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Abstract

:

Oxidative imbalances in the gestational phase are responsible for certain complications during pregnancy and for foetal and neonatal genetic disorders. In this work, using human amniocytes, we aimed to evaluate the protection provided to foetal DNA by two concentrations of antioxidant molecules, α-lipoic acid (LA) and curcumin (Cur), against hydrogen peroxide (H2O2)-induced damage. Genotoxicity tests, performed by the random amplification of polymorphic DNA (RAPD-PCR) technique and TUNEL tests, showed that the lowest concentration of LA-protected cells and DNA from H2O2 insults. However, a greater ability to protect the amniocytes’ DNA against H2O2 was observed following co-treatment with the highest concentration of Cur with H2O2. In fact, a genomic template stability (GTS%) similar to that of the negative control and a statistically significant reduction in the DNA fragmentation index (DFI) were revealed. Moreover, following a combined treatment with both antioxidants and H2O2, no statistical difference from controls was observed, in terms of both induced mutations and DNA breaks. Furthermore, no effect on morphology or cell viability was observed. The results demonstrate the ability of LA and Cur to protect the genetic material of amniocytes against genotoxic insults, suggesting their beneficial effects in pathologies related to oxidative stress.
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1. Introduction


Reactive oxygen species (ROS) cause damage to various biological molecules, especially DNA. The excessive production of ROS due to external stimuli or following an endogenous process is often responsible for genotoxic damage [1].



ROS, including superoxide (O2•−) hydrogen peroxide (H2O2) and the hydroxyl radical (•OH), are responsible for the formation of DNA–DNA intermolecular bonds and for modifications of nitrogenous bases, involved in the establishment and transmission of defective molecules and genetic mutations to subsequent generations [2].



This explains the innumerable pathological implications of oxidative stress (OS), which can arise especially in the perinatal stage, as it is a critical phase very susceptible to external perturbations and characterised by minimal foetal antioxidant capacity.



Normal pregnancy is characterised by mild OS: mitochondrial ROS production at low levels in uteroplacental cells is necessary to regulate a variety of placental processes. Placental ROS signalling is predominantly conferred by H2O2, which plays a regulatory role through the oxidative modification of cysteine residues on target proteins such as enzymes and transcription factors. On the other hand, excess mitochondrial ROS causes uteroplacental dysfunction by damaging cellular macromolecules, which underlies the pathogenesis of preeclampsia and foetal/intrauterine growth restriction (FGR/IUGR) associated with gestational hypoxia. Gestational hypoxia has a major effect on the mitochondria of uteroplacental cells, causing them to overproduce ROS, leading to OS [3,4].



Oxidative imbalances in the gestational phase are responsible not only for certain complications that occur during pregnancy, but also for a series of foetal and neonatal genetic disorders [4]. An excess of ROS, in the prenatal stage, is responsible for the restriction of foetal growth, early labour, iron-deficiency anaemia and in the most severe cases, congenital malformations, abortions or chromosomal abnormalities [5].



The best-known complication related to OS is preeclampsia: a clinical condition in a pregnant woman that, in the worst cases, can hinder normal blood flow to the foetus and, therefore, nutritional supply, resulting in a delay in foetal growth and, sometimes, even intrauterine death. The study conducted by Hung and collaborators (2006) attributed the origin of this syndrome to excessive placental ROS production following ischemia–reperfusion damage [6].



Supporting the involvement of ROS as a preeclampsia risk factor, literature data show that antioxidant activity was reduced in women with preeclampsia; specifically, the coenzyme Q10 was present in very low amounts, suggesting a useful role of this antioxidant in inhibiting the oxidative syndrome [4].



An inadequate intake of micronutrients and essential vitamins is closely related to foetal mortality. Therefore, inefficient global antioxidant activity and a drop in the levels of enzymatic cofactors, such as zinc, copper and manganese, can compromise the outcomes of pregnancy, as well as increase the risk of diseases in adulthood, including cardiovascular disease and type 2 diabetes mellitus [7]. It follows that strengthening the maternal antioxidant defences should improve the outcome of pregnancy, so safe antioxidant molecules, harmless to the mother and foetus, could be used as therapy to counteract and prevent pathological oxidative stress disorders in pregnancy. Attempts to use vitamins C and E or coenzyme Q10 for preventive or therapeutic purposes during pregnancy have largely been abandoned due to their serious negative consequences. In fact, women supplemented with vitamins C and E were at increased risk of developing gestational hypertension and premature rupture of membranes, but they had a decreased risk of abruptio placentae [8].



α-lipoic acid (LA) is a powerful biological antioxidant and a natural cofactor capable of regenerating essential antioxidant molecules, such as coenzyme Q10 and vitamins C and E, as well as repairing proteins, lipids and DNA damaged by OS. Supplementation with LA during pregnancy could be beneficial, as it can protect against diabetic embryopathy and foetal loss and restore diabetic placentas [9]. Moreover, it has been shown to have a positive effect on the treatment of postpartum perineal pain in association with omega-3, allowing a reduction in the intake of analgesic drugs, which are risky during breastfeeding [10].



Curcumin (Cur) is the main constituent of turmeric (Curcuma longa). This particular antioxidant molecule is known as a substance generally recognised as safe for which non-mutagenicity and reproductive non-genotoxicity have been demonstrated [11]. In a mouse model study, Cur improved gestational diabetes mellitus (GDM)-related complications by significantly reducing blood glucose, insulin and total oxidative stress. Furthermore, curcumin also had positive effects on the offspring of mothers with GDM, restoring litter size, weight and congenital birth defects, including neural tube defects (NTDs) [12]. Cur also inhibits the activation of placental macrophages in preeclampsia-like mice, indicating that it has anti-inflammatory properties and suggesting that it may be useful in preventing inflammatory complications in pregnancy [13].



Considering the role of antioxidant molecules in restoring oxidative balance, it is necessary to detect their real protective and preventive action against DNA damage during the gestational phase. In this regard, amniotic fluid could represent a valid aid for the in vitro study of foetal alterations, as, containing differentiated, progenitor and stem cells that represent foetal tissues [14], it provides information about any damage to the foetal DNA, as well as being potentially capable of revealing the protection provided by an antigenotoxic agent.



The focus of this work is determining the potential antigenotoxic effects of two concentrations of LA (200 and 300 µM) and Cur (20 and 40 µM) in counteracting H2O2 (10 mM) genotoxicity with 48, 72 and 96 h of exposure (h) using amniotic cells as an in vitro experimental model. Furthermore, considering that the combination of multiple antioxidants is known to enhance their individual activity, we proposed evaluating the synergistic effects of the combination of the two antioxidant molecules for the same exposure times (48, 72 and 96 h).



The study was conducted by evaluating cellular morphology and viability, the degree of protection against DNA fragmentation, protection from induced mutations and increased genomic stability by means of TUNEL tests, the random amplification of polymorphic DNA (RAPD)–PCR technique and genomic template stability (GTS) calculations.




2. Materials and Methods


2.1. Chemicals


α-lipoic acid and curcumin were supplied by Merk KGaA (Darmstadt, Germany CAS: 1077-28-7; CAS: 458-37-7). All the substances tested were dissolved in 0.5% absolute ethanol (Thermo Fisher Scientific Waltham, MA, USA, CAS: 64-17-5).




2.2. Cell Culture and Exposure Procedure


Amniotic cells were collected from human amniotic fluid of pregnant women undergoing prenatal diagnosis at Varelli Diagnostic Institute (Napoli, Italy). Briefly, amniotic fluid samples were centrifuged at 1500 revolutions per minute (rpm) for 10 min (min) and suspended in Amniomed® Plus, EuroClone medium at 37 °C, a pH of 7.2–7.4 and 5% CO2 [15]. After performing prenatal diagnosis, 30 subcultures were pooled and centrifuged at 1500 rpm for 10 min; then, the pellet was suspended in medium and placed onto a plastic culture flask (surface of 25 cm2) for culture to cellular confluence. Then, the cells were trypsinized with 1 mL of 1× trypsin-EDTA (Microgem Cat. L0930-100) and divided into eight experimental groups: one culture system was treated with 200 µM LA; one with 300 µM LA; one with 20 µM Cur; one with 40 µM Cur; one was co-treated with 200 µM LA plus 10 mM H2O2; one was co-treated with 300 µM LA plus 10 mM H2O2; one was co-treated with 20 µM Cur plus 10 mM H2O2; one was co-treated with 40 µM Cur plus 10 mM H2O2. As a negative control, 0.5% ethanol was used, while as a positive control, 10 mM H2O2 was applied according to our previous results [15].



We also co-tested LA+ Cur alone and in combination with 10 mM H2O2 to assess the synergistic effect of the two antioxidants in counteracting H2O2-induced genotoxicity in amniotic cells. The concentrations were chosen on the basis of preliminary tests and literature data [16]. Although other groups have demonstrated the antioxidant and antigenotoxic effects of LA at lower concentration [17], a final LA concentration of 300 μM was selected according to the maximal protective effective dose as determined in vitro by Maddux et al. 2001 [18]. The substances were added as soon as each culture system had reached 80% cell confluence. The exposure times were 48, 72 and 96 h, in order to monitor the full growth cycles of the amniocytes in vitro, which take 48 h to achieve 80% confluence; we tested until 96 h to allow maximum cell confluence to be reached [19].



Between the two concentrations of LA and Cur, one was chosen for co-exposure based on the results obtained from the individual exposures. The same cells pool was used across all assays and experiments. All the experiments were performed in triplicate.




2.3. Cell Morphology Analysis


The alterations of the conventional fibroblastoid morphology of amniocytes [16] were investigated by observing cell morphology in terms of sizes and shapes of the treated amniocytes compared to those of the controls. Morphological observations were performed using an inverted optical microscope (Optika XDS-3LT trinocular inverse microscope, Optika, Ponteranica, Italy) with 400× magnification.




2.4. Cell Viability


Cell viability was evaluated through trypan blue staining [20]. Briefly, amniocytes were mixed with 0.4% trypan blue, and under an optical microscope, we distinguished viable cells with clear cytoplasm from non-viable cells that incorporated the dye, with a blue cytoplasm. The number of viable cells was calculated as follows: Cell viability = (number of non-blue cells/number of total cells) × 100.




2.5. DNA Polymorphisms and Genomic Template Stability


The RAPD-PCR technique is a PCR that allows the electrophoretic polymorphic profiling of each sample by using a single short primer under low-annealing conditions. This technique allows verifying induced mutations in terms of the appearance and disappearance of polymorphic bands compared to untreated samples [21]. Genomic amniocyte DNA was isolated and purified from 200 µL cell suspensions using the High Pure PCR Template Preparation Kit (ROCHE Diagnostics®). The DNA amplification reaction was conducted using Primer 6 (5′-d[CCCGTCAGCA]-3′) according to Mottola and collaborators, 2019 [15]. Specifically, the amplification program comprised an initial step at 94 °C for 2 min, and then 1 min at 95 °C, 1 min at 36 °C and 2 min at 72 °C, for 45 cycles. A 1.5% agarose gel, stained with 1% ethidium bromide, was used for the electrophoresis of the amplification products. The RAPD-PCR profiles were used for GTS% calculation as follows: GTS = (1 − a/n) × 100, where a is the average number of polymorphic bands (the appearance of new bands and disappearance of bands) of each treated sample and n is the total band number in the negative control. The variations of these values were estimated as a percentage with respect to the control, set to 100% [22].



Binary coded characters (1, 0) were used for the molecular genetic investigation and elaborated using the Genesis software (Graz University of Technology Institute for Genomics and Bioinformatics 1.8.1).




2.6. DNA Fragmentation


To directly detect breaks in the amniocyte DNA in a simple and standardised manner [23], we used TUNEL tests (In Situ Cell Death Detection Kit, Fluorescein (ROCHE Diagnostics, Basel, Switzerland)) [15]. First, 10 µL of cell suspension, obtained after detachment with 1× trypsin and washing with 1× phosphate buffered saline (PBS), was gently smeared on slides previously cleaned with ethanol. Then, the slides were fixed in 4% paraformaldehyde for 1 h at room temperature (RT). After the fixing times, the slides were washed in 1 PBS and allowed to incubate in a permeabilizing solution (0.1% sodium citrate, 0.1% Triton X-100) for 30 min. The slides were washed in 1× PBS twice, and then, the water around the sample was allowed to dry. Next, 50 µL of the TUNEL reaction mixture (5 µL of terminal deoxy nucleotidyl transferase enzyme solution and 45 µL of Label Solution), previously prepared and left on ice, was added to each slide, which was then incubated in a humid chamber for 1 h at 37 °C in the dark. Then, the slides were washed three times in 1× PBS and stained in 4′, 6-diamidino-2-phenylindole (DAPI) for 5 min in the dark. Afterwards, 100 µL of 1,4 diazobicyclo (2,2,2) octane (DABCO) solution (20×) was added to each slide. Finally, the slides were observed under a fluorescent microscope, Nikon Eclipse E-600, equipped with BP 330–380 nm and LP 420 nm filters. About 350 cells per slide were analysed, determining the percentage of nuclei with fragmented DNA that incorporated the fluorescein, which appeared green, from the intact nuclei, which appeared blue (DFI = (number of green nuclei/number of total nuclei) × 100).




2.7. Statistical Analysis


The data are expressed as mean and standard deviation (SD). Differences in the percentages of cell viability, DNA fragmentation and genomic stability among the experimental groups were analysed by applying ANOVA (analysis of variance) tests with GraphPad Prism 6. Only results with p-value ≤ 0.05 (p ≤ 0.05) were considered statistically significant.





3. Results


3.1. Cell Morphology Analysis


The control amniocytes showed epithelioid and fibroblastoid-like phenotypes: cells with a usual elongated hexagonal shape with clear contours showing confluence were observed.



LA (300 µM) alone resulted in small cell morphology changes, while that in combination with 10 mM H2O2 induced changes in cell phenotype starting from short exposure times. In particular, there was the detachment of some cells from the culture system’s adhesion surface, with dark contours and cytoplasm.



The cells treated with LA (200 µM) presented clear contours and the classic elongated shape. The combination of 200 µM LA and 10 mM H2O2 showed some protective action of LA against H2O2, as the amniotic cells showed a regular morphology and phenotype.



Cur at 20 and 40 µM did not induce any morphological changes compared to the control cells at 48, 72 and 96 h. Treatment with 40 µM curcumin plus 10 mM H2O2 did not alter the cell morphology or phenotype at any of the exposure times tested, showing better cell phenotype protection than LA alone. Furthermore, 40 µM curcumin with 200 µM LA, including when both were combined with 10 mM H2O2 resulted in a regular fibroblastoid-like phenotype for the amniocytes for all the treatment times in contrast with H2O2 single treatment (Figure 1).




3.2. Cell Viability


No significant difference was observed in the percentage of viable amniotic cells after α-lipoic acid (200 and 300 µM) and curcumin (20 and 40 µM) exposure for all the times.



Co-exposure to 200 µM LA and 10 mM H2O2 did not induce statistically significant changes in viability, while 300 µM LA and 10 mM H2O2 co-exposure statistically significantly reduced amniotic cell viability after 96 h (Figure 2a).



The combination of 20 µM curcumin and 10 mM H2O2 induced a statistically significant reduction in viability after only 72 h, while 40 µM curcumin and 10 mM H2O2 co-treatment did not alter amniocyte viability (Figure 2b).



Co-exposure to 200 µM α-lipoic acid and 40 µM curcumin for 48, 72 and 96 h did not statistically significantly reduce amniotic cell viability, nor did co-treatment with 200 µM α-lipoic acid plus 40 µM α-curcumin with 10 mM H2O2 reduce cell viability (Figure 3).




3.3. DNA Polymorphic Profiles


The RAPD-PCR analysis showed a variation of the polymorphic profiles of the DNA of amniocytes exposed to LA and Cur alone and in combination with 10 mM H2O2. LA at 200 µM induced a variation of only 2 bands for all the exposure times, unlike 300 µM LA, which induced a deep change in polymorphic bands equal to the positive control (10 mM H2O2). After 24 and 72 h, 200 µM LA with 10 mM H2O2 produced variation in four bands, while 96 h of exposure to 200 µM LA and 10 mM H2O2 generated only two new bands. The electrophoretic patterns for 300 µM LA with 10 mM H2O2 co-exposure showed a pronounced band alteration compared to non-treated amniocytes. The exposure to curcumin caused slight differences in total band numbers; even 40 µM Cur did not provoke any band disappearance and/or appearance after 72 and 96 h. Co-treatment with 20 µM Cur and 10 mM H2O2 produced variation in four bands after 24 and 72 h, while only the disappearance of two bands after 96 h, with respect to the control, was observed. Co-exposure to 40 µM Cur and 10 mM H2O2 for 24 h provoked a change in three bands; by contrast, 72 and 96 h induced only one band alteration. The RAPD-PCR polymorphic patterns related to 200 µM LA plus 40 µM Cur co-exposure were the same as those obtained for 200 µM LA and 40 µM Cur plus 10 mM H2O2, reaching the negative control polymorphic profiles after 96 h of co-exposure (Figure 4).




3.4. Genomic Template Stability


The analysis of the RAPD DNA polymorphic profiles allowed us to calculate the amniocyte genome stability percentage (GTS%). α-lipoic acid at 200 µM induced a statistically significant reduction in DNA stability after only 48 h of exposure, while 300 µM α-lipoic acid provoked genome instability at all the exposure times (48, 72 and 96 h). The results indicate that amniocytes’ genomic stability only increases with α-lipoic acid (200 µM) and H2O2 co-treatment with respect to H2O2 alone, until it reaches values not statistically significant after long exposure hours (96 h) (Figure 5a).



The exposure to 20 and 40 µM curcumin did not reduce the genome stability in amniotic cells in vitro for any of the times. The combination of 20 µM curcumin with H2O2 preserved DNA stability with respect to H2O2 alone, with values not statistically significant after the maximum exposure time (96 h); the co-treatment with 40 µM curcumin plus H2O2 enhanced the GTS% in amniotic cells starting from 72 h, which reached negative control values at 96 h (Figure 5b).



The combination of 200 µM α-lipoic acid, 40 µM curcumin and H2O2 (10 mM) increased amniocytes’ DNA stability until it almost reached the negative control level for all the exposure hours (Figure 6).




3.5. DNA Fragmentation


The results from the TUNEL test showed that exposure to 200 µM LA did not result in statistically significant DNA damage. By contrast, 300 µM LA induced a statistically significant increase in the amniotic cells’ DNA fragmentation index (DFI) after all the exposure hours alone and in combination with 10 mM H2O2.



Co-exposure to 200 µM LA and 10 mM H2O2 caused DNA fragmentation in amniocytes only after 48 h, while no statistically significant DNA damage was observed from 72 to 96 h (Figure 7a).



Cur treatment at both concentration (20 and 40 µM) did not induce amniocyte DNA fragmentation for any of the exposure hours. The combination of 20 µM curcumin and 10 mM H2O2 caused a reduction in DNA fragmentation with respect to H2O2 alone with values not statistically significant after a prolonged exposure time (96 h), whereas 40 µM curcumin and 10 mM H2O2 co-exposure reduced the DFI in amniotic cells from 48 h (Figure 7b).



The combination of 200 µM α-lipoic acid and 40 µM curcumin with 10 mM H2O2 statistically significantly reduced the DNA fragmentation in amniocytes with respect to H2O2 alone for all the exposure hours (Figure 8).





4. Discussion


The ability of free radicals to induce DNA damage, as well as their link to chronic-degenerative pathologies, has greatly expanded the research on natural or synthetic molecules capable of limiting or preventing the potential damage caused by ROS.



Antioxidants improve the body’s immune defences and reduce the risk of disease, preventing ROS damage to biological macromolecules [24,25].



Given the serious consequences induced by ROS in cells, tissues and organs, living organisms have developed a complex antioxidant defence system to preserve the stability of their cellular structures. Despite its remarkable efficiency, the endogenous antioxidant system is not sufficient to keep the concentrations of free radicals low; therefore, humans need to introduce different types of antioxidants into their diets. Exogenous antioxidants are increasingly used to combat OS. OS is the undesirable effect of the biochemical balance between oxidizing species and antioxidant molecules being disrupted, which can influence the onset and/or courses of many inflammatory or degenerative diseases, including those occurring in natural conditions such as pregnancy [26].



The monitoring of certain substances within the amniotic fluid has highlighted the importance of vitamin intake during pregnancy; in particular, low levels of folic acid and vitamin B12 were found in the amniotic fluid of foetuses with neural tube malformations [27]. The detection of these substances in pregnancy has been shown to be useful in some diseases linked to oxidative stress, such as celiac disease [28]. This pathology induces malabsorption and deficiencies of vitamins (folic acid and vitamins B12, K and B6) and minerals important for prenatal development, leading to serious foetal and neonatal consequences [29].



The opportunity to monitor the antioxidant and vitamin “reserves” of the foetus, through the amniotic fluid, could provide the opportunity to intervene, before delivery, by restoring nutritional levels and thus promoting correct foetal development.



Numerous studies have been undertaken to identify new plant resources with low side effects and strong antioxidant properties that protect against cell damage.



Our study focused on LA and Cur, two amphipathic antioxidant substances capable of acting in different areas of the organism, as they can cross biological membranes, including the blood–brain barrier [30,31,32].



Our results showed the ability of 200 µM LA to counteract H2O2′s genotoxic effect on human amniocyte cultures in vitro at the molecular level and in terms of DNA breaks. About 200 µM LA showed protection against cell death, as it was able to reduce the percentage of cells with fragmented DNA at prolonged exposure times, suggesting time-dependent action and cell death protection. At the same times, LA significantly increased genomic stability compared to the oxidizing agent alone (H2O2), and in this case, the protective action was also time-dependent, with greater antigenotoxic power for prolonged times of exposure. The ability of LA to neutralise genotoxicity is in agreement with an in vitro study conducted on human placental trophoblasts that demonstrated LA’s ability to counteract cellular apoptosis [33], which occurs in the placenta in hypoxic conditions [34]. By contrast, the data showed that 300 µM LA provoked a statistically significant increase in amniotic cells with fragmentated DNA and genome instability after all the exposure hours. These results show that antioxidants can induce genotoxicity when applied beyond certain concentrations, probably because they can reduce ROS below physiological concentrations, preventing the latter from carrying out their biological functions. However, it is necessary to determine the appropriate dose(s) to be used to maximise the beneficial antioxidant and detoxifying effects and to minimise any pro-oxidant toxic effects. Therefore, future research will be aimed at evaluating the effects of LA concentrations less than 300 µM.



Cur also showed an ability to counteract the H2O2-induced oxidative damage, particularly at the highest concentration tested (40 µM). Literature data have already shown the protective effects of curcumin against damage induced by mutagenic pollutants such as benzo(a)pyrene and other genotoxic agents, protecting against DNA fragmentation by suppressing ROS production and increasing glutathione peroxidase 4 (GPX4) gene expression [35], which is known to protect cells from DNA-damaging oxidative stress caused by cell membrane peroxidation [36].



Our results confirm the anticytotoxic and antigenotoxic potential of curcumin, as cell morphology and phenotype were preserved for all the treatment times. Furthermore, a statistically significant reduction in the DFI produced by 40 µM Cur with respect to exposure to H2O2 alone was observed. In particular, the results show significant reductions in the percentage of cells with fragmentated DNA and induced mutations for the intermediate and maximum exposure times tested, indicating a mechanism of action that requires prolonged times.



Regarding H2O2 genotoxicity, the results of this research are in agreement with the literature, as H2O2 is responsible for DNA damage [37,38]; more specifically, the results show the susceptibility of foetal cells to ROS’ negative effects, both triggering apoptosis and reducing genomic stability, sometimes by over 50%. To protect cells and, consequently, DNA from this evident damage, in some cases, the action of a single antioxidant molecule is not enough. In fact, some data report that antioxidants work in a synergistic manner when administered simultaneously [39,40,41]. It is known that vitamin E requires vitamin C supplementation to generate the maximum antioxidant effect [42]. In the same way, an interaction between astaxanthin and vitamin E produces a synergistic antioxidant effect [43].



From our results, the association of 200 µM LA and 40 µM Cur showed a high anticytotoxic and antigenotoxic effect, although only at the maximum exposure times, in fact, while the viability and cell morphology, were preserved for all the times, the percentage of cells with fragmented DNA and the genome stability reached values similar to those for the negative control after 96 h of combined treatment (LA plus Cur) with H2O2, greatly reducing the genotoxic activity of the latter. However, 40 µM Cur seems to have alone the ability to counteract H2O2 genotoxicity, indeed restoring the negative control status both in DFI and GTS%, especially after longer time of exposure. So, future studies through combination index will be needed to analyse the potential synergy between LA and Cur.



The association of Cur and LA, being able to defend cells and DNA against ROS-induced mutations in terms of the GTS%, DFI and amniocyte viability in vitro, could represent an innovative approach to protecting foetal DNA from OS during pregnancy. This evidence arouses interest in investigating the potential combined effects of the two antioxidants in protecting DNA against gene mutations, through involvement in the mechanisms of the detoxification of free radicals, in the prenatal phase. These results could provide a valid starting point for the therapeutic prevention of prenatal OS and pathologies associated with genetic disorders.



Although our study has highlighted the beneficial effects of these two molecules against oxidative damage, further studies are still needed to investigate the effects of the molecules in question on DNA. In fact, this study showed a greater antigenotoxic ability of 40 µM Cur compared to 20 µM and compared to LA alone. However, especially in view of a real future therapy, it should be noted that exposure to individual molecules induced variations, even though minimal, compared to controls, in terms of DNA adducts, as highlighted with the RAPD-PCR technique. Therefore, further tests with the use of different concentrations of these antioxidant molecules will be fundamental, as well as investigation with lower concentration of antioxidants are necessary to get antigenotoxic effects more easily reached in vivo.



It is known that even an antioxidant compound can have deleterious effects if administered in excessive doses, and in fact, our results indicate that the supplementation of 300 µM LA provokes conspicuous DNA damage in amniotic cells similar to that induced by H2O2. A documented example of this phenomenon is provided by retinoic acid, a derivative of vitamin A, which, despite participating in the formation of the anteroposterior axis of the mammalian embryo and in the formation of limbs, if present in high concentrations, can have serious negative repercussions for embryonic development [44].



At the same time, experiments with a mouse model revealed that the consumption of 40 μM curcumin resulted in reduced maturation of oocytes and alterations in embryonic development [45].



Furthermore, even though in vivo studies for human risk assessment are limited, it must be considered that polyphenols can inhibit oestrogen metabolism, which can even lead to an increase in the proliferation of breast cancer cells [46].



Therefore, it is not easy to translate the effects obtained in vitro into potential health benefits. It must be considered that the bioavailability of food flavonoids is influenced by several factors including metabolism, absorption, water solubility, cell membrane permeability and their ability to cross the blood–brain barrier [47].



Therefore, further studies in in vivo models will be needed to determine the appropriate doses of LA and Cur to use as therapy, testing a wide range of concentrations to ensure their bioavailability and also to evaluate their actual ability to cross the placental barrier. It is known that LA has rapid uptake and low bioavailability, and the metabolism is primarily hepatic [48,49]; additionally, Cur exhibits poor bioavailability due to poor absorption, rapid metabolism and rapid systemic elimination [50].



This evidence underlines the need for more investigations into the antigenotoxic or genotoxic effects of LA and Cur metabolites, as well as clinical trials to assess the long-term safety of LA and Cur, before such antioxidant treatment is extended to pregnant women.




5. Conclusions


Natural products offer an incalculable variety of chemical compounds, and it is likely that phytochemicals will acquire more interest as important therapeutic factors for various degenerative diseases. The therapeutic applications of substances of natural origin are forming the basis of modern medical science and the starting point for the birth of new drugs. Diet is closely linked to both the incidence and prevention of many types of diseases associated with OS. Appropriate eating behaviour as well as the integration of antioxidant supplements during pregnancy can reduce the risk of pathologies related to oxidative stress in the unborn child. Our results show a protective action of LA at 200 µM against oxidative DNA damage. Similarly, Cur is able alone to counteract H2O2 genotoxicity, resulting in an increase in genomic stability and reduction in the DNA fragmentation index in human amniotic cells in vitro. Moreover, the combination of 40 µM cur and 200 µM LA has a high antigenotoxic effect, with a strong increase in genomic stability, reaching values close to those for the negative control and a significant decrease in the DFI. It must be considered that this evidence for the effects of LA and Cur is limited to an in vitro system, so further studies on in vivo models may be necessary to realise the use of these antioxidants during pregnancy. Therefore, the extraordinary antioxidant and protective actions of LA and Cur in vitro suggest their possible use for beneficial intervention in the context of oxidative imbalances resulting from endogenous or external insults during pregnancy, exerting a protective action against permanent mutations in the foetus induced by oxygen free radicals.
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Figure 1. Amniotic cell morphology after different periods of exposure (48, 72 and 96 h) of all substances tested. (A1) Negative control; (A2) positive control (10 mM H2O2); (B1) 20 µM curcumin exposure; (B2) 40 µM curcumin exposure; (B3) 10 mM H2O2 + 40 µM curcumin co-exposure. (C1) 200 µM α-lipoic acid exposure; (C2) 300 µM α-lipoic acid exposure; (C3) 10 mM H2O2 + 200 µM α-lipoic acid co-exposure. (D1) 200 µM α-lipoic acid plus 40 µM curcumin co-treated amniotic cells; (D2) 200 µM α- lipoic acid plus 40 µM curcumin with 10 mM H2O2 co-treated amniotic cells. 
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Figure 2. (a) Percentages of alive amniotic cells (ordinate) after different hours of exposure (abscissa) to H2O2, α-lipoic acid (LA) and H2O2 and LA (co-exposure). The black bars are negative control (NC); the white bars are positive control (10 mM H2O2); the dark grey bars are 200 µM α-lipoic acid (LA1); the light grey bars are 300 µM α-lipoic acid (LA2); the striped bars are amniotic cells co-treated with 10 mM H2O2 + 200 µM α-lipoic acid (LA1 + H2O2); the dotted bars are amniotic cells co-treated with 10 mM H2O2 + 300 µM α-lipoic acid (LA2 + H2O2). (b) Percentage of alive amniotic cells (ordinate) after different hours of exposure (abscissa) to H2O2, curcumin (Cur) and H2O2 and Cur combined. The black bars are negative control (NC); the white bars are positive control (10 mM H2O2); the dark grey bars are 20 µM curcumin (Cur1); the light grey bars are 40 µM curcumin (Cur2); the striped bars are amniotic cells co-treated with 10 mM H2O2 + 20 µM curcumin (Cur1 + H2O2); the dotted bars are amniotic cells co-treated with 10 mM H2O2 + 40 µM curcumin (Cur2 + H2O2). Number of viable cells was calculated as follows: Cell viability = (number of non-blue cells/number of total cells) × 100. Values with different letters differ with statistical significance (ANOVA). p ≤ 0.05. 
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Figure 3. Percentages of alive amniotic cells (ordinate) after different hours of exposure (abscissa) to H2O2, H2O2 and LA (co-exposure), H2O2 and curcumin (Cur) (co-exposure) and LA plus Cur and H2O2. The black bars are negative control (NC); the white bars are positive control (10 mM H2O2); the light grey bars are 10 mM H2O2 + 200 µM α-lipoic acid (LA1 + H2O2); the dark grey bars are 10 mM H2O2 + 40 µM curcumin (Cur2 + H2O2); the grey dotted bars are amniotic cells co-treated with 200 µM α-lipoic acid plus 40 µM curcumin with 10 mM H2O2 (LA1 + Cur2 + H2O2). Number of viable cells was calculated as follows: Cell viability = (number of non-blue cells/number of total cells) × 100. Values with different letters differ with statistical significance (ANOVA). p ≤ 0.05. 
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Figure 4. Molecular sizes (bp), as determined by Genesis software, of bands appearing and disappearing after amplification with primer 6 for DNA of human amniocytes exposed to different substances for (a) 48 h, (b) 72 h or (c) 96 h. NC: negative control; H2O2: 10 mM hydrogen peroxide; LA1: 200 µM α-lipoic acid; LA2: 300 µM α-lipoic acid; Cur1: 20 µM curcumin; Cur2: 40 µM curcumin. Light green: new bands that appeared; dark green: disappeared bands; red: bands not changed with respect to the control. 
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Figure 5. (a) Changes in the percentage of genome template stability (ordinate) in amniotic cells after different hours of exposure (abscissa) to H2O2, α-lipoic acid (LA) and H2O2 and LA combined. The black bars are negative control (NC); the white bars are positive control (10 mM H2O2); the dark grey bars are 200 µM α-lipoic acid (LA1); the light grey bars are 300 µM α-lipoic acid (LA2); the striped bars are 10 mM H2O2 + 200 µM co-treatment (LA1 + H2O2); the dotted bars are 10 mM H2O2 + 300 µM α-lipoic acid co-treatment (LA2 + H2O2). (b) Changes in percentage of genome template stability (ordinate) in amniotic cells after different hours of exposure (abscissa) to H2O2, curcumin (Cur) and H2O2 and Cur combined. The black bars are negative control (NC); the white bars are positive control (10 mM H2O2); the dark grey bars are 20 µM curcumin (Cur1); the light grey bars are 40 µM curcumin (Cur2); the striped bars are 10 mM H2O2 + 20 µM curcumin co-treatment (Cur1 + H2O2); the dotted bars are 10 mM H2O2 + 40 µM curcumin co-treatment (Cur2 + H2O2). GTS% was calculated as follows: GTS = (1 − a/n) × 100, where a is the average number of polymorphic bands (the appearance of new bands and disappearance of bands) of each treated sample and n is the total band number in the negative control. The variations of these values were estimated as percentages with respect to the control, set to 100%. Values with different letters differ with statistical significance (ANOVA). p ≤ 0.05. 
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Figure 6. Change in percentage of genome template stability (ordinate) in amniotic cells after different hours of exposure (abscissa) to H2O2, H2O2 and LA (co-exposure), H2O2 and curcumin (Cur) (co-exposure) and LA plus Cur and H2O2. The black bars are negative control (NC); the white bars are positive control (10 mM H2O2); the light grey bars are 10 mM H2O2 + 200 µM α-lipoic acid (LA1 + H2O2); the dark grey bars are 10 mM H2O2 + 40 µM curcumin (Cur2 + H2O2); the grey dotted bars are 200 µM α-lipoic acid plus 40 µM curcumin with 10 mM H2O2 co-treatment (LA1 + Cur2 + H2O2). GTS% was calculated as follows: GTS = (1 − a/n) × 100, where a is the average number of polymorphic bands (the appearance of new bands and disappearance of bands) of each treated sample and n is the total band number in the negative control. The variations of these values were estimated as percentages with respect to the control, set to 100%. Values with different letters differ with statistical significance (ANOVA). p ≤ 0.05. 
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Figure 7. (a) Percentage of DNA fragmentation (ordinate) in amniotic cells after different hours of exposure (abscissa) to H2O2, α-lipoic acid (LA) and H2O2 and LA combined. The black bars are negative control (NC); the white bars are positive control (10 mM H2O2); the dark grey bars are 200 µM α-lipoic acid (LA1); the light grey bars are 300 µM α-lipoic acid (LA2); the striped bars are 10 mM H2O2 + 200 µM α-lipoic acid co-treatment (LA1 + H2O2); the dotted bars are 10 mM H2O2 + 300 µM α-lipoic acid co-treatment (LA2 + H2O2). (b) Percentage of DNA fragmentation (ordinate) in amniotic cells after different hours of exposure (abscissa) to H2O2, curcumin (Cur) and H2O2 and Cur combined. The black bars are negative control (NC); the white bars are positive control (10 mM H2O2); the dark grey bars are 20 µM curcumin (Cur1); the light grey bars are 40 µM curcumin (Cur2); the striped bars are 10 mM H2O2 + 20 µM curcumin co-treatment (Cur1 + H2O2); the dotted bars are 10 mM H2O2 + 40 µM curcumin co-treatment (Cur2 + H2O2). DNA fragmentation index was calculated as follows: DFI = (number of green nuclei/number of total nuclei) × 100). Values with different letters differ with statistical significance (ANOVA). p ≤ 0.05. 
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Figure 8. (a) Percentage of DNA fragmentation (ordinate) in amniotic cells after different hours of exposure (abscissa) to H2O2, H2O2 and LA (co-exposure), H2O2 and curcumin (Cur) (co-exposure) and LA plus Cur and H2O2. The black bars are negative control (NC); the white bars are positive control (10 mM H2O2); the light grey bars are 10 mM H2O2 + 200 µM α-lipoic acid (LA1 + H2O2); the dark grey bars are 10 mM H2O2 + 40 µM curcumin (Cur2 + H2O2); the grey dotted bars are 200 µM α-lipoic acid plus 40 µM curcumin with 10 mM H2O2 co-treatment (LA1 + Cur2 + H2O2). DNA fragmentation index was calculated as follows: DFI = (number of green nuclei/number of total nuclei) × 100). Values with different letters differ with statistical significance (ANOVA). p ≤ 0.05. (b) Amniotic cells with fragmented DNA (green) and intact DNA (blue), after H2O2 treatment, detected with Nikon E600 fluorescence microscope. 
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