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Abstract

lopromide is frequently detected in water bodies thiits widespread use as an X- ray contrast
agent in medicine. Due to its rapid clearance ftbemhuman body and its incomplete removal
by wastewater treatment, an elevation of its cotmagon in the environment is observed that
might lead to a serious impact on human and enwiemtal health. Alternative or additional
removal technologies may be more effective to remaypromide from the effluents of
wastewater treatment facilities, like phytoremadimatwith aquatic macrophytes. To test this, a
hydroponic experiment was carried out to assesdatieeof iopromide inTypha latifolia. The
transformation products (TPs) in plant were inggged to predict the possible transformation
mechanisms. The removal process followed first okifeetics with a linear regressidtf value

of 0.983. The iopromide concentration in roots ahizomes reached a maximum value of
20.70+0.81 and 16.82+1.78 nmot-gn the ¥ day, respectively, thereafter decreased until the
end of experiment. A different result was found l&aves, where iopromide concentration
decreased over the whole experimental period. Al ot eight transformation products were
detected inT. latifolia, including 23 isomers. The relative content of hlgtee and ketone TPs
decreased in roots and rhizomes while the relaiivdent of carboxylic TPs increased. However,
the relative content of aldehyde and ketone TPg simbwed a slight decrease in leaves while the
relative content of carboxylic TPs remained stahlang the experimental period. In addition, a
significantly increase of decarboxylated TPs wasitbin leaves, but not in roots and rhizomes.
These results indicate that a difference of tramsédion mechanisms exists among plant tissues.
The findings of this study are important to bettederstand the transformation mechanisms of

iopromide in plants and to improve phytoremediatechnologies for such kind of compounds.
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1. INTRODUCTION

lodine containing X-ray contrast media are usedrtbance the contrast of structures within the
body in medical imaging. Especially the non-ioradine contrast media are widely used today
as they are quickly spread and stable in the huooay. Since increasingly higher amounts of
such compounds are in use throughout Europe, fiotssurprising that such compounds are
frequently detected in wastewater effluents anthsarwaters (Mendoza et al., 2016; Zonja et al.,
2015). Despite its beneficial properties, ioprontds been shown to induce oxidative stress and
apoptosis in human neutrophils (Kayan et al., 201&jine contrast media can form many
transformation products (TPs) during wastewater dnntking water treatment processes, which
might possess higher toxicity than the parent camgs (Duirk et al., 2011). Therefore, chronic
exposure to these TPs may represent a non-negliggdt for aquatic organisms and human

health.

lopromide is one of the most frequently used X-captrast media. With high doses of usage
(15g) and rapid excretion, it leaves the body altmoxhanged (>95%) within a short time
(Quinn et al.,1994; Schulz et al., 2008; Singhlet2914). Hence it is not surprising that this
contrast agent has been detected in wastewatemasutface water at concentrations ranging
from ng-L' to pg-L* (Kormos et al., 2011; Kovalova et al., 2012). Aimdportantly, the
scientific concern is more on the formation of mated disinfection byproducts (DBPS).
Previous studies have detected many toxic DBPsddry chlorination of X-ray contrast media
(Duirk et al., 2011Wendel et al., 2014). Richardson et al. (2008) repbthat iodinated DBPs
have enhanced mammalian cell toxicity as compacedheéir brominated and chlorinated
analogues. However, up to now, the generated DBIRsat be effectively removed during

sewage water treatment processes.



62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

Phytoremediation is a plant-based approach to wateediation that takes advantage of low
cost, simple operation and environmental friendigW@hang et al., 2014). An increasing number
of studies found that aquatic plant-based systerage hbeen highly efficient in the
removal of emerging contaminants (Bartha et all1420ran et al., 2016; Zhang et al., 2013a;
Zhang et al., 2016). In contrast to the traditiomaktewater treatment process, phytoremediation
can realize the removal of contaminants from theileags phase by plant uptake and
subsequently bio-transform/accumulate these orgaimc the tissues. Hence, adding this
technology could effectively avoid the secondarlyytimn by TPs and reduce environmental and
human health risks. But so far, specific invesige of plant uptake and biological

transformation are scarce (Imfeld et al., 2009).

The present study aimed at the uptake and tranglacaf iopromide using cattailTgpha
latifolia) cultivated in hydroponic exposure. To highlighettransformation of iopromide in
plants, the tissue distribution of iopromide arsdTiPs were assessed during different incubation
times. Based on the results obtained in this sttidymechanism of plant-based transformation

of iopromide has been further explored.

2. MATERIALSAND METHODS

Chemicals. lopromide (98.6%) was purchased from Sigma (Geynddolvents were LC-MS
grade and obtained from Roth (Germany). All othegroicals were analytical grade. Ultrapure

water was obtained from a Milli-Q water purificatisystem.
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Plant Materials. Typha latifolia plants were ordered from a local plant nurseryg Jetrowsky,
Eschede, Germany) and carefully washed with taemiat remove adherent soil and debris.
Plants were grown in perlite in 5L pots under ghemrse conditions with 12h of light/12h of
darkness at 23/18°C and a humidity of 65%. Nutsiemére provided in water by a modified
Hoagland’s nutrient solution. Plants uniform inesiwere selected for hydroponic experiment
after acclimated to greenhouse conditions for twantins. The composition of the nutrient
solution was: 2.5 mmol-tK*, 2.0 mmol-* Mg?*, 2.0 mmol-[* C&*, 2.0 mmol-* SQ , 6.0
mmol-L* NOs, 0.5 mmol- [* Ho,POy,50 pmol- L Fe#*, 50 umol- L* BOs*, 1 pmol-L* Mn**, 0.5

umol- Lt Cu¥*, 0.5umol-L* Zn®*, 0.1umol- L' MoO,%and the pH was adjusted to 6.0.

Hydroponic Experiment Setup. Plant rhizomes were rinsed with distilled waterd ahen
transferred to 2.5 L plastic pots. The pots wengeoed with plastic package inside to prevent the
potential adsorption of iopromide on the pot swefad€ach pot contained 1 L nutrient solution
and 1L perlite to fix the plant. The nutrient sadat was spiked with iopromide to reach a final
initial concentration of 2Qumol-L™*. Pots with equal concentration of iopromide buthwiit
plants were used as controls. The loss of nutgehition was countered by daily weighing and
filling the pots to the starting volumes. Threeliegies of controls and each exposure period
studied were set up, i.e., 1, 3, 7, 14 and 28 dags.each exposure period, root, leaf, rhizome
and nutrient solutions were collected, rinsed wiigtilled water and wiped dry with lab tissue,

then frozen and stored at -80°C.

X-Ray of exposed plant tissues. Plant rhizomes and roots were thoroughly washedbdotted
dry with filter paper, leaves were excised, cutihform length and all plant parts were quickly
placed in Teflon bags (10x10 cm) and sealed. X-vegi® taken with a Faxitron MX-20 DC-12

system (Faxitron Bioptics, LLC, 3440 E Britannia, Buite 150, Tucson, Arizona 85706 USA)
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under automated setting. Images were taken byntipéemented camera system and stored as

digital files.

Analysisof lopromide and its TPs by Liquid Chromatography Tandem M ass Spectrometry
(LC-MSMYS). The determination of iopromide in water and pleiowed our previous work.
Briefly, 0.5 g fresh plant material was ground unlifguid nitrogen and then extracted with 4.5
mL extraction solution (water with 0.1% formic acidThe mixture was homogenized,
ultrasonicated, centrifuged and then the superhatas filtrated through a 0.45m Nylon filter.
The filtrates were transferred to a solid phaseaekibn (SPE) column (Oasis HLB, Waters,
Germany), percolated, washed and eluted. Whenxtinacton processes was calibrated by the
use of blank plant tissue spiked with iopromides tecovery was > 90%. Subsequently, the

analytes were injected into the LC-MS/MS system.

The HPLC system (Varian ProStar 210, Darmstadtpfaay) was coupled to an ion trap mass
spectrometer (Varian 500-MS, Darmstadt, Germany) am electrospray ionization source.
Separation was achieved on a Synergi Polar-RP 80ana (150 mm x 2 mm,n, Bischoff,
Germany) at a flow rate of 0.3 mL-riinFor the determination of iopromide, the precuisar
m'z 791.8 (M+HYJ yielding fragment ionsn/z 773.8 andwz 572.9 was used for quantification

and confirmation.

3.RESULTSAND DISCUSSION

Removal of lopromide from the Medium. lopromide was removed from the nutrient solution

by T. latifolia, and the removal efficiency increased with expedune. The maximum removal
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efficiency was 86.6+2.3% after 28 days (FigureThe removal process satisfied the first-order
kinetic equation as well as the decay rate consift0783 day with a linear regressioR’
value of 0.983 (Supplementary information, Figudg.No significant variation of iopromide

concentration in the medium was found in contraisrdy the whole experimental period.

Previous studies had shown that pharmaceuticalbeaamoved by plants. Dordio et al. (2011)
reported carbamazepine removal Bbypha spp. with removal efficiencies ranging between
56%~82% for different initial concentrations. Refth et al. (2010) indicated that in an active
duckweed reactor which consisted predominantlyLofminor or L. punctata, ibuprofen
concentrations decreased linearly to 47.5% depletio9 d. Zhang et al. (2013a) found the
removal processes of five different pharmaceuti¢glsScirpus validus were also following
first-order, and the decay rate constants in a gaofy0.023~0.403 d&y Adsorption and
photodegradation of iopromide seemed to play ontyireor role during the experimental period
since no significant variation was found in cordrolherefore, the elimination of iopromide is

hypothezised to be highly dependent on the uptgkddnts.

Uptake and Translocation of lopromide by T. latifolia. lopromide was detected in extracts of

all plant tissues, including roots, rhizomes araés during the whole exposure period. When
plant parts were x-rayed with standard x-ray eqeiptnlignified or suberized tissues appeared
greyish/white, with a higher intensity in freshlyewkloped rhizomes, and cell walls. Since
iopromide functions as a contrast agent by opauifyiessels in the path of flow of the contrast
agent, radiographic visualization of the internéductures that had been reached by the
compound, and hence compound localization becamssilpe. Plants treated with iopromide

showed distinctly higher whitening in roots, rhizesn and stronger display of the veins of the

leaves (Figure S2). In roots and rhizomes, iopremidncentrations increased with exposure



149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

time up to day 3, remained stable until day 7 aecrehsed thereafter (Figure 2). The maximum
iopromide concentration in roots was found to be7@#0.81 nmol-g (fresh weight) while in
rhizomes 16.82+1.78 nmol*(fresh weight) accumulated after 7 days of expaslapromide
concentration in leaves decreased constantly withogure time (Figure 2). The iopromide
concentration in leaves was 2.00+0.22 nmibl(fgesh weight) at day 1, and gradually decreased
to 0.34+0.05 nmol-§ (fresh weight) at day 28. Compared to roots aridorhes, iopromide
concentration was relatively low in leaves, as bl been visible in the x-ray pictures. Table

S1 shows the bioaccumulation factors for all ptessues, ranging from 0.02 to 1.04.

Plant uptake of foreign compounds consists of bibth,apoplastic and symplastic pathway. The
free apoplastic flow is finally forced to move irttee symplast pathways as the root endodermis
contains the casparian strip, blocking the uptdkendesirable compounds (Sperry et al., 2002).
Thus, the transmembrane transport of contamindays ja decisive role in the uptake processes.
Organic contaminants tend to move into plant rabtgen by passive diffusion (Pilon-Smits,
2005). Therefore, uptake of xenobiotics seems todépendent on their physico-chemical
properties, especially their Log P, but also trepparent molecular diameter, and molecular
weight. Not surprisingly, our results demonstratghfr iopromide concentration in roots than in
leaves. This result is consistent with that of Hewkand coworkers who find that Salbutamol
(Molecular weight = 239.3Da), a smaller more hydpc molecule, also exhibits strong
accumulation in cabbage rodkserklotz et al., 2010). Uptake of iopromide inteetroots was
relatively fast up to day 3 (Figure 2). This resslin line with previous studies showing uptake
of xenobiotics by plants within a short time (Liadt, 2005; Zhang et al., 2013b). Similar high
initial uptake rates were also reported for otHermaceuticals in previous studies (Bartha et al.,

2014; Herklotz et al., 2010; Zhang et al., 2013Bgnerally, organic compounds with an
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optimum hydrophobicity (logP = 0.5~3) seem to banstocated in plant tissues via the
symplastic pathway. However, recent studies indi¢hat hydrophilic chemicals can also have

great potential to be taken up and translocatepldmyts (Yamazaki et al. 2015).

lopromide was detected early in leaves, and isddie decreasing concentration suggests that it
is successively transformed in leaf tissues. lromhethere should be an equilibrium between
iopromide intake and iopromide dissipation. In soahd rhizomes, the iopromide intake mainly
represents uptake while the iopromide dissipat®rdmposed of translocation to leaves and
transformation. In leaves, the iopromide intake ntyaconsists of translocation from roots and
the iopromide dissipation includes transformatiéh.the onset of the experiments, the intake
rate was higher than the disappearance rate irs rantl rhizomes. Since the iopromide
concentration decreased in medium with time, thaki rate decreased while the disappearance
increased. As a result, iopromide concentration®ats and rhizomes increased to a high level

remaining constant for some time and decreaseddfier due to accelerated metabolism.

Different transfor mation mechanisms of lopromidein T. latifolia. A total of 8 TPs including
23 isomers were detected when iopromide was metalobyT. latifolia. These TPs were not
detected in the nutrient solution, which lets ugpmse that the entire transformation occurs in
planta. The structures of these TPs were identitiyd LC-MS/MS, and to unravel the
transformation mechanisms, these TPs were analgtefive different time points during
incubation. lopromide transformation By latifolia could be divided into four reactions: I) the
hydroxyl groups being oxidized to aldehyde or ketagroups, Il) aldehyde groups being

oxidized to carboxyl groups, Ill) decarboxylatidw) deiodination.
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The temporal progression of TPs formation in rastshown in Figure 3, where the indicated
relative content is a ratio of one TP amount totdtal TPs amount in the plant tissue. There is a
trend of decrease in the content of TP789A and ® e extension of inoculation time. The
sum of the relative content of TP789A and B wer%8at day 1, then continually decreased to
7.0% at day 28. This indicates that TP789A and &paobably the main precursor compounds
for most of the other TPs. Thus, the oxidation dfyaroxyl group into aldehyde or ketone
groups seems to be the first step of iopromidestoamation inT. latifolia roots. TP787 A, B
and C were formed from TP789 by further oxidatiérthe hydroxyl group. The relative content
of TP787A increased until day 14 then remainedlstabmilar to TP787B for which also no
significant variation was observed. The relativateat of TP787C increased in the first 14 days

and thereafter decreased.

Reaction | is known and approved to be catalyzedlbghol dehydrogenases, which have been
shown to commonly exist in bacteria and higher tslafKroutil et al., 2004). Nicotinamide
adenine dinucleotide (NAD is the acceptor during the enzymatic oxidativeydeogenation
process. Some studies indicate that peroxidaseremmiboxygenase can also be responsible for
this type of reaction in plants (Kroutil et al.,®0 Geigert et al., 1983). Our results show an
increasing relative content of TP787A than TP78%Rrctime. This is probably due to the
difference between the structure of side chain A side chain B. Several NADH-dependent
enzymes (i.e. methylglyoxal reductase) may contellta the transformation from TP789 (A and

B) and TP787 (A and B).

The relative content of TP805A in roots and rhizermzreased in the first two weeks followed

by a plateau. In leaves, the relative content 305A decreased with time. For TP805B in roots
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and rhizomes, the relative content decreased datil 7, then increased with time, while no

significant trend was found in leaves (Figure 4).

Generally, carboxylic TPs were formed from aldeby@Ps. Aldehyde dehydrogenases, which
are probably responsible for this chemical reactioeve been found in different organisms
(Sophos et al., 2001; Muzio et al., 2012). Sevatdehyde dehydrogenase genes have been
identified in plant species (Sunkar et al., 2008 &nd Schnable, 2002). It has been shown that

aldehyde dehydrogenases can oxidize both aliphktehydes and aromatic aldehydes in maize.

The relative content of TP803A in roots was stablthe first two weeks. After that, an increase
followed, while in rhizomes a continuous increasirgnd was observed. For TP803B, a stable
period in the first week followed by an increasesvadbserved in both roots and rhizomes. In
leaves, the relative content of both TP803A andeBiained stable in the first week, and
thereafter increased until the end of incubatidme Total relative content of both TP803A and B
presents a steadily increasing trend in all plsstes, except on day 7 when it decreased slightly

in leaves (Figure 4).

The relative content of TP819 showed an increastiegd in roots, while on the contrary, a
decreasing trend in leaves was observed. Thewelatintent increased in the first two weeks
followed a slight decrease in rhizomes. The reéattentent of both TP817 A and B remained
stable in the first week in all plant tissues thstarted increasing in roots and rhizomes but
decreasing in leaves. The relative content of TR&Bshed a maximum of 0.69% at day 7 in
roots, while 1.70% at day 3 in rhizomes. An inciegdrend of the relative content of TP815

with time was found in leaves (Figure 4).
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The precise mechanism of the formation of carboxyiPs in the investigated species is not yet
known. Mechanisms involving the oxidation of lacticid are possible, and such a reaction may
be catalyzed by lactate dehydrogenase in plantgolite oxidase catalyzes the oxidation of
glycolic acid to glyoxylate in the peroxisomes dgriphotorespiration (Taler et al., 2004). The
glycolate oxidase is mainly expressed in greendsasnd may be responsible for the formation
of TP815 (Clagett et al., 1949). This could be aplanation for the increasing trend of the
TP815 relative content in leaves with time. Becalid819 and TP817 could be further oxidized,
the product accumulating in leaves might be TP8hkhvis probably also the end product of the
carboxylic TPs type. Carboxylic TPs were the mé&jad of iopromide TPs iff. latifolia (Figure

4). Aldehydes are known to be toxic to the plamtserefore, an oxidation of aldehydes TPs to
carboxylic TPs in plant tissues would be expeciéus transformation is in accordance with the

aldehyde detoxification mechanisms in plants.

The relative content of TP787D decreased in ttst fivo weeks in roots and rhizomes, thereafter
it increased until the end of incubation time. M. tontrary, the relative content of TP787D
increased in the first two weeks in leaves beftseoncentration reached a plateau (Figure 5).
Based on molecular structure of TP787D, we sugdési87D is probably formed from
decarboxylation of TP815. Many different enzymen catalyze this reaction, such asketo
acid-dependent dioxygenases and branched-clxégto acid dehydrogenases (Damuni et al.,

1984; Hegg et al., 1999).

The relative content of TP665 reached a maximun#.60% at day 14 in roots, thereafter
decreased to 1.33% at the end of incubation. Ivelgathe relative content of TP665 showed a
slight increasing trend until day 14 and a stroraggumulation until the end of incubation, while

a broadly stable trend has been found in rhizofRiggi(e 5).
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Dehalogenation has been found in plants during degradation of halogenated aromatic
contaminants. Wang et al. (2012) reported thatatabration was catalyzed in maize after the
exposure to polybrominated diphenyl ethers. Regen8un et al. (2013) also found
debromination from brominated diphenyl ether-47btominated diphenyl ether-28 in young
pumpkin plants. However, further debromination prid were not detected in those studies.
Schulz and coworkers (2008) and Singh and cowork2@45) described deiodination of
iopromide TPs by microbial activity and advancetlakon processes, respectively, considering
different possible structures since it remainedlearcwhich I-atom had been removed. This is
similar to our results which only found deiodinaticom iopromide to TP665, but no further

deiodinated TPs.

Many reductive dehalogenases have been found termevhich are responsible for catalyzing
dehalogenation of aromatic ring systems (Anandharejal., 2000; Payne et al., 2015). However,
little information has been found in plants. Amastger enzymes, glutathione S-transferase can
catalyze the reductive degradation of xenobiotics plants. However, typical related
intermediates of a substitution reaction (i.e. @floibne conjugates) were not detected in this
study. We suggest that reductive dehalogenatiorntmagcur while the conjugate formation is
probably inhibited due to steric effects of theeschains. Recently van Aken and coworkers
(2010) summarized several plant enzyme catalyzeldaldgenation processes employing
unexpected enzymatic agents. Further studies ameireel to scrutinize this important

degradation step.
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4. CONCLUSION

The results of this study clearly show that ioprdencan be taken up bly. latifolia and the
removal efficiency increases with exposure time.er€fore, phytoremediation can be an
effective way to eliminate such polar pharmacelgideom water. The maximum iopromide
concentration in roots and rhizomes was found "atddy, indicating that iopromide can be
rapidly degraded in plants. Thus it is essentialctearly understand the transformation
mechanisms of such pollutants in plants. Furtheearch is needed to evaluate the toxicity of the

most prominent iopromide TPs.
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Legends to Tables and Figures

Table 1 Identification of iopromide and its transf@ation products if.latifolia.

Figure 1. The removal efficiencies of iopromideTyatifolia at different exposure time. Plotted

values are means = SD of three replicates.

Figure 2. Concentrations of iopromide in differéissues of exposed. latifolia. Plotted values

are means * SD of three replicates.

Figure 3. Relative peak area trends of aldehydekatmhe transformation products identified in

T. latifolia during the experimental periods. Plotted valuesnaeans + SD of three replicates.

Figure 4. Relative peak area trends of carboxyédingformation products identified in latifolia

during the experimental periods. Plotted valuesra@ans + SD of three replicates.

Figure 5. Relative peak area trends of decarboagfland deiodinated transformation products
identified inT. latifolia during the experimental periods. Plotted valuesmaeans + SD of three

replicates.
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Highlights

1
2.

The iopromide removal efficiency reached 86.6% after 28 days exposure.

The iopromide concentration in roots and rhizomes increased up to 7th day,
thereafter decreased.

The iopromide concentration decreased over the whole experimental period in
leaves.

Carboxylic transformation products were the magor kind of iopromide
transformation productsin T. latifolia.

There are different transformation pathways of iopromide among different plant

tissues.



