lettuce after 144 h of uptake. The details of the analysis by
LC-QTrap-MS/MS for identifying caffeine metabolites are provided
in the SI. The working flowchart for identification of caffeine metabo-
lites is shown in Scheme 1. The data obtained from LC-QTrap-MS/MS
were processed using MasterView software operated within the
PeakView 2.2 package (SCIEX, Foster City, CA, USA). In the
MasterView, the default threshold of the ratio of precursor ion in the
caffeine-fortified lettuce extract to that in the caffeine-free control was
set as 3; that is, the intensity of precursor ion >3 times that in the
control was considered as the positive result. The mass spectra of the
precursors and their corresponding EPI-triggered MS/MS spectra
were then linked to the Formula Finder in MasterView to obtain the
related molecular formulas. If the MS/MS spectra of precursor ions
could not be obtained from the EMS-IDA-EPI scan, a supplemental
enhanced resolution combined with enhanced product ion (ER-EPI)
scan was then targeted to the precursor ions of interest to obtain the
MS/MS spectra, from which the corresponding molecular formulas
were calculated. The calculated formulas were used to search possible
chemicals and obtain their structures in the ChemSpider database.
The structures were examined for similar moieties to the parent com-
pound, e.g., xanthine structure in the metabolites. If the appropriate
chemical structure could not be obtain from the ChemSpider data-
base, ChemSketch (ACD/Labs, Toronto, Ontario, Canada) was used
to construct the possible structures which were then imported to
MasterView to elucidate the fragment patterns of the MS and MS/MS
spectra. When the fragments of mass spectra were assigned to possible
structures, the metabolites were considered to be tentatively iden-
tified, exemplified with the identification of caffeine in Figure SI.
The tentatively identified metabolites were further confirmed using
authentic standards if available. The LC-QTrap-MS/MS used in this
study is classified as a low-resolution mass spectrometry. False positive
result could occur to those tentatively identified metabolites when the
mass spectra or LC retention time (RT) did not match with the
authentic standards. In general, these tentatively identified metabo-
lites, without confirmation by authentic standards, could be ranked at
different confidence levels.*

For the tentatively identified metabolites with the authentic stan-
dards, they were further confirmed using the optimized MRM mode
with quantification/qualification transitions and RT. All of the sam-
ples (aqueous solution, lettuce roots, and lettuce shoots) collected
were analyzed under the MRM mode for the metabolites using the
matrix-matched standard curves. For the tentatively identified
metabolites without the authentic standards, their primary fragments
with the highest abundance were selected to establish MRM transi-
tions as semi-quantitative approach, and IDA and EPI were further
used to confirm the metabolites. The peak areas of the metabolites
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were integrated at the specific RT acquired from the positive results
and normalized to the corresponding area of the caffeine-free controls.

B RESULTS AND DISCUSSION

Uptake of Caffeine by Lettuce. Our preliminary study
indicated that more than 60% of caffeine taken up by lettuce
was metabolized in lettuce in the hydroponic experiment with
the initial caffeine concentration of SO ug L™'. To better
elucidate the metabolism of caffeine in lettuce, a higher caffeine
concentration (575 pg L™') was dissolved in the aqueous solu-
tion, which facilitates the detection, identification, and quanti-
fication of the formed metabolites. The application of the higher
concentration of caffeine did not render the apparent adverse
effects on lettuce growth (Figure S2). The mass distribution of
caffeine in aqueous solution, lettuce roots, and lettuce shoots
are plotted against the uptake periods (Figure 1). It is apparent
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Figure 1. Mass distribution of caffeine in aqueous solution, lettuce
roots, and lettuce shoots as a function of uptake time.

that the amount of caffeine in the solution gradually decreased
with time and reduced to 12.9 + 7.7% of the initially applied
dosage after 144 h of exposure. At the same time, the mass
fractions of caffeine in lettuce shoots increased from 4.6 +
0.3% (10 h) to 31.3 + 6.1% (144 h), and the fractions in
lettuce roots remained relatively low within the range of 1.6—
3.3% during the experimental period. This could be attributed
to the relatively small size of the caffeine molecule and its
minimal affinity to lettuce roots. Both factors facilitate the

DOI: 10.1021/acs jafc.8002235
J. Agric. Food Chem. 2018, 66, 7907—7915



Journal of Agricultural and Food Chemistry

entrance of caffeine to lettuce roots and translocation to shoots
with the transpiration stream, resulting in a limited amount of
caffeine retained by roots.

The total amount of recovered caffeine decreased with
uptake time (Figure 1) and were 97.2 + 3.6%, 91.4 + 4.9%,
71.8 + 8.3%, 73.6 + 7.3%, 68.8 + 17.1%, and 45.9 + 14.3%
of the initial amount after 10, 24, 48, 72, 105, and 144 h of
uptake, respectively. Photodegradation of caffeine and other
losses were negligible based on the observation that in the
lettuce-free controls the caffeine concentration remained within
the range of 97—105% of the initial dosage during 144 h of
uptake. The extraction efficiencies of caffeine from aqueous
solution, lettuce roots, and lettuce shoots were all >90%. After
the 144 h of exposure, caffeine not present in the aqueous
solution was assumed to enter the lettuce, which was equiv-
alent to ~87.1% of the initial dosage, and the metabolism
occurred only in lettuce. It was estimated that approximately
62.1% of caffeine absorbed in lettuce was metabolized most
likely in shoots. The extracts of lettuce shoots collected at 144 h
of exposure were thus used to identify the potential metabolites.

Caffeine Metabolism in Lettuce. The caffeine metabo-
lites in lettuce were identified using the optimized EMS-IDA-
EPI scan in LC—QTrap—MS/MS. The EMS-IDA-EPI scan is
commonly used to identify metabolites in non-target screen-
ing.” In this study, eight metabolites derived from caffeine
were tentatively identified, which were xanthine, methylxanthine,
theobromine, paraxanthine, theophylline, 1,3-dimethyluric acid,
1,3,7-trimethyluric acid (M210), and 8-hydroxy-1,3,7-trimethyl-
3,7,8,9-tetrahydro-1H-purine-2,6-dione (M212) (Table S3).
Among these eight metabolites, the commercially available authen-
tic standards xanthine, 3-methylxanthine, 7-methylxanthine, theo-
bromine, paraxanthine, theophylline, and 1,3-dimethyluric acid
were used to confirm the metabolites in lettuce shoots based
on the European Union Guideline 2002/657/EC.** To do so,
two pairs of precursor and product transitions obtained from
the authentic standards were selected to confirm the metab-
olite. This operation achieves the identification points (IP)
assigned as 4, which meets the minimum requirement of IP
value > 3 for the confirmation of veterinary drugs and organic
contaminants. The comparison of response ratio of the two
transitions, MS/MS spectra, and RT between the extracts of
lettuce samples and authentic standards revealed that the six
metabolites (excluding 1,3-dimethyluric acid) were unambig-
uously identified by their fingerprints and were confirmed to be
formed in lettuce shoots.

A false positive result occurred when matching the RT with
the authentic standard 1,3-dimethyluric acid (precursor ion m/z
197.07, C;HgN,O;). The RT of 1,3-dimethyluric acid (the two
major transitions m/z 197.0 — 140.0 and m/z 197.0 — 179.0)
was at 4.3 min. The unknown metabolite in lettuce shoot
extracts had the same two transitions, but the RT was 5.8 min.
Instead, 7-hydroxy-1,3-dimethyl-3,7-dihydro-1H-purine-2,6-
dione (M196) with the same molecular formula and precursor
ion obtained from the ChemSpider database matched well with
the MS/MS spectrum assigned to M196 (Figure 2A). M196
metabolite was formed by substituting the —CH; with an
—OH functional group at the 7-N position of caffeine. The
major fragments of m/z 182, 181, 169, 167, and 153 resulted
from the loss of one —CH,;, one —O, two CH,, one —O and
one —CH, and one —O and two —CH, (Figure 2A). M210
metabolite was formed by an oxidative reaction occurring at
the C-8 position of caffeine. The major fragments of m/z 196,
181, 167, and 153 were associated with the loss of one —CH,,
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one —O and one —CH,, one —O and two —CH,, and one —O
and three —CH,. M212 metabolite was formed by hydrox-
ylation at C-8, and the major fragments of m/z 195, 185, and
167 were formed by the loss of one —H,O, two —CH,, and
one —OH and two methyl groups (—CH, and —CH3). These
three metabolites all contained the core structure of two
conjugated rings of caffeine (Figure 2), which further confirms
that these metabolites are derivatives from caffeine. The identi-
fication confidence of the metabolites M196, M210, and M212
(without the authentic standards) could be annotated as the
class of level 3 of putatively characterized compounds according
to the minimum reporting standards documented by Sumner
et al. (2007).*"* In the document, four identification confidence
levels are proposed to classify the identified metabolites. Level
1 of identified compounds refers to the chemicals matched
with authentic standards. Level 2 of putatively annotated com-
pounds refers to the chemicals which are identified through
physicochemical properties and/or match with a published
spectral database. Level 3 of putatively characterized compounds
refers to the chemicals identified with spectral similarity to the
chemical class. Level 4 refers to unknown compounds which
could be differentiated and quantified using the spectral data.
In this study, these three caffeine metabolites were identified
via matching MS and MS/MS spectra to the known structures
in the ChemSpider database.

The analysis and identification of caffeine metabolites indi-
cate that caffeine in lettuce was metabolized primarily via demeth-
ylation and oxidation/hydroxylation reactions (Figure 3). These
reactions occurred mainly in lettuce shoots. After 144 h of
exposure, the demethylation metabolites in aqueous solution,
lettuce roots, and lettuce shoots accounted for 0.4 + 0.1%,
1.3 + 0.5%, and 17.1 + 10.8%, respectively, of the initially
applied caffeine. The three oxidation/hydroxylation metabo-
lites (shown in Figure 2) were found only in lettuce shoots.
Stepwise demethylation is the major metabolism pathway
(Figure 3). Caffeine lost one —CH; functional group, forming
theobromine (1—N demethylation), paraxanthine (3—N demeth-
ylation), and theophylline (7—N demethylation), and then lost
the second —CHj; functional group, forming 3-methylxanthine
and 7-methylxanthine. These two compounds could lose the
third —CHj; to produce xanthine. The demethylation reac-
tion of caffeine with the loss of one —CHj functional group
(N-demethylation) commonly occurs in humans and animals
where this reaction is mediated primarily by hepatic cytochrome
P450s (CYP) 1A2 and 2E1.%°~* In coffee and tea plants, caf-
feine is derived from purine nucleotides mediated by xanth-
osine methyltrasferase and theobromine synthase followed by
caffeine synthase.***’ Meanwhile, caffeine in plants could be
also transformed to theobromine and theophylline, then to
3-methylxanthine and xanthine, and eventually to CO, and
NH,, 305!

In addition to demethylation, caffeine and its metabolites
could undergo oxidation/hydroxylation reactions forming
M196 metabolite via demethylation and hydroxylation at the
N-7 position, M210 via oxidation at the C-8 position, and
M212 via hydroxylation at the C-8 position (Figure 3). The
oxidation and hydroxylation of caffeine also occur in mammals,
which are mediated by P450 enzymes.”” >* In humans, the
oxidation of caffeine is mediated by CYP1A2, and hydrox-
ylation is mediated by CYP3A4 in marmosets.”” Caffeine that
underwent oxidation at the C-8 position was also found in
Camellia assamica var. kucha and Coffea liberica.’”>> In this
study the identified metabolites were derived primarily from
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Figure 2. MS/MS spectra of caffeine metabolites (without authentic standards): (A) 7-Hydroxy-1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione
(M196), (B) 1,3,7-trimethyluric acid (M210), and (C) 8-hydroxy-1,3,7-trimethyl-3,7,8,9-tetrahydro-1H-purine-2,6-dione (M212), and their
integrated areas relative to caffeine-free controls (A;/A,) as a function of uptake time (inserted panels).

the phase I reactions. To check if the phase II conjugative
products were formed, the m/z values of 357 for the caffeine-
glycoside conjugate (195 [caffeine]* + 162) and m/z 500 for
the caffeine-glutathione conjugate (195 [caffeine]* + 30S)
were scanned in the lettuce extracts. These caffeine conjugates
were not found to be present in the lettuce.

Kinetics of Caffeine Metabolism in Lettuce. To eluci-
date the kinetic metabolism in lettuce, caffeine and its iden-
tified metabolites present in aqueous solution, lettuce roots,
and lettuce shoots were quantified under MRM scan mode.
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Caffeine and its metabolites with authentic standards (including
xanthine, 3-methylxanthine, 7-methylxanthine, theobromine,
paraxanthine, and theophylline) were quantified using the
matrix-matched standard curves, and the optimized instru-
mental parameters are provided in Table S4. Among the
metabolites, 3- and 7-methylxanthine manifested the same
RT at 4.48 min and very similar fragment patterns. The same
phenomena were also observed for paraxanthine and theophyl-
line (products with the loss of one —CHj; from caffeine)
(Table S4). It is difficult to quantify these metabolites

DOI: 10.1021/acs jafc.8002235
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Figure 3. Proposed metabolism pathways of caffeine in lettuce.

individually; therefore, we quantified these metabolites as a
group of methylxanthine (the sum of 3- and 7- methyl-
xanthine) and the sum of paraxanthine and theophylline. For
the metabolites M196, M210, and M212 without authentic
standards, the transitions of the precursors and the most
abundant product ions were paired, and the corresponding areas
were integrated relative to the background of the caffeine-free
controls, which served as a semi-quantification for these metab-
olites (insert panels in Figure 2).

The mass distribution of caffeine and its demethylation
metabolites on the basis of molar fractions in the aqueous solu-
tion, lettuce roots, and lettuce shoots is presented in Figure 4A.
The molar fractions of caffeine in the aqueous solution
decreased with time, and the minimal amount of demethyla-
tion metabolites was present (<4 X 107*). The molar fractions
of caffeine and its demethylation metabolites in lettuce roots
remained within a narrow range between 0.02 and 0.04. In lettuce
shoots caffeine and its demethylation metabolites increased with
exposure time and reached 0.47 + 0.10 at 144 h. These results
revealed that demethylation reactions occurred predominantly
in lettuce shoots. In lettuce roots the accumulation of demeth-
ylation metabolites was approximately 7.6% of those found in
shoots. The total molar fractions of caffeine and its demeth-
ylation metabolites (including xanthine, 3- and 7-methylxanthine,
theobromine, and paraxanthine/theophylline) in the aqueous
solution, lettuce roots, and lettuce shoots varied as a function of
uptake time, which accounted for 98.2 + 3.8%, 95.1 + 2.7%,
762 + 7.7%, 79.2 + 7.3%, 80.8 + 18.9%, and 63.0 + 15.1% of
the initially applied caffeine at 10, 24, 48, 72, 105, and 144 h of
uptake, respectively (Figure 4A). At 144 h, caffeine and its
demethylation metabolites were 12.9 & 7.7% and 0.4 + 0.1% in
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the solution, 1.6 + 0.6% and 1.3 + 0.5% in lettuce roots, and
31.3 + 6.1% and 17.1 + 10.8% in lettuce shoots. The remaining
37.0% of the initially applied caffeine could be considered as
unquantified, unextractable, and unidentified fractions. In addi-
tion, the measured oxidative and hydroxylated metabolites
M196, M210, and M212 increased approximately 4 to 6 times
during the 144 h of exposure (inserted panels in Figure 2),
which is consistent with the increase in the unquantified,
unextractable, and unidentified fractions as the uptake time
proceeded (Figure 4A).

In lettuce shoots, xanthine, 3- and 7-methylxanthine, theo-
bromine, and paraxanthine/theophylline were all detected, and
xanthine and those metabolites with the loss of one —CH,;
were the predominant products (Figure 4B). Xanthine was
found in all shoot samples; methylxanthine was detected in
lettuce after 24 h of exposure. These results indicate that the
demethylation reaction is a relatively rapid process. The total
molar fractions of demethylation products increased from 0.01
to 0.17 during 10 to 144 h of uptake. At 144 h, the sum of
molar fractions of the caffeine metabolites with the loss of one
—CH, was 0.07, and the xanthine fraction (with the loss of
three —CH, groups) was 0.09. The molar fractions of meth-
ylxanthine, i.e., loss of two —CH; groups, were <0.007, which
was 10 times less than those of the other two groups of
metabolites. These results indicated that the transformation
rate from 3- and 7-methylxanthine to xanthine was very rapid
and/or that they could undergo other reactions, e.g., oxidation
or hydroxylation (Figure 3). In lettuce roots, only a very small
amount of xanthine and theobromine was present, and meth-
ylxanthine, paraxanthine, or theophylline was all below the
limit of detection. The total molar fractions of xanthine and
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Figure 4. (A) Distribution of caffeine and its metabolites in the
aqueous solution, lettuce roots, and lettuce shoots on a molar basis as
a function of uptake time. (B) Distribution of caffeine demethylation
metabolites in lettuce shoots as a function of uptake time.

theobromine in lettuce roots accounted for <1.3% of the ini-
tially applied caffeine. In the solution phase a negligible amount
of xanthine and paraxanthine/theophylline was found (<0.5% of
the initially applied caffeine), and 3- and 7-methylxanthine or
theobromine was not detected. Thus, lettuce shoots were con-
sidered as the major domain for accumulation and metabolism
of caffeine. Pierattini et al.’' reported a concentration of exog-
enous theobromine and theophylline in Populus alba leaves
that was relatively higher than those in stems or roots. The
minimal amount of metabolites in lettuce roots could be attrib-
uted to the fact that caffeine is readily translocated to shoots
where it was extensively metabolized.

Implications. Caffeine and many other pharmaceuticals,
such as carbamazepine, salbutamol, and trimethoprim are fre-
quently detected in agriculture produce,3 3¢ which poses poten-
tial risks to animal and human health by dietary consumption.
These pharmaceuticals could be metabolized in vegetables, and
the formed metabolites might still retain the bioactive moieties
and maintain functionality in a similar manner to the parent
compounds. For example, theobromine and theophylline are
bioactive stimulants similar to caffeine and are also commonly
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used in the therapy of acute and chronic asthma.”"** Caffeine
metabolism could be attenuated or accelerated in field grown
lettuce, compared to the hydroponically grown lettuce described
in this study. The risk assessment of pharmaceuticals without
considering their metabolites could underestimate the potency
to ecosystem and human health. This study provides a sound
workflow for non-target screening of metabolites using LC-QTrap-
MS/MS operated under EMS-IDA-EPI scan mode. Although
LC-QTrap-MS/MS is not a high-resolution mass spectrome-
try, the linear ion trap can enrich the abundancy of ionic frag-
ments, which could improve the quantification sensitivity
for trace levels of metabolites in plants. The enhanced sen-
sitivity also facilitates the elucidation of chemical structures of
metabolites. The analytical workflow established in this study
could be extended to investigate the metabolism of other
pharmaceuticals in the environment and in plants and animals
as well.
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