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Abstract

:

The abuse of artificial food dyes and the evidence that they harm human health recently prompted a significant effort to introduce vegan substitutes prepared from fruits and vegetables. Not much information, however, has been collected on their possible effects on aquatic and terrestrial ecosystems once released as waste in surface waters. For this purpose, we analyzed the effects of a vegan red (VEG) preparation (concentration 1.2 g/L) on three rapidly proliferating models for terrestrial and aquatic ecosystem contamination. In particular, in vitro cells cultures (exposure for 24 h), Artemia salina nauplii and Cucumis sativus seedlings (exposure 5 days). A comparison was made with the effects exerted by the two dyes that vegan red is intended to replace: an animal dye, cochineal E120 and an artificial dye E124. The analyses of conventional endpoints, indicative of cell proliferation, differentiation, and growth rate, demonstrate that the three dyes affect development and that the vegan substitute is as unsafe as the E124 and E120. Vegan red in fact impairs cell growth in in vitro cells, delays naupliar hatching and early growth in Artemia, and reduces shoot/root biomass in Cucumis. Marked hyperplasia and hypertrophy of mesophyll are also observed in Cucumis leaves. Substitution in food and beverages, therefore, should be carefully reconsidered to avoid unnecessary environmental contamination.
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1. Introduction


The potential toxicity of artificial food dyes, including azo dyes, has increased consumers’ attention, and international agencies have introduced daily intake limits (see, for example, regulation EC No 1333/2008 and EC No 257/2010) to mitigate possible adverse effects. Much less attention has been dedicated to the putative threat they represent to the environment. About two-thirds of the azo dyes found in the environment are released by textile industries [1] but, in the remaining one-third, food dyes are a relevant part. The food color market is rapidly growing and with an estimated budget of over two billion USD [2], it significantly contributes to water pollution. Food dyes are released in the superficial waters during production, food manipulation, and consumption, via sewages; eventually, they may contaminate the soils by watering crops. Proof of the concern is the numerous investigations carried out in the last four decades to set methods for evaluating [3,4] and eliminating [5] food dyes in superficial waters.



Red is one of the colors most often used in food preparation to increase perceived flavors and attractiveness. The azo dye Ponceau red E124, in particular, has been widely used until marked side effects, such as attention deficit hyperactivity disorder (ADHD), were demonstrated in children. [6]. Since then, evidence of E124 toxicity has been produced in both plants [7,8] and animal models [8], in which interference with the oxidative state was reported [9]. This evidence led to its progressive replacement with a natural pigment, the cochineal red, also known as carmine or E120. However, E120 also has serious drawbacks caused by the non-vegan origin (the dye is extracted from the insect Dactylopius coccus) and the occasional presence of microbiological and metal impurities. Allergic reactions reported in humans exposed by contact [10], ingestion [11] or inhalation [12] have prompted an additional safer replacement. In the last two decades, the toxicity of the two red dyes has been re-evaluated [13,14], and vegan pigments have been suggested for substitution. Extracted from fruit and vegetables, they are cheap and perceived as safe by consumers because their antioxidant and anti-inflammatory effects add functional properties to the food [15,16].



Contrasting evidence exists so far on the environmental safety of the newly introduced vegan pigments. Curcumin, for example, a yellow dye substituting toxic tartrazine E102, induces favorable effects if added to the diet of cultured fish [17], but it is also reported to induce DNA damage in in vitro hamster cells [18], indicating potential toxicity on unicellular aquatic organisms, bacteria, and protozoa [19,20]. Red pigments are rich in polyphenols and anthocyanins; the latter exert marked antiproliferative effects [21] that may be beneficial in antitumoral therapies but not in developing systems like embryos or fast-growing juveniles. The antioxidant properties of vegan pigments, therefore, may be appreciable in human diets, often lacking essential principles. Still, the same does not necessarily apply to the aquatic organisms, and severe interferences at various levels on plants and animals’ growth may be postulated.



In the present study, we compared the effects of a commercial vegan red dye with those exerted by the two red dyes it is intended to replace on market shelves: E124 and E120. Establishing the environmental toxicity of a product destined to invade the market in the next future is essential. In particular, the interference of the new vegan product was tested on three fast-proliferating models. In vitro cultured cells were chosen as models mimicking single-celled organisms, while Artemia salina nauplii and Cucumis sativus seedlings were chosen to determine the effects on multicellular animal and plant species. The importance of the effects on plants should not be neglected, as contaminated waste waters are used in water gardens and cultures. The concentration of dyes was chosen according to previous papers [8,9], two-fold higher than those reported for other azo dyes in water [1], so facilitating the identification of the potential targets of toxicity.



The selected endpoints vary according to the model system. In cultured cells, the proliferation rate was determined by an MTT viability assay. In A. salina and C. sativus, the rate of development was taken as indicative of the interference of dyes on cell proliferation and differentiation. In particular, in A. salina nauplii, hatching and growth rate were determined together with mortality, while in the plant model C. sativus seedlings’ growth and organization of leaves were examined.




2. Materials and Methods


2.1. Preparation of Red Food Dyes Solutions


The three food dyes used in this study are common shelf products, used to prepare domestic foods. The vegan red, sold in powder, contains extracts of radish, black currant, and apple in undefined quantities. Ponceau red E124 and cochineal red E120 are sold in 3 mL vials, containing water and 20% dye. No attempt was made to determine the exact composition of the vegan preparation. There are no legal restrictions on these natural products and manufacturers have full discretion regarding dye type and content. To reduce variability to the minimum, care was taken to use the same product brand and lot in the experiments.



Dyes were diluted at a final concentration of 1.2 g/L [8]. The solutions were prepared with mineral water (considered pure from impurities) and immediately used to water the C. sativus seeds; for A. salina, water salinity was adjusted (Instant Ocean, salinity 36‰) according to Krishnaraju et al. [22]. For cells, the dyes were directly dissolved in the culture medium (see below).




2.2. Cell’s Maintenance, Growth, and Viability Test


PNT1A cells (human adult prostate epithelial cell line; ECACC Salisbury, UK) were grown in red phenol-free RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO, USA), supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and antibiotics (100 U/mL penicillin/streptomycin, 10 mg/mL gentamicin) in a humidified incubator at 37 °C and 5% CO2. The medium was changed every 2 days. At confluence, cells were enzymatically detached with trypsin-EDTA and seeded in a new cell culture flask.



To test viability, cells were seeded in 96-well plates at the density of 5 × 104 cells/well, starved (1% FBS) for 24 h, and treated with vegan red, E120, or E124 for 24 h. The day after, 10 µL of 3-[4,5-dimethylthiazol-2-yl]-3,5 diphenyltetrazolium bromide (MTT) were added to each well for 4 h at 37 °C and 5% CO2. Then, the medium was gently aspirated and substituted with a solution of isopropanol and DMSO (1:1) [23]) to dissolve the formazan crystals produced in each well. The absorbance of the solution was measured at 570 nm using a microplate reader. Each assay was performed in triplicate.




2.3. Artemia salina Maintenance and Evaluation of Hatching and Growth Rate


Artemia salina L. diapause cysts (250 mg) were placed in 500 mL of artificial seawater or artificial seawater contaminated with one of the three food dyes. Incubation was carried out for 10 days, at 22 °C, under constant aeration with a 12 h light photoperiod. If necessary, a few drops of distilled water were added to compensate for evaporation. Nauplii were fed daily with yeasts and algae [24]. The experiments were carried out in quadruplicate, using different batches of cysts; mortality in controls never exceeded the 10% at 2 days [25].



Samples of cysts/nauplii suspension (1 mL) were collected 24 and 48 h after the beginning of the experiment, to determine the hatching percentage, and 5 and 10 days post-hatching, to determine the percent of nauplii at the different larval stages. Samples were fixed in 2% formaldehyde for 20 min, thoroughly washed in ethanol 75% [26], and examined under a dissecting microscope. The naupliar staging was conducted according to Copf et al. [27]. In brief, nauplii in stage L0 have just emerged from the cyst and are often still inside the naupliar membranes. At the L2 and L3 stages, the nauplii elongate the abdomen, developing the first evidence of segmentation during the L3 stage. At stage L4, the anteriormost abdominal segments show the first rudiments of thoracopods which elongate and differentiate during stages L5 to L8. Stage L5 is also characterized by the appearance of the first pigmented cells of the paired compound eyes [8].




2.4. Cucumis sativus Maintenance, Seedling Growth, and Analysis of Leaf Anatomical Structure


Cucumis sativus L. seeds were surface-sterilized [8] and arranged randomly in groups of 13, in 90 mm Petri dishes containing tissue paper wetted with 8 mL of mineral water or water added with the three food dyes, vegan red, E120, and E124. The Petri dishes, set in triplicate, were incubated in the dark in a climatic chamber at a temperature of 25 ± 2 °C and relative humidity of 50 ± 5%. The seed germination and seedling growth were examined daily. The germination experiment was repeated three times, for a total of 117 observations (13 seeds × 3 Petri dishes × 3 replicates).



The germination percentage and the days to 50% emergence (E50), which indicates the rapidity in terms of days to obtain 50% germination, were calculated as reported in Noman et al. [28] using the following formulas:


G% = (Number of germinated seeds/Total number of seeds) × 100



(1)






E50 = ti + (N/2 − ni)(tj − ti)/(nj − ni)



(2)




where N = final number of germinated seeds; ni = number of seeds emerged at time ti when ni < N/2;



After germination, sprouts were exposed to a Photosynthetic Photon Flux Density (PPFD) of 190 ± 10 μmol photons m2 s−1 provided by white light-emitting diodes, at a photoperiod of 12 h. After 10 days from germination (DAG), sprouts were transferred in 100 mL vials added with water or the dye solutions until 15 DAG. During the seedling growth, distilled water was added to the pots to reintegrate the water lost by evapotranspiration. As a proxy for seedling growth, the following endpoints have been evaluated: plant total length, shoot/root ratio length; total leaf area; total plant biomass, and shoot/root ratio. Total plant length was monitored (n = 20) every 5 days up to 15 DAG; total leaf area and biomass and shoot/root ratio (n = 20) were determined on seedlings at 15 DAG. Measurements were performed by a digital camera on randomly chosen control and treated seedlings and analyzed using the software Image J 1.45. The experiments were repeated in triplicate.



For light microscopy, the leaves of the control plants treated with vegan red, E120, and E124 pigment were fixed according to Motta et al. [8]. They were dehydrated in a graded series of ethanol and embedded in Epon resin. Semi-thin sections were prepared and observed under a light microscope after staining with 1% toluidine blue in 1% sodium tetraborate buffer to show general morphology. The thickness of spongy and palisade mesophyll was determined in serial sections with the aid of software associated with a ZEISS Axiocam Microscope Camera applied to a Zeiss Axioskop microscope.




2.5. Statistical Analysis


Statistically significant differences among treatments were assessed by Graph Pad Prism 7 (GraphPad Software, La Jolla, CA, USA, www.graphpad.com accessed on 4 April 2016), using one-way ANOVA followed by Bonferroni’s multiple comparison test. Data were expressed as mean ± SEM and were considered to be statistically significant if p < 0.05.





3. Results


3.1. Effects of the Red Food Dyes on Cell Viability


MTT assay (Figure 1) indicated that after 24 h of exposure, vegan red induced a significant increase and E124 a significant decrease in cell viability. No effect was noticed after exposure to E120 compared to the control.




3.2. Effects of Red Food Dyes on the Early Development of Artemia salina Nauplii


The hatching percentage (Figure 2) was significantly decreased in cysts exposed to vegan red (p < 0.05) or E120 (p < 0.01), at both 24 and 48 h. In cysts exposed to E124, no significant effect was observed at 24 h, while at 48 h a dramatic increase (p < 0.001) occurred with the hatching percentage rising to 66.7 ± 6.4 compared to the 17.4 ± 5.0 of control cysts.



To better understand the dynamics of naupliar populations, mortality was assessed by daily sampling (Figure 3). Results indicated that mortality remained below 5% until day 4. On day 5, a raise was observed in all samples (range 8–12%), with a significant peak in E124 (16.1% vs. 8.6% of control). On day 6, values increased further, with E124 remaining the most toxic dyes (18.6% vs. 9.7% of control). On day 7, an increase in mortality was observed also in samples exposed to E120 (18.6% vs. 14.3% of control). For E124, the mortality was 21.5%, and for vegan red 15.1%.



Analyses of naupliar gross morphology revealed that nauplii were normally developed with no significant evidence of deformities (data not shown).



The effect of dyes on developmental timing was checked by comparing the percent of each stage after 5 and 10 days from hatching. Profound effects were found.



Five days after hatching (Figure 4, left panel), about 30% of control nauplii were at stage L3 and 57% at stage L4. Occasional nauplii were at stage L5. In samples exposed to vegan red, the vast majority of nauplii was at stage L3 (87%) and none at stage L5, suggesting a delay in development. After exposure to E120 or E124, about 10% of nauplii were at stage L5, clearly indicating acceleration of development.



Ten days after hatching (Figure 4 right panel), 50% of control nauplii were at stage L5 and about 10% were already at stage L6. The remaining 35% were distributed between stages L3 and L4. In samples exposed to vegan red, a moderate delay of development was observed being the nauplii essentially distributed between stages L3 and L4. Nauplii at the L7 stage were also present but their percentage, 2.5%, was too low to indicate an acceleration of development. In contrast, a marked acceleration was observed in samples exposed to E120: in this case, about 30% of nauplii were at stages L6 and L7 and about 8% were already at stage L8. After exposure to E124, a completely different situation was observed. The occasional presence of nauplii in stage L5 and the complete absence of nauplii in L6–L8 stages were justified by the high mortality rate registered (Figure 3). The survived nauplii were distributed between stages L3 (60%) and L4 (39%).




3.3. Effects of Red Food Dyes on the Early Development of Cucumis sativus Seedlings


3.3.1. Germination Percentage


On 4 DAG the germination percentage reached almost 90% in control and treated seeds, and no significant difference was observed in the time to get 50% germination (T50) between different treatments (Figure 5).




3.3.2. Seedling Growth


No significant difference was observed in the seedling elongation up to 15 days after germination (Figure 6A), while seedlings exposed to E120 and E124 showed a higher (p < 0.01) shoot/root length ratio (Figure 6B). Vegan red dye induced a significant reduction of total fresh biomass (p < 0.05) compared to other treatments, due to the decrease of both hypogeal and epigeal portions (Figure 6C). The analysis of biomass distribution between epigeal and hypogeal parts evidenced that E120 and E124 determined a significant increase (p < 0.01 and p < 0.05 respectively) in the hypogeal biomass compared to control and vegan red (Figure 6C). A significant decline (p < 0.05) in the shoot/root mass ratio was also found in all the treatments compared to control (Figure 6D). In addition, seedlings treated with food dyes exhibited a significant reduction (p < 0.01) of the total leaf area (Figure 6E–G).




3.3.3. Cotyledonary Leaf Anatomical Structures


A significant thickening accompanied the reduced leaf expansion (Figure 7M, p < 0.001) due to cellular hyperplasia and hypertrophy of the spongy and palisade mesophyll (Figure 7A–D). In seedlings developed in the presence of E124, leaves were more severely altered, with palisade cells tightly packed and crammed (Figure 7D). Amyloplasts were particularly numerous in leaves treated with vegan red (Figure 7B,J) and, to a lesser extent, after treatment with E124 (Figure 7L). No variation was observed in chloroplasts number and/or distribution.






4. Discussion


Investigations confirm that E124 and E120 exert marked toxic effects on rapidly developing aquatic systems [18]. Unexpectedly, similar effects are also observed after exposure to a vegan red pigment preparation, a vegetal product introduced in the food market to replace artificial or animal red dyes, considered unsafe. According to the analyses carried out, vegan red is as unsafe for aquatic animals as E120 and E124 since it alters 10 of the 15 endpoints analyzed (Table 1).



The first striking evidence is that vegan red favored vitality in the cells in vitro. In multicellular models, the effects were contrasting. In A. salina, vegan red delayed hatching and early development but accelerated later development. In C. sativus it reduced epigeal and total biomass but induced leaves cell hyperplasia and hypertrophy and increased the number of amyloplasts.



Both radish (Raphanus sativus) and black currant (Ribes nigrum) extracts, present in the vegan red preparation, may be responsible for the observed stimulatory effects. The former contains antifungal proteins [29], the latter is rich in antioxidative polyphenols [30], and both contain anthocyanins, natural colorants with marked oxygen radical absorbing capacity [31]. All together, these components may protect cells and favor growth. In effect, in C. sativus, leaves showed marked hyperplasia of mesophyll.



On the other hand, it is reported that Raphanus sativus and Ribes nigrum have marked antiproliferative effects and induce apoptosis in cancer cells [32,33]. Similar effects probably were exerted on early Artemia embryos, thus delaying hatching and early development, and in Cucumis, reducing shoot biomass and total leaf area.



The apparent incongruences in response to vegan red cannot be explained by differences in absorption that likely occurred in the three models via cell surface. Anthocyanins, in fact, penetrate roots [34] and in vivo and in vitro cells and organs [21,35], including the A. salina cyst chorion [36]. Unfortunately, no data were found on seed integument permeability. Toxicodynamics also would share many similarities since in both vegetal [34,37] and animal [38] cells, anthocyanins remain active once inside the cell [39] and protect against chemical and physical stressors by controlling inflammation and redox state.



An intriguing hypothesis partly explaining the effects of vegan red comes from the evidence that anthocyanins have an osmoregulatory effect on plants [40]. In C. sativus leaves, anthocyanins contained in the vegan red preparation would have unbalanced the osmotic potential and induced the mesophyll cells’ observed marked hypertrophy. If a similar anthocyanins effect also occurs in animal models [41], the consequent deregulation of the osmotic gradient in cysts would reduce the ability of the hatchlings to emerge from the embryonic membranes [42], thus explaining the delayed hatching [41].



Besides demonstrating the marked toxicity of vegan red on the three aquatic models, the present investigation collected further evidence of E124 and E120 toxicity.



By reducing in vivo cell viability, E124 confirms its cytotoxicity and the effects already observed in fast proliferating cancer cell lines [43]. In A. salina, the dye induced an unexpected initial increase in the number of hatched cysts, already observed in D. rerio [8]. Results also confirm the previously observed increase in mortality [8] and add new evidence: i.e., strangely enough, death occurred only among nauplii at stages L4–L5. Hatch interference and mortality account for the presence of L5 nauplii on day 5 (L4 in controls) and L3 and L4 nauplii on day 10 (while in controls most nauplii are at the L5 and L6 stages). The high mortality was never associated with significant visible alterations in gross morphology. Anticipation/delay in growth, however, are indicative of profound effects on metabolism and naupliar physiology. In a recent paper, we demonstrate that all red dyes increase ROS, while E120 and E124 reduced the susceptibility to oxidative stress [9].



In C. sativus, seedling elongation was unaffected by E124 despite the long-term exposure (15 days). However, the increased shoot/root length ratio, indicating a negative effect of E124 on root development, and the reduction in the total leaf area support the hypothesis that the dye has a genotoxic effect and inhibits cell division [7,8,44,45]. A limitation in root development may affect the whole plant’s growth, altering the plant’s ability to absorb water and uptake nutrients [8]. These modifications may, in turn, determine alterations in leaf anatomy, compromising plant functionality. Martinez et al. [46] recently demonstrated that nutrient deficiency causes thickening and alterations in cherry tomato organs. In fact, compared to vegan red and E120, the leaf structure of E124-treated seedlings highlights a pluri-stratified palisade tissue in which the cells are densely tightly packed and crammed to each other to form a compact layer where intercellular spaces are not visible. Moreover, a very thin cuticle is observed. This leads to the conclusion that E124 interfered with mesophyll, causing marked hyperplasia and hypertrophy, which are usually interpreted as a defense response [47,48].



New evidence provided by this study is that E124 made the roots shorter but thicker, thus reducing the shoot/root ratio and altering the carbon distribution between epigeal and hypogeal portions of plants. Results also confirm that the dye does not affect seed germination [8].



E120 was also confirmed to be just as unsafe as the synthetic E124. Though without effects on in vitro cells, E120 reduced hatching and accelerated development in A. salina nauplii up to a stage, L8, never observed in controls. Mortality also increased, confirming previous data [8]. In C. sativus, the dye-induced effects are comparable to those induced by E124, just less marked. The mechanism of action of E120 is not completely clarified. It is a grounded extract obtained from an insect and, after purification, is rich in carminic acid, carmines, and small residues of unbound aluminum cations. Toxicity is proven in long-term experiments on mammals [14], plants, and micro-crustaceans, and carminic acid would be the main responsible [45,49].



A final consideration should be made on the relatively high concentration of colorants used in these experiments [8,9]. It should be considered that the concentrations of dyes are significantly high in polluted areas (up to 0.5 gr/L; [1]), that many dyes may be present at the same time, and last but not least, that the organisms are exposed chronically, from ovo/seed to death, with multiple routes of access. The effects, therefore, may be significantly more severe than expected based on the responses obtained from exposure to a single, relatively high dose. The lack of precise information on the manufacturing processes of vegan red does not allow to separate the dye effects from those of the minor components potentially present in the preparation. These, however, are also eliminated with the dyes, reach the aquatic environments and eventually contribute to animal and plant toxicity.




5. Conclusions


The present investigation demonstrated that a commercial vegan red dye exerts marked toxicity on three models: in vitro cells, embryo/larval Artemia salina, and Cucumis sativus seedlings. Therefore, this potential substitute for E124 and E120 cannot be considered safe for the environment, especially if the concentration in freshwater will rise in the future. Further investigations are required to clarify the mechanism of action in different models so as to foresee the effects of long-term exposure on animals and plants occupying different levels of the trophic chain.
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Figure 1. Effect of vegan red VEG, E120, or E124 on PNT1A cell viability. Notice the significant decrease induced by E124 and the significant increase induced by vegan red. (Data are mean ± SEM; *** p < 0.001). 
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Figure 2. Hatching rate (%) at 24 and 48 h in Artemia salina cysts exposed to vegan red VEG, E120 or E124. Notice the significant decrease induced by VEG and E120 at both 24 and 48 h and the increase induced by E124 at 48 h. (Data are mean ± SEM; * p < 0.05; ** p < 0.01; *** p < 0.001). 
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Figure 3. Mortality percentage in Artemia salina nauplii exposed to vegan red VEG, E120, or E124. Notice the significant increase registered for E124 since day 5 and for E120 on day 7. (Data are mean ± SEM; * p < 0.05). 
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Figure 4. Naupliar stages (%) in Artemia salina samples exposed to vegan red VEG, E120, or E124. Five days from hatching. VEG delays (increased percentage of L3 nauplii; *) and E124 and E120 accelerate (appearance of L5 nauplii; *) development. Ten days from hatching. Moderate and significant acceleration of development in VEG and E120 (presence of L7 and L7 and L8 nauplii respectively; *). In E124, are present only L3 and L4 nauplii. 
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Figure 5. Effect of vegan red VEG, E120, or E124 on the time (h) to obtain a 50% of Cucumis sativus seeds germinated (T50). Data are mean ± SEM (n = 20). No significant differences are evident among treatments. 
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Figure 6. Effect of vegan red VEG, E120 or E124 on Cucumis sativus seedlings elongation (up to 15 days) (A), and on shoot/root ratio in terms of length (B), total fresh biomass and distribution between shoot and root (C), shoot/root ratio in terms of fresh biomass (D), total leaf area (E) of Cucumis sativus seedlings at 15 days after germination. Individual seedlings at 15 days are compared in (F). (Data are mean ± SE; n = 20; * p < 0.05; ** p < 0.01). 
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Figure 7. Effect of vegan red VEG, E120, or E124 on cotyledonary leaves. (A): normal morphology of palisade (p) and spongy (s) mesophyll. (B–D): hyperplasia and hypertrophy of mesophyll. Arrows indicate amyloplasts. Vertical red lines indicate some of the measures used to determine average thickness. Detail of palisade (E–H) and spongy (I–L) cells. Notice the presence of large intercellular spaces (asterisks) and the increase in amyloplasts after VEG treatments (arrows). (M): Average thickness of spongy (SM) and palisade (PM) mesophyll. (Data are mean ± SE; n = 20; *** p < 0.001). 
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Table 1. Summary of the effects registered on in vitro cells, Artemia salina nauplii, and Cucumis sativus seedlings after exposure to vegan red VEG, E120, or E124. Values significantly increased (+), decreased (−), or were unchanged (0) compared to the controls (p ˂ 0.05). Cell viability (MTT); hatchsing at 24 or 48 h (hatch); developmental rate, 5- and 10-days post-hatching (develop); mortality (mort); germination (germ); root and shoot (rt, sh); thickness of spongy (SM) and palisade (PM) mesophyll.
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