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 24 

ABSTRACT 25 

Pharmaceuticals in the environment have been an increasing research topic over the past 26 

decade, since they can be found in both natural and drinking water, including irrigation of 27 

crops and edible plants with contaminated water. Our main goal was to evaluate the 28 

phytotoxic effect of diclofenac (DCF), a widely used pharmaceutical , on chicory (Cichorium 29 

intybus) seedlings. Additionally, we verified the uptake, bioconcentration and translocation of 30 

DCF from soil to chicory tissues. Results show that DCF induces different physiological 31 

changes in chicory seedlings. On the other hand, the soil-chicory experiment showed the 32 

activation of the detoxification system in plants treated with DCF (1 mg L-1). Finally, we 33 

found the migration of DCF from the irrigation water to the soil, followed by its uptake 34 

through the root, and its translocation to the aerial part of the chicory. However, DCF does 35 

not bioaccumulate in chicory leaves, being scarcely translocated from roots to aerial parts. 36 

This last result, along with the estimation of a daily intake of chicory, show that irrigation 37 

with water containing DCF (≤ 1 mg L-1) does not represent a threat to human health. To our 38 

knowledge, this is the first report on the effect of DCF on chicory seedlings, including the 39 

evaluation of its uptake and translocation.  40 

 41 
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 48 

1. INTRODUCTION 49 

Chemical contaminants of emerging concern, namely Pharmaceuticals and Personal Care 50 

Products (PPCPs), have been the subject of intensive study in the last years, mainly due to 51 

their ubiquity in aquatic ecosystems, and their potential to cause detrimental effects on both 52 

the biota and the human health (Rizzo et al., 2013; Valdés et al., 2014).  53 

There is an exponential growth of reports in the literature showing the possible adverse 54 

effects of PPCPs on the environment (Guyón et al., 2012; McCallum et al., 2013; Roggio et 55 

al., 2014; Valdés et al., 2016; Watts et al., 2003). However, most of the studies carried out to 56 

date have focused on aquatic ecosystems. Conversely, our current knowledge about the 57 

effects of PPCPs on terrestrial systems is limited (Kinney et al., 2008; McCallum et al., 2013; 58 

Oaks et al., 2004). The general lack of information on the effects of PPCPs on terrestrial 59 

ecosystems is of great concern, not only because of the effect that they can generate on the 60 

biota, but also because agricultural activities could be affected, impacting the productivity, 61 

sustainability and food safety, generating a potential risk for human and livestock health. In 62 

this sense, there is currently a marked international consensus on the need for studying the 63 

effect of these emerging pollutants on crops and other edible plants. 64 

Among PPCPs of increasing concern, diclofenac (DCF: 2-[2-[(2,6-65 

Dichlorophenyl)amino]phenyl]acetic acid) is one of the most commonly used non-steroidal 66 

anti-inflammatory, analgesic, antiarthritic, and antirheumatic drug, with a global annual 67 

consumption of 1443 ± 58 tons (Acuña et al., 2015). This consumption does not cover 68 

veterinary use, mainly because of the lack of reliable data; thus, the global use of DCF can be 69 

even higher (Lonappan et al., 2016). In addition, DCF has a low removal rate during 70 
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wastewater treatment processes (WWTP) (Perez and Barceló, 2007), being one of the most 71 

frequently found compounds in WWTPs effluents and surface waters, with concentrations 72 

ranging from ng L-1 to µg L-1 (Valdés et al., 2014). Thus, the reuse of treated wastewaters, 73 

containing DCF, for irrigation would represent a significant hazard for food safety, even 74 

more in those countries where wastewaters treatments are frequently absent like South 75 

American countries including Argentina. 
76 

The negative impact of DCF on the environment became evident in Asian countries, where a 77 

dramatic decrease of vulture population was linked to the exposure to this compound 78 

(Lonappan et al., 2016; Oaks et al., 2004). Other research studies reported adverse effects on 79 

fish species (Hong et al., 2007). However, data on the effect of DCF on plants are scarce 80 

(Bartha et al., 2014; Christou et al., 2016; Copolovici et al., 2017; Huber et al., 2012; 81 

Kummerová et al., 2016; Schmidt and Redshaw, 2015). Huber et al. (2012), showed that the 82 

exposure to 100 µM (29.7 mg L-1) of DCF for 3 hours led to irreversible damage in 83 

horseradish hairy root culture. Additionally, Schmidt and Redshaw (2015), reported that the 84 

exposure to DCF could negatively affect the development of Raphanus sativus root in 85 

relation to the aerial tissue. On the other hand, Kummerová et al. (2016), suggested that the 86 

exposure to environmentally relevant concentrations of DCF (0.034 and 0.34 µM: 10 µg L-1 87 

and 100 µg L-1, respectively) affects biochemical processes in duckweed plants (Lemna 88 

minor) via the formation of reactive oxygen (ROS) and nitrogen (RNS) species. They 89 

observed an increase in biomolecular damages, including lipid peroxidation and loss of the 90 

plasma membrane integrity, in addition to changes in the antioxidant system. Lipid 91 

peroxidation was also reported by Christou et al. (2016), in roots of alfalfa (Medicago sativa 92 

L.) exposed to DCF (10 µg L-1). These authors found increased levels of hydrogen peroxide 93 

(H2O2), together with decreased activity of superoxide dismutase in roots, while leaves 94 

showed increased catalase activity. Bartha et al. (2014), reported that glycosyltransferase and 95 
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glutathione S-transferase activities were increased in roots and leaves of Thypa latifolia 96 

exposed to DCF (3.4 µM: 1 mg L-1), while the activity of peroxidase increased only in roots. 97 

Finally, Copolovici et al. (2017), found that DCF may affect the photosynthetic parameters of 98 

Phaseolus vulgaris L., and might disturb the methylerythritol phosphate pathway (MEP) in 99 

plastids. 100 

These studies suggest that DCF may be accumulated, having toxic effects on plants. It is 101 

important to elucidate the biochemical and physiological changes induced by DCF on edible 102 

plants, or plants producing edible parts; thus, helping understand its potential effects on food 103 

production, assessing its possible implication on human health as well.  104 

Chicory (Cichorium intybus) is a perennial herbaceous plant of the Asteraceae family, widely 105 

used as a medicinal plant and as food. Generally, the stems and leaves are consumed in 106 

salads, but the roots are also used as a substitute for coffee, since roasted chicory roots have a 107 

similar taste to coffee, but do not contain caffeine. Its consumption is motivated also by its 108 

healthy properties, including hypoglycemic and detoxifying functions.  109 

Chicory production close to Córdoba city (Argentina) is performed in fields close to the 110 

Suquía River lower basin (downstream from WWTP), with some farmers using river water 111 

containing DCF for irrigation (Valdés et al., 2014). Because of this, human exposure through 112 

chicory irrigated with DCF contaminated water is expected, so we also evaluated the human 113 

health risks associated with its consumption. 114 

The use of DCF has been regulated by few countries. Recently, the European Water 115 

Framework Directive (WFD) introduced an environmental quality standard (EQS) for DCF in 116 

the aquatic environment, with an annual average EQS value set at 0.1 µg L-1 in inland surface 117 

waters, and 0.01 µg L-1 in other (coastal) surface waters (Lonappan et al., 2016). Moreover, 118 

its manufacture and veterinary use were banned in India, Nepal, Pakistan, and Bangladesh 119 

during the last decade (Lonappan et al., 2016). However, to our knowledge, no regulatory 120 



6 

 

limits have been established for treated wastewaters and soils, when they are used for the 121 

irrigation and production of edible plants/ crops. 122 

Within this framework, the main goal of this work was to evaluate the phytotoxic effect, 123 

uptake, and translocation of DCF in chicory plants (Cichorium intybus) in the germination 124 

stage and in a soil-plant system. To our knowledge, this is the first report studying the effect 125 

of DCF on chicory plants. 126 

 127 

2. MATERIALS AND METHODS 128 

2.1. Chemicals and Materials  129 

Diclofenac (DCF), glutathione disulfide (GSSG) and nicotinamide adenine dinucleotide 130 

phosphate (NADPH) were purchased from Sigma-Aldrich (Buenos Aires, Argentina). 131 

Guaiacol was purchased by Anedra (Buenos Aires, Argentina). Ultrapure water (resistivity ≥ 132 

18 MΩ·cm; TOC ≤ 5 µg L-1) was obtained from a purification system Arium 61316-RO plus 133 

Arium 611 UV (Sartorius, Germany). Methanol (HPLC grade) was provided by J. T. Baker 134 

(State of Mexico, Mexico) and ammonium acetate (puriss. p.a. for mass spectroscopy) from 135 

Fluka (Berlin, Germany). Filter membranes (0.45 µm, HVLP04700) were obtained from 136 

Millipore (São Paulo, Brazil). All other reagents were of analytical grade. QuEChERS Kits 137 

were obtained from Phenomenex (Buenos Aires, Argentina). 138 

The commercial organic soil was obtained from a local nursery (Jardín Primavera, Córdoba, 139 

Argentina). The main soil chemical characteristics were: 25% organic matter, 9.8% organic 140 

C, 0.8% total N, 1.6% H, pH 6, and 11.5 C:N ratio. The soil had not previously received 141 

biosolid or wastewater applications. 142 

Chicory seeds were provided by the Department of Agriculture of the province of Córdoba, 143 

Argentina. 144 

 145 
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2.2. Germination Study 146 

This experiment was performed following the methodology described by Schmidt and 147 

Redshaw (2015), with few modifications. Briefly, 5 mL of 3.42 µM DCF (1 mg L-1 in 0.1 % 148 

v/v methanol), or control solutions (ultrapure water and 0.1 % v/v methanol), were added to 149 

Petri dishes (100 mm) with 3 layers of kitchen roll and 1 layer of filter paper. Then, 30 150 

chicory seeds (sterilized with 2.5 % of sodium hypochlorite for 15 min, and washed 10 times 151 

with ultrapure water) were added to each Petri dish and incubated in the dark at 24°C (± 2°C) 152 

for 7 days. Five Petri dishes were used for each treatment and the experiment was repeated 3 153 

times on different days.  154 

After 7 days, 6 germinated seeds were randomly chosen, harvested, dissected into root, shoot, 155 

and cotyledon. Then, different physiological parameters (germinated seeds; root, shoot and 156 

cotyledon lengths, color and aspect) were recorded for each harvested seed. After that, 157 

cotyledons, shoots and roots from each Petri dish were pooled and dried at 90°C for 48 h to 158 

measure dry biomass, moisture and specific lengths.  159 

 160 

2.3. Uptake Study 161 

Chicory seeds (sterilized with 2.5 % of sodium hypochlorite for 15 min and washed 10 times 162 

with ultrapure water) were sown in wells (3 cm diameter, 5 cm height) containing 13 g of soil 163 

(dried for 24 h at 110°C) and grown in a greenhouse (28 ± 10°C, under a 15 : 9 hours light : 164 

dark photoperiod) for 22 days. Wells were irrigated every 2 days during the growth period, 165 

using fresh water. After this period, chicory plants were transplanted to pots (12 cm diameter, 166 

10 cm height), containing 450 g of dry soil for further growing. After 14 days of adaptation to 167 

this last condition, plants were exposed to DCF by irrigation with 50 mL either with 3.42 µM 168 

DCF solution (1 mg L-1 in 0.1% v/v methanol in water) or with 0.1% v/v methanol in water 169 

(control treatment) every 3 days during 22 days. Three samples were used by each treatment 170 
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(control and DCF). Each sample consisted in 6 plants. After 22 days, the 6 plants in each 171 

sample were separated from the soil, rinsed with ultrapure water and cut, dividing them into 172 

roots and aerial parts (leaf and stem). The soil and tissues collected in each sample were 173 

pooled, frozen in liquid nitrogen, and kept at -80°C until extraction.  174 

 175 

2.4. Photosynthetic Pigments   176 

Concentrations of chlorophylls (Chl) and pheophytins (Pheo) were determined in the aerial 177 

part (leaf and stem) of chicory according to Wintermans and de Mots (1965). Briefly, tissues 178 

were homogenized using a ceramic mortar and liquid nitrogen, weighed and dispersed in 179 

ethanol (99% v/v) with further separation of the supernatant. Afterwards, hydrochloric acid 180 

(HCl) 0.06 M was added to the clear Chl extract (HCl: chlorophyll extract 1:5) for Pheo 181 

determination. Concentrations of pigments in plant extracts were measured by 182 

spectrophotometry using a microplate reader Bio-Tek, Synergy HT (Chl = 649 and 665 nm 183 

before HCl addition; Pheo = 654 and 666 nm after HCl addition). Concentrations were 184 

calculated and reported in µg pigment g-1 wet weight (ww). 185 

 186 

2.5. Enzyme Extraction and Measurement  187 

Chicory enzyme extracts were prepared according to Monferrán et al. (2009). Briefly, aerial 188 

and root tissues were ground and homogenized with liquid nitrogen and stirred at 4°C with 189 

extraction buffer: sodium phosphate buffer (0.1 M, pH 6.5) containing glycerol (20%), 1,4-190 

dithioerythritol (DTE, 1.4 mM) and ethylene diamine tetra acetic acid (EDTA, 1 mM). Cell 191 

remnants were separated by centrifugation (10 min at 13,000 x g, 4°C) and the supernatant 192 

was used for enzyme measurement. Enzymatic activities were determined by 193 

spectrophotometry, using a microplate reader (Bio-Tek, Synergy HT). The glutathione 194 

reductase activity (GR; EC 1.8.1.7) was assayed according to Tanaka et al. (1994). GR 195 
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reduces added glutathione disulfide (GSSG) to reduced glutathione (GSH), 196 

spectrophotometrically consuming added NADPH. The guaiacol peroxidase (POD) activity 197 

was measured using guaiacol and H2O2 (Bergmeyer, 1983). The enzymatic activities of each 198 

sample were measured in triplicate and calculated in terms of the protein content of the 199 

sample extract (Bradford, 1976). Results are reported in nanokatals per milligram of protein 200 

(nkat mg prot-1), where 1 nkat is the conversion of 1 nmol of substrate per second. The 201 

protein quantification was performed using bovine serum albumin as a standard. 202 

 203 

2.6. DCF Extraction 204 

DCF was extracted from samples using QuEChERS methodology. Fine powder soil, roots 205 

and aerial parts (2 g) were weighed into 50 mL tubes and moistened with 4 mL of methanol 206 

(soil samples) or acetonitrile (roots and aerial parts). The mixture was shaken vigorously for 207 

1 min in a vortex; after that, it was placed in an ultrasonic bath for 10 min. Afterward, the 208 

extract was partitioned by adding 2 g MgSO4, 0.5 g NaCl, 0.5 g sodium citrate tribasic 209 

dihydrate, and 0.25 g sodium citrate dibasic sesquihydrate (AH0-9041, roQ QuEChERS 210 

extraction pack), shaken in a vortex for 90 s and centrifuged at 8228 x g for 10 min using an 211 

Eppendorf 5804 centrifuge. Finally, an additional cleanup step was performed. One milliliter 212 

of the extract was placed in a tube containing 150 mg MgSO4, 25 mg PSA sorbent, and 25 213 

mg C18E (KS0-8913, roQ QuEChERS dSPE Kit). After that, it was shaken vigorously in a 214 

vortex for 2 min, and centrifuged at 4629 x g for 5 min. The supernatant was taken and dried 215 

with nitrogen (N2), reconstituted with 0.5 mL methanol, and stored at -80°C until analysis. 216 

Blank of solvents and recovery samples were also used. Recovery samples were prepared 217 

using DCF solution at a final concentration of 3.37 µM, following the extraction protocol 218 

previously described. The obtained recovery percentage was 90 ± 2 %, 88 ± 10 %, and 105 ± 219 

10 % in soil, root and aerial part samples, respectively.  220 
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 221 

2.7. DCF Analysis 222 

DCF was analyzed in soil, roots and aerial part extracts by HPLC−MS/MS method, using an 223 

Agilent Technologies 1200 Series UPLC equipped with a gradient pump (Agilent G1312B 224 

SL Binary), solvent degasser (Agilent G1379 B), and an autosampler (Agilent G1367 D 225 

SL+WP). The chromatographic separation was achieved on a ZORBAX Eclipse XDB-C18 226 

column (5 µm, 150 mm × 4.60 mm i.d., Agilent, USA) at 40°C using a column heater module 227 

(Agilent G1316 B). The mobile phase consisted of 5 mM ammonium acetate (solvent A) and 228 

5 mM ammonium acetate in methanol (solvent B). The solvent gradient started at 40% of 229 

solvent B for 1 min and changed to 80% B along 6 min, kept for 6 min, followed by a second 230 

ramp to 98% B along 3 min and kept for 2 min. After that, a washing and stabilization step of 231 

12 min was used before the next run. The flow rate was set at 0.5 mL min−1, and the injection 232 

volume was 40 µL. The HPLC system was connected to a diode array detector (DAD SL, 233 

Agilent G1315 C) in tandem with an ESI source and Q-TOF mass spectrometer (micrOTOF-234 

QII Series, Bruker). UV−vis spectra were registered from 200 to 600 nm. Mass spectra were 235 

recorded in negative ion mode between m/z 80 and 1000. The working conditions for the 236 

ionization source were: capillary voltage, 3500 V; nebulizer gas pressure, 5.0 bar; drying gas 237 

flow, 9.0 L min−1, and 200°C for the drying gas. Nitrogen and argon were used as 238 

nebulizer/dryer and collision gases, respectively. The instrument was operated in full-scan 239 

mode. Exact mass was verified by introducing sodium formiate solution (40 mM) at the end 240 

of each chromatographic run through the multipath valve of the MicroQTOF II. Data 241 

acquisition and processing were performed using Compass 3.1 and DataAnalysis 4.1 242 

software, respectively (Bruker Daltonics, MA-USA). 243 

DCF Identification was based on accurate m/z ratio (mass error ≤ 5 ppm), fragmentation 244 

pattern (MS/MS spectrum with a collision energy of 10.0 eV) and comparison of the DCF 245 
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retention time with pure compounds (± 2 %). DCF quantification was performed using the 246 

fragment 250.196 ([M-CO2]
-), preparing calibration curves for the 3 studied matrices (soil, 247 

roots and aerial parts) in a 0-16 µM range. Matrix effects were studied using spiked samples 248 

at a concentration of 3.37 µM; observed recoveries were 102 ± 20 %. Limits of quantification 249 

(LOQ) were calculated as the lowest point in the matrix calibration curves that can be 250 

accurately quantified (S/N ≥ 10), while limits of detection (LOD) were calculated as LOD = 251 

LOQ/3.3. Samples were filtered (0.45 µm) before injection in the HPLC−MS/MS system.  252 

 253 

2.8. Bioconcentration and Translocation Factor Calculations 254 

The bioconcentration factors (BCF) were calculated according to the following equations:  255 

Equation 1:   256 

������� =
��		


��	�
 

Equation 2: 257 

���������	���� =
������	���


��	�
 

Where: 258 

Croot and C aerial part are the DCF concentration (µg 100 g-1 ww) in root and aerial part of plants, 259 

respectively. Csoil is the DCF concentration (µg 100 g-1 ww) in soil samples. 260 

The translocation factor (TF) was calculated using the equation:  261 

Equation 3: 262 

�� =
������	���


��		

 

 263 

Where: 264 

 Caerial part and Croot are the DCF concentration (µg 100 g-1 ww) in aerial part and roots, 265 

respectively.  266 
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 267 

2.9. Daily DCF Intake  268 

The estimated daily intake (EDI in µg/kg/day) of DCF depends on its concentration in 269 

chicory tissues (C, µg g-1), the per capita daily consumption of fresh chicory (D in g day-1) 270 

and the body weight (B in kg), according to the formula:  271 

��� =
�	�	�

�
 

 272 

 The per capita daily consumption of aerial parts of chicory is 35 g day-1 for adults, and 27 g 273 

day-1 for children (Argentinean Ministry of Health, 2012). There is no information about the 274 

per capita daily consumption of chicory roots; however, some healthcare professionals 275 

recommend a daily consumption of 2-6 g (1 cup of root infusion). Because of this, we 276 

consider a daily root consumption of 4 g. The body weights considered were 70 kg for adults 277 

and 20 kg for seven-year-old children. 278 

 279 

2.10. Statistical Analyses  280 

Results were analyzed using the statistical package Statistica 8.0 from StatSoft Inc. (2007) 281 

and the Infostat software package (Di Rienzo et al., 2008). Analysis of variance was 282 

performed using mixed models (Di Rienzo et al., 2010). The level of significance of this 283 

study was set to α ≤ 0.05. A DGC (Di Rienzo et al., 2002) comparison test was performed to 284 

reveal paired differences between means. 285 

 286 

3. RESULTS AND DISCUSSION 287 

3.1. Physiological Responses 288 
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Physiological effects of DCF on chicory plants (Cichorium intybus) were considered in both 289 

germination and uptake studies. Treatment concentration was chosen to enable comparison 290 

with other reports that use this concentration in R. sativus (Schmidt and Redshaw, 2015), 291 

Populus alba, L. Villafranca clone (Pierattini et al., 2018), green alga Chlamydomonas 292 

reinhardtii (Majewska et al., 2018), among others. The number of germinated seeds; length 293 

of roots, shoots and cotyledons; water content; biomass; specific lengths and root dry 294 

biomass:aerial part dry biomass ratio were analyzed during germination study of chicory 295 

seedlings, while photosynthetic pigments and antioxidant enzymes were studied in chicory 296 

plants through the uptake assay.  297 

In both studies, plants displayed similar phenotypes in both control and DCF treatments 298 

(Figure 1). Although effects on chicory plant growth, development and health were not 299 

externally observed (Figure 1), few physiological parameters, such as dry biomass and 300 

specific lengths of the root; root dry biomass:aerial part dry biomass ratio; photosynthetic 301 

pigments and antioxidant enzymes, show significant differences between treatments.  302 

In the chicory germination assay, the study of effects on the number of germinated seeds (21 303 

± 5 and 20 ± 8 for control and DCF treatments, respectively), root, shoot and cotyledon 304 

lengths, water content, shoot and cotyledon dry biomass as well as specific shoot and 305 

cotyledon lengths did not show significant differences between control and DCF treatments 306 

(Figures 2 for root parameters, Figure 1S for shoot parameters, and Figure 2S for cotyledon 307 

parameters). However, significant disparities were found in dry root biomass and specific 308 

lengths of the root (Figures 2 C and D). DCF treatment produced a significant decrease of 309 

chicory root dry biomass (11%), and a significant increase of the specific root length (33%). 310 

The specific root length endpoint is a function of length and biomass, and it provides 311 

information about the energetic costs of developing roots (Schmidt and Redshaw, 2015). 312 

Root length is assumed to be proportional to resource acquisition; and root biomass, to be 313 
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proportional to development and maintenance. Both are well known to be reasonably 314 

constant within a species, or even cultivar, and have shown to correlate with environmental 315 

change, including growth conditions, metal-induced stress, and nutrient availability (Ostonen 316 

et al., 2007). In this report, the highest value of specific root length for seeds exposed to DCF 317 

treatment can be given by the interference of DCF in the root functionality, resulting in the 318 

suppression of nutrient uptake and, hence, growth (Schmidt and Redshaw, 2015).  319 

Furthermore, when the root and aerial part (shoot + cotyledon) developments of chicory in 320 

both treatments were compared (root dry biomass:aerial part dry biomass ratio, Figure 2 E), 321 

a significantly lower ratio was found in DCF treatment. The root biomass to aerial part 322 

biomass ratio (Figure 2 E) shows the development of root with respect to the aerial part of 323 

the plant. In this report, DCF treatment showed a significantly lower ratio, as a result of the 324 

negative effect that the tested compound has on the root biomass (Figure 2 C).  325 

Ziółkowska et al. (2014), also showed an increasing inhibition of root and shoot lengths on 326 

three leguminous plants (pea, lupin, and lentil) when the DCF concentration increased from 327 

0.06 mM (17.8 mg L-1) to 12 mM (3560 mg L-1). Besides, Schmidt and Redshaw (2015), 328 

found a negative effect of DCF (1 mg L-1) on the root biomass to aerial part biomass ratio of 329 

R. sativus in a growth study. Conversely, Pierattini et al. (2018), observed no differences in 330 

the number of leaves, shoot length and fresh or dry weight when poplar plants (Populus alba, 331 

L. Villafranca clone) were exposed to 0 mg L-1 (control), and 1 mg L-1 of DCF (hydroponic 332 

exposure). This last study shows that the effect of DCF on plants depends on the plant 333 

species. 334 

Additionally, the uptake study also showed phytotoxic effect on both root and aerial part of 335 

chicory plants exposed to DCF. We found a negative effect of DCF on the concentration of 336 

photosynthetic pigments (Chl a and b, and Pheo a and b) (Figure 3), and an activation of the 337 

detoxification system in plants (Figure 4).  338 
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Contents of leaf pigments provide valuable information about the physiological status of a 339 

plant, and they are generally recognized as reliable stress indicators (Mallakin et al., 2002). A 340 

decrease in these pigments indicates a decrease in the functionality of the photosystems and, 341 

consequently, of the photosynthetic activity of the plants (D’Abrosca et al., 2008).  342 

We report a decrease in chlorophyll concentrations. Likewise, a similar response was 343 

reported by Kummerová et al. (2016), and Copolovici et al. (2017). Kummerová et al. (2016), 344 

showed a decrease in both chlorophylls a and b, when DCF (form 0.010 mg/L to 0.100 mg/L) 345 

was applied to Lemna minor. The same results were found by Copolovici et al. (2017), when 346 

DCF was applied (from 100 mg L-1 to 400 mg L-1) to bean (Phaseolus vulgaris L). On the 347 

other hand, Pierattini et al. (2018) and Majewska et al. (2018) also found a decrease of Chl a 348 

in old leaves of Populus alba L. Villafranca clone plants and green alga Chlamydomonas 349 

reinhardtii, respectively. To determine if this drop in chlorophyll content was due to 350 

decreased biosynthesis and/or increased degradation of chlorophyll, we investigated the 351 

pheophytin contents in both control and DCF treatments. Pheophytins are the degradation 352 

products of chlorophylls (Matile et al., 1999). To our knowledge, this is the first report that 353 

studied the pheophytin contents in plants treated with DCF. We observed that the pheophytin 354 

(a,b)/chlorophyll (a,b) ratios were not altered in plants treated with DCF (0.7 for both 355 

treatments), indicating an effect of DCF on chlorophyll biosynthesis, but not on its 356 

degradation (Gomes et al., 2016). Gomes et al. (2016), showed that glyphosate on willow 357 

plants (Salix miyabeana cultivar SX64) affects chlorophyll biosynthesis by competing with 358 

glycine in photorespiration processes and/or in the active site of δ-aminolevulinic acid (ALA) 359 

synthetase, depriving plants of the substrates needed in the chlorophyll biosynthetic pathway. 360 

Even though glyphosate is an herbicide designed to disrupt biosynthetic pathways in plants, 361 

this or a similar mechanism, could occur when the chicory is exposed to DCF, as the result of 362 
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a non-target effect. However, further studies are necessary to elucidate at which step of the 363 

biosynthetic pathways the non-steroidal anti-inflammatory is interacting. 364 

Additionally, the enzymatic activity revealed that the exposure of plants to DCF resulted in a 365 

significant induction of POD and GR activities in chicory root samples (Figure 4). On the 366 

other hand, POD activity in the aerial part of plants was not affected, while we were not able 367 

to evaluate GR activity in aerial parts because of pigment interferences.  368 

An increased enzymatic activity has been frequently described under different biotic and 369 

abiotic stress conditions. The induction of the antioxidant defense, including catalase, 370 

peroxidase, ascorbate peroxidase, glutathione reductase, superoxide dismutase, and 371 

glutathione S-transferase, is a primary response of plants to contaminant mediated stress, 372 

including pharmaceutically active compounds (PhACs) (Christou et al., 2018). Our results 373 

show the induction of POD and GR enzymes in root upon exposure of chicory plants to DCF, 374 

indicating the activation of phases I and II enzymes, belonging to the plant detoxification 375 

system. Peroxidase has been commonly designated as a general stress marker in plants due to 376 

its role in the elimination of H2O2 using glutathione as substrate (Passardi et al., 2005). On 377 

the other hand, GR has been extensively reported to play crucial roles in determining stress 378 

tolerance in plants under various abiotic stresses (Gill, et al., 2013; Gill and Tuteja, 2010). 379 

Thus, our current results are consistent with results reported by other authors. Bartha et al. 380 

(2014) and Huber et al. (2016) observed induction of plant peroxidases in roots of Typha 381 

latifolia exposed to DCF 1 mg L-1. Additionally, the increase of GR activity was reported by 382 

Kummerová et al. (2016) and Pierattini et al. (2018). Kummerová et al. (2016) reported an 383 

increase of GR activity in duckweed (Lemma minor) exposed to DCF (0.010 mg L-1 and 384 

0.100 mg L-1). In addition, Pierattini et al. (2018) reported an enhanced activity of GR in 385 

roots of poplar (Populus alba, Villafranca clone) after 7 days of exposure without (control) 386 

and with DCF (1 mg L-1). Induction of other enzymes (catalase, glycosyltransferase and 387 
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glutathione S-transferase) was also reported (Bartha et al., 2014; Huber et al., 2016; 388 

Kummerová et al., 2016; Majewska et al., 2018; Pierattini et al., 2018). However, to our 389 

knowledge, this is the first report evidencing the effect of DCF on guaiacol peroxidase. 390 

The physiological responses of chicory exposed to DCF show that it causes oxidative stress, 391 

mainly in roots, generating phenotypic changes and activating endogenous antioxidant 392 

defense mechanisms. These responses may be associated with the content of DCF found in 393 

the different parts of the plant, being greater in the root than in the aerial parts of chicory.  394 

 395 

3.2. Chicory Uptake and Translocation of DCF  396 

DCF was extracted from soil, root and aerial part of plants in both treatments (control and 397 

DCF). No DCF was detected in control samples. On the other hand, we observed both uptake 398 

and translocation of DCF by chicory. Figure 5 shows the levels of DCF found in soil, roots 399 

and aerial parts of chicory after DCF treatment. Results obtained for soil samples show the 400 

highest DCF concentration (57 ± 5 µg 100 g-1 ww), while roots and aerial parts showed a 401 

DCF content of 3.9 ± 0.3 µg 100 g-1 ww, and 2.6 ± 0.2 µg 100 g-1 ww, respectively.  402 

The bioconcentration factors observed were 0.07 ± 0.01 for roots, and 0.04 ± 0.01 for aerial 403 

parts of chicory, indicating low accumulation of DCF in chicory tissues. On the other hand, 404 

the translocation factor from roots to aerial parts was 0.654 ± 0.004, showing that DCF is 405 

scarcely transported within the plant. 406 

It should be noted that the experimental setup employed in this study is representative of the 407 

potential use of contaminated water resources or waters from municipal wastewater treatment 408 

plant (reuse) for plant-to-field growth. The bioavailability of DCF in a soil-plant system is 409 

probably different than the hydroponic system used in most of the available reports, and soil 410 

characteristics such as the soil organic carbon content, ion exchange capacity, and soil pH 411 

will definitely influence the mobility of DCF and, therefore, its bioavailability. The results 412 
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found in our study show that DCF remains mainly in the soil, being little uptaken by chicory 413 

plants. Similar results were reported by Carter et al. (2014), who found a low uptake of DCF 414 

from the soil by radish and ryegrass roots. Additionally, Montemurro et al. (2017) also 415 

reported a low uptake of DCF by lettuce in a soil-plant system, whereas Barreales-Suárez et 416 

al. (2018) showed a low uptake by Lavandula dentata.  417 

Uptake by chicory roots is the first step necessary for plants to accumulate DCF in their 418 

edible tissues. The low uptake of DCF by chicory plants may be attributed to the 419 

physicochemical properties of DCF (hydrophobicity and the extent of ionization) and soil 420 

characteristics. The high hydrophobicity of DCF (log Kow > 4), and its strong soil adsorption 421 

induce the relatively low bioavailability for root absorption (González-García et al., 2018).  422 

On the other hand, the concentration of DCF was higher in the roots than in the leaves 423 

(Figure 5), suggesting that DCF was absorbed by the roots and then transported to the leaves 424 

with a relatively slow translocation process (TF = 0.654 ± 0.004). This fact was also observed 425 

by other authors (Bartha et al., 2014; González-Garía et al., 2018; Tanove et al., 2012; Wu et 426 

al., 2013; Zhang et al., 2013; Zhang et al., 2012). Even though roots were rinsed several times 427 

with ultra-pure water, the DCF concentration detected in roots may be representing the sum 428 

of the amount adsorbed on the root surfaces and that absorbed into the root tissue (Wu et al., 429 

2013). Some hydrophobic chemicals (log Kow > 3), such as DCF, are strongly bound to the 430 

surface of the roots and they cannot be translocated to the aerial parts of plants (Wu et al., 431 

2013), only the fraction that entered in the root tissue can be translocated to the aerial parts. 432 

However, both adsorbed and absorbed amounts of DCF are important when an estimate of 433 

daily intake is performed, and the whole root is consumed. In addition, the metabolism of 434 

DCF within the plants should also be taken into account, since metabolites of DCF were 435 

previously described in both the roots and aerial parts of Typha latifolia and barley (Hordeum 436 
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vulgare) (Bartha et al., 2014; Huber et al., 2012). However, in our study, we were not able to 437 

detect any metabolite in roots or in the aerial part of chicory plants. 438 

 439 

3.3. Evaluation on the Incidence of Absorbed DCF on Human Health  440 

The presence of contaminants in edible plants can cause a potential risk for human life and 441 

livestock. That is why we estimated the daily intake (EDI in µg kg-1 day-1) of DCF when 442 

aerial parts and roots of chicory are consumed.  443 

The EDI of contaminated chicory shows that 0.035 µg kg-1 day-1 of DCF would be consumed 444 

by children, while 0.013 µg kg-1 day-1 would be ingested by adults when the aerial part of 445 

chicory is consumed. On the other hand, 0.008 µg kg-1 day-1 and 0.002 µg kg-1 day-1 would be 446 

consumed by children and adults, respectively, when contaminated chicory roots are ingested. 447 

These values are far from the recommended dose of DCF for the treatment of a disease (1400 448 

µg kg-1 day-1) (Bruce et al., 2010), so it is worth remarking that the consumption of edible 449 

parts of chicory contaminated with DCF does not represent an acute threat to human health, 450 

at least for the experimental conditions tested. González-García et al. (2018) made the same 451 

assessment with DCF contaminated lettuce. However, a prolonged consumption of 452 

contaminated chicory, along with the simultaneous consumption of other foods contaminated 453 

with DCF and other pharmaceutical compounds, can generate resistance to the drugs, as well 454 

as favor the increase of diseases related to the excessive consumption of medicines 455 

(cardiovascular diseases, digestive problems, allergic reactions, among others). Moreover, the 456 

risk assessment arising from the chronic consumption of DCF contaminated chicory, alone or 457 

combined with other foods contaminated with different toxic compounds, needs to be 458 

addressed. However, these last points are out of the scope of the current work. 459 

 460 

4. CONCLUSIONS 461 
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Our current results show the importance of studying the effects of organic pollutants on the 462 

early stages of plant development as well as the use of soil-plant systems for the best 463 

extrapolation of what can occur in the field.  464 

To our knowledge, this is the first study showing the effect of DCF on vegetative endpoints 465 

in both chicory seedlings and plants. Particularly, the physiological responses of chicory 466 

exposed to DCF show that this pharmaceutical drug causes oxidative stress in plants, mainly 467 

in roots, generating phenotypic changes and activating endogenous antioxidant defense 468 

mechanisms. On the other hand, it is important to consider the nature of the contaminant 469 

(DCF in this case) as well as the soil properties when a soil-plant system is used to verify the 470 

follow-up of a particular contaminant in edible plants, considering soil adsorption / 471 

absorption, among others factors.  472 

Finally, the amount of DCF found in both root and aerial parts of chicory needs to be 473 

considered when estimating its daily intake, since both parts are consumed as food. As far as 474 

this study shows, the consumption of edible parts of chicory contaminated with DCF did not 475 

represent an acute threat to human health. However, the negative health consequences of a 476 

prolonged consumption of DCF contaminated chicory, along with the simultaneous 477 

consumption of other contaminated foods, are still unknown. 478 
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FIGURE CAPTIONS 

Figure 1. Phenotypic effects of diclofenac on chicory plants. Control and diclofenac (3.42 

µM) treatment in germination study (A) and uptake assay (B). 

Figure 2. Box plots of chicory root length, root water content, root biomass, root specific 

length and root and aerial part (shoot + cotyledon) ratio in the germination study. Star 

indicates significant differences (p < 0.05) between treatment (control with 0.1% of methanol 

and diclofenac 3.42 µM).  

Figure 3. Chlorophylls a and b (A) and Pheophytins a and b (B) concentrations (µg g-1 ww) 

in aerial part of chicory exposed at control and diclofenac treatments. Star indicate significant 

differences (p < 0.05) between treatments (control with 0.1% of methanol and diclofenac 3.42 

µM).  

Figure 4. Guaiacol peroxidase (POD) activity (A) and glutathione reductase (GR) activity 

(B) nkat mg-1 protein) in chicory exposed at control and diclofenac. Stars indicate significant 

differences (p < 0.05) between treatments (control with 0.1% of methanol and diclofenac 3.42 

µM). GR activity in aerial parts could not be determined due to pigment interferences. 

Figure 5. DCF content (µg 100g-1 ww) in different samples recollected from uptake assay. 

Stars indicate significant differences (p < 0.05) between samples.  
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Figure 3.  
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Figure 5.  
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HIGHLIGHTS 

- This is the first study showing the effect of DCF on Cichorium intybus 

- DCF produces a decrease of root biomass and an increase of the specific root length 

- DCF induces the activation of the endogenous antioxidant defense mechanisms 

- An effect on chlorophyll biosynthesis was also observed 

- Irrigation with water containing DCF would not represent a threat to human health 
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