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Abstract

:

The occurrence of pharmaceuticals in various ecosystems is of growing concern as these compounds may affect different organisms, causing changes to their metabolism and possibly contributing to food chain contamination. Our study aims to understand how lettuce cope with metformin (MTF), evaluating the oxidative stress and other effects on the plant metabolism. Lettuce was produced in a hydroponic culture contaminated with MTF. After 1, 8 and 15 days, plants were harvested and analysed. Enzymatic and non-enzymatic parameters were determined following spectrophotometric methods. Concentrations of H2O2 and MDA were obtained under MTF contamination, revealing differences on day 15. This study showed that MTF affected plant metabolism inducing oxidative stress and that different tissues responded differently to the abiotic stress caused. The results from various antioxidative enzymes showed different trends in roots and leaves, indicating a specific role in the tolerance mechanism related with plant tissues. Enzymatic response indicated a more intense stress, as well as a more effective response, in leaves than in roots. The antioxidative protection mechanism in leaves were mainly due to the activity of CAT, GPOD and APX, showing that these enzymes have an important role in the defence mechanism against toxic effect of MTF.
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1. Introduction


Metformin (MTF) is a widely used drug in type II diabetes patients. Therefore, its increasing consumption will lead to its presence in the environment, even after wastewater treatments.



Several authors have reported the occurrence of MTF in surface and ground waters. In Portugal, MTF was detected in wastewater treatment effluents at a concentration range of 0.05 to 58 µg L−1 [1] while in Spain MTF was also detected in surface waters with a maximum of 0.013 µg L−1 [2]. Metformin was reported in drinking water in Poland [3], while Huber et al. [4] described its occurrence in Iceland with a maximum of 7.81 µg g−1 in sludges.



Despite the presence of MTF in water matrixes, the major threat to the food web is through the use of treated wastewaters in irrigation systems, as well as the use of sewage sludge as fertilizer, which are common practices among farmers, in order to reduce fresh water consumption as well as to reduce the use of chemical fertilizers.



The bioaccumulation of MTF in the environment was already described in different crops such as Solanum tuberosum, Vicia faba and Hordeum vulgare [5]. Several authors described different effects on growth of different non-target organisms. For instance, Eggen et al. [6] verified a negative effect on carrot growth, but on the other hand, the exposure to MTF did not negatively affect Leman minor and Desmodesmus growth (based on EC50 parameter) [7]. Some authors suggest that MTF exposure is more related to chronic toxicity as it does not cause acute effects [8].



The uptake of MTF by crops is one of the main concerns in terms of emerging contaminants as there is still the question if these contaminants are accumulating in different plants, and how they may affect crop productivity and metabolism.



The influence of pharmaceutical compounds on plant metabolism has been addressed by different authors [9,10,11]. For instance, Mukthar et al. [12] studied the effect of five different antibiotics on Oryza sativa plants growth and metabolism, showing that the application of antibiotics reduced seed germination and induced oxidative stress throughout the increase in superoxide dismutase (SOD) activity. Riaz et al. [13] showed an increase in several stress parameters (malondialdheyde (MDA), ascorbate (AsA), total antioxidant capacity and SOD activity) in Triticum aestivum under low concentration of antibiotics.



There is still a lack of information on the effect of MTF in plants, and it is still unknown if this contaminant induces a stress response and adaptation. Several metabolic pathways are considered as the main sources of reactive oxygen species (ROS) imbalance and changes in cell homeostasis can cause oxidative stress. Consequently, the ability of plants to cope with stress caused by chemical substances will depend on the efficiency of detoxification metabolism together with the antioxidant response developed under abiotic stress. The main objectives of this study were to analyse the effect of exposition of lettuce to MTF in order to understand and characterize its antioxidative metabolic response.




2. Experiments


2.1. Experiment Design


Seeds of Lactuca sativa L. “Maravilha das Quatro Estações” were germinated in substrate (Bio Siro—peat, humus and fertilizer) for 15 days until the development of the first leave. Afterwards, young lettuce plants were transferred to hydroponic culture with fully aerated Hoagland solution and developed in this medium for 21 days. On the 36th day of growth, plants were contaminated with three different concentrations of metformin (MTF) added to the Hoagland solution—0.1 mg L−1, 1 mg L−1 and 5 mg L−1—plus control with no contamination. All the treatments were performed in triplicate. The solutions in the medium were changed every 5 days of experiment. During the experiments, the plants were placed in a controlled environment with temperatures between 20 °C and 25 °C, relative humidity of 60–65% with a light period of 12 h. On days 1, 8 and 15 of exposure to MTF, lettuce plants were harvested for analysis.




2.2. Hydrogen Peroxide Content and Lipid Peroxidation


Extraction procedure for leaves and roots from lettuce plants for H2O2 and malondialdehyde (MDA) contents followed the protocol described by Fernandez et al. (2013) [14].




2.3. Antioxidant Enzymes Assays


Catalase (CAT), guaiacol peroxidase (GPOD), superoxide dismutase (SOD), glutathione peroxidase (GPX), glutathione reductase (GR) and ascorbate peroxidase (APX) were determined as previously described by Martins et al. (2011) [15] and Pinto et al. (2017) [16].




2.4. Statistical Analysis


All the analytical determinations described above were performed in triplicate. The experimental data were subjected to a one-way ANOVA using the Tukey test to check for significant differences between means (p < 0.05). In the figures, error bars represent mean ± one standard deviation. Lowercase letters indicate the significant differences (p < 0.05) among days for the same contamination, while uppercase letters identify the significant differences (p < 0.05) in relation to the control on same day.





3. Results


3.1. Oxidative Stress Indicators: H2O2 and MDA


The contents of hydrogen peroxide (Figure 1) showed different oxidative effect for roots and leaves.



Roots under MTF contamination did not show as many significant differences in H2O2 content as in leaves, as in roots significant differences compared to control were only observed on day 15 under 1 and 5 mg L−1. In leaves, some statistically significant differences were observed on H2O2 content considering time and MTF concentration. On day 1, significant differences over control were observed with every concentration of MTF, while on day 8, a significant increase was observed only on leaves under 5 mg L−1 MTF. On day 15, the H2O2 content is significantly different for both 1 and 5 mg L−1 MTF concentrations, reflecting a more intense oxidative stress cause by longer periods of exposure to MTF. Only at 0.1 mg L−1 MTF the H2O2 content is not significantly different to control. It is important to highlight that the content of H2O2 is at least twice the value of its content in the roots, therefore a slight variation may reflect significant differences.



MDA content (Figure 2) revealed an increase on day 15 in roots under 1 and 5 mg L−1 MTF, which is generally in accordance with results for H2O2 contents. The highest MDA value corresponds to the highest H2O2 obtained, which is significantly different compared to control.



In leaves, the main differences for MDA content occurred on day 1, where all concentrations of MTF showed significant differences over control. However, for all the other treatments no significant differences were observed. Regarding the last day of exposure, it is possible to observe an MDA content decrease compared to day 8 for every concentration, with significant differences. Note that although leaves present a higher H2O2 content, this is not reflected in MDA values indicating less oxidative damage in leaves.




3.2. Enzymatic Mechanisms


Results regarding SOD, CAT and GPOD activities are presented in Figure 3, Figure 4 and Figure 5, respectively. Distinct results were obtained for antioxidative enzymes in roots and leaves.



SOD (Figure 3) did not show significant differences in roots, which might suggest that the presence of MTF did not cause an increase of superoxide radical concentration in root cells.



In leaves, SOD shows significant increases in all contaminated samples compared to control, with respect to concentration and time.



Some differences regarding CAT and GPOD activity (Figure 4 and Figure 5) were found when different plant parts such as roots and leaves are directly compared. In roots, the activity of CAT shows a significant increase over control on days 1 and 15 for every concentration of MTF. CAT reveals a clear increasing pattern in leaves exposed to 1 and 5 mg L−1 of MTF showing significant differences over control in almost every day. Once again, this trend may be correlated with H2O2 contents. From one perspective, CAT may be activated by the high contents of H2O2 in leaves, while from another, the decrease in H2O2 on day 15 may reflect the continuous activity of CAT over time.



GPOD activity in roots revealed differences to control on day 8 in roots under 5 mg L−1 MTF and on day 15 for every concentration of MTF. As mentioned before, this may represent a mechanism of defence using CAT and GPOD, both responsible for the scavenging of H2O2.



GR activity was also determined as presented in Figure 6. In roots, GR showed some significant differences over time and in relation to the control, but did not show a specific correlation with time of exposure and concentration. For instance, GR activity presented a decrease on day 1 at every MTF concentration, but significant differences were only noted in roots under 5 mg L−1, while on day 15 the opposite trend is observed, once again with significant differences on the highest concentration of MTF.



In case of GR in leaves, some variations (increasing trend) occurred progressively on day 8 from 0.1 to 5 mg L−1 MTF. However, on the last day of exposure, leaves under the highest concentration of MTF showed a decrease over control. This behaviour suggests that for longer periods of exposure GR activity is affected.



GPX activity was also measured, but the results are not shown as there was only a significant decrease in roots for the last day of exposure for all concentrations of MTF, while in leaves, no significant differences were found in this enzyme.



APX results are presented on Figure 7. The effects of MTF contamination revealed more differences on the aerial part compared to radicular tissues. In roots, APX showed a significant increase on day 15 only at 5 mg L−1 MTF contamination compared to control, indicating that APX is expressed even under high ROS contents.



The activity of APX in leaves revealed an increasing pattern over applied concentrations of MTF. On all the time periods, contaminated leaves showed significant increases over control which means that APX increase its activity in response to the presence of H2O2 in order to achieve ROS balance and cell homeostasis.





4. Discussion


The imbalance of ROS is the main oxidative stress indicator in plants, regarding abiotic stress effects. Therefore, the results of H2O2 contents suggest that MTF induces oxidative stress in lettuce plants, especially in leaves and for longer periods of exposition, indicating the possibility of occurrence of oxidative damage. In general, MTF presence increased H2O2 contents in both plant parts (roots and leaves), which is in accordance with other studies regarding exposure to organic compounds (like phenanthrene in tomato [17]) or even more common stresses as those caused by salinity or heavy metals [18].



MDA values (Figure 2) are in a similar range both in roots and leaves, despite H2O2 contents being higher in leaves. This means that in leaves, defence mechanisms are working to protect cells against oxidative damage. Thus, no significant oxidative damage is expected. One possible explanation is that plants have other strategies to overcome production of ROS. In roots, it is possible to observe higher contents of MDA and H2O2 for longer days of exposure to MTF. This may indicate that the defence mechanisms are not fully active. The contents of MDA may vary in different tissues and according to the applied contaminant. For instance, in a study with other organic contaminants (the fungicide chlorothalonil) an increase on MDA content of Vitis vinifera leaves was observed, showing trends on H2O2 in leaves representing a balance among H2O2 content and lipid peroxidation [19]. H2O2 contents in roots on days 1 and 8 showed no differences in relation to control which may be explained by the absence of superoxide radical, as SOD acts on superoxide radical to form H2O2. The increase of H2O2 on day 15 cannot be explained by SOD activity as no differences were found in relation to control, indicating that H2O2 can be formed in other metabolic processes occurring in cell compartments such as the vacuoles (acting as a sink) or apoplast and plasma membrane. Different enzymes may produce O2•− and H2O2, such as NADPH oxidase, copper (Cu) amine oxidases, polyamine oxidases and oxalate oxidase [20]. Therefore, in roots, the higher contents of H2O2 observed on day 15 may be produced by some of these enzymes, which will explain the non-appearance of differences in SOD concentration in roots. Unlike roots, the increase in H2O2 contents in leaves may be a result of high activity of SOD due to higher contents of superoxide radical. Changes in SOD activity are frequently linked to abiotic stress: Sharma et al. (2013) [21] studied the influence of imidacloprid in a rice variety showing that SOD activity increased with increasing contents of this compound.



CAT and GPOD are two of the major enzymes responsible for H2O2 scavenging and detoxification. Therefore, in parallel with possible production of H2O2 by SOD, CAT and GPOD are important to maintain H2O2 content under control and contribute for a good regulation of ROS in cells, preventing oxidative damage. Some authors have already described the correlations among these enzymes, indicating that under different abiotic stresses (cadmium and imidacloprid) an increase in SOD, CAT and GPOD was observed [21,22]. Results of H2O2 showed that roots presented no differences on day 1 while on day 15, a highly significant increase was observed. Therefore, CAT might contribute to the lower contents of H2O2 on day 1, while on day 15 CAT was not effective in controlling H2O2 concentrations, maintaining high levels in root cells. In any case, for the three concentrations of MTF applied, significant differences were observed when compared to the control on the same day. Despite this difference to control, the relationship among H2O2 and CAT in roots under 1 ad 5 mg L−1 is not linear, meaning that CAT by itself may not be enough to remove and control the excess of H2O2 formed in roots cells (as H2O2 content for day 15 is very high). In leaves, CAT appears to play an important role especially for the highest concentrations and longer times. The coordinated work of CAT and GPOD may be observed in leaves. Even though H2O2 levels are much higher in leaves when compared to roots, CAT and GPOD seem to be very efficient at controlling ROS levels and thus protecting cells against excessive oxidative damage. Considering the relationship among ROS and lipid peroxidation, it was also possible to observe a decrease on MDA content. Therefore, in leaves, lipid peroxidation seems to be controlled indicating the possible reduction of hydroxyl radical (a result of Fenton reaction with H2O2 as product), while in roots lipid peroxidation tend to increase along time of exposure.



GPX is considered a key component of glutathione–ascorbate cycle reducing the accumulation of H2O2 by the oxidation of glutathione. GPX is not only responsible for H2O2 scavenging, but also serves to detoxify products of lipid peroxidation [23]. Therefore, its relationship with MDA content must be considered. Despite the higher contents of H2O2 in roots on the last day of exposure, there is no correlation with GR and GPX activities which may indicate that these enzymes are not active on the removal of high contents of H2O2. In fact, GPX is described as a key enzyme on low oxidative stress, not the case of our results given the high contents of H2O2 on day 15. Furthermore, GPX competes with CAT and GPOD as H2O2 scavenging. Their higher activity may interfere with the availability of H2O2 as substrate for the reaction catalysed by GPX. The link between GPX and lipid peroxidation may be observed on day 15, where MDA contents increased while GPX activity decreased. This means that the significant differences observed on contaminated roots may reflect possible damage to cells due to the lipid peroxidation hypothesis. The similarity in GPX activity among control and contaminated leaves might reflect an efficient regulation against oxidative stress in leaves, as shown by the results for the other enzymes responsible for cell redox homeostasis.



APX, DHAR and MDHAR together with GR are crucial on ROS detoxification as part of the ascorbate–glutathione pathway. APX in roots did not present a clear increasing pattern as in leaves. The results of APX in leaves were correlated to the increase in H2O2 concentrations. Therefore, it is possible that APX work on the scavenging of H2O2 together with CAT and GPOD as mentioned before. APX is commonly associated with lower concentrations of H2O2, yet this enzyme demonstrates to be activated in a scenario of ROS imbalance. Leaves on day 15 all the concentrations revealed a slight decrease in APX activity compared to day 8, although only 0.1 and 1 mg L−1 showed to be significantly different. These results may be a response to the decrease of H2O2 concentration on day 15. Two points of view may be linked to this behaviour. First, due to the lower concentration (compared to day 8) of H2O2 this enzyme decreases its activity meaning that CAT and GPOD were mainly responsible for the scavenging of H2O2 on day 15. Secondly, despite the slight decrease among these two days, it is yet possible to observe an increasing pattern among concentrations, which may indicate that MTF influenced the activation of APX in leaves under higher concentrations of MTF for longer times of exposure. Previous studies presented similar results regarding APX (increasing pattern) in Oryza sativa under imidacloprid [21] and in Vitis vinifera under chlorothalonil treatment [19]. In studies with other pharmaceuticals such as diclofenac and acetaminophen, APX increased its activity on plants of Typha latifolia and Brassica juncea [24,25]. APX activity in roots is higher than in leaves, but significant differences are more noticeable in leaves. Considering that this enzyme activity is dependent of substrates availability (H2O2 and AsA), these results point to specific metabolism and different responses in roots and leaves. Enzymes responsible for H2O2 scavenging, such as CAT, GPOD or APX, may be responsible for the decrease on its contents in cell, in response to the high ROS contents as consequence of oxidative stress. Results reported by Ahammed et al. (2012) [17] revealed an increase in SOD activity in leaves of tomato plants under phenanthrene, and a decrease in roots. These authors reported significant increases also in other enzymes such as CAT, GPOD, APX, GR and PPO in roots and leaves of tomato plants. In any case, it is important to highlight that both organic compounds have different structures compared to metformin, however similar trends may be observed in what concerns abiotic stress caused organic compounds.




5. Conclusions


The results of enzymatic activity and stress indicators confirm that metformin induces oxidative stress in lettuce plants. Enzymes directly related with ROS scavenging such as APX, CAT and GPOD revealed positive changes in its activity both in roots and in leaves, but the results were, in general, more evident in leaves than in roots, indicating activation of an efficient defence mechanism. These results point to different responses according to the metabolism of radicular and foliar tissues. Our results show that different pathways of ROS removal may be activated on different periods of exposure taking into account that for longer days of exposure defence mechanisms are activated by cells in order to adapt and acclimate to abiotic stress caused by MTF presence.
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Figure 1. Average H2O2 content in roots (a) and leaves (b) of Lactuca sativa under contamination with MTF for up to 15 days. 
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Figure 2. Average MDA content in roots (a) and leaves (b) of Lactuca sativa under contamination with MTF for up to 15 days. 
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Figure 3. Enzymatic activity (U g−1 FW) of SOD in roots (a) and leaves (b) of Lactuca sativa under contamination with MTF for up to 15 days. 
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Figure 4. Enzymatic activity (U g−1 FW) of CAT in roots (a) and leaves (b) of Lactuca sativa under contamination with MTF for up to 15 days. 
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Figure 5. Enzymatic activity (U g−1 FW) of GPOD in roots (a) and leaves (b) of Lactuca sativa under contamination with MTF for up to 15 days. 
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Figure 6. Enzymatic activity (U g−1 FW) of GR in roots (a) and leaves (b) of Lactuca sativa under contamination with MTF for up to 15 days. 
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Figure 7. Enzymatic activity (U g−1 FW) of APX in roots (a) and leaves (b) of Lactuca sativa under contamination with MTF for up to 15 days. 
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