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Abstract

:

Liver fibrosis is a chronic disease associated with oxidative stress that has a great impact on the population mortality. Due to their antioxidant capacity, we evaluated the protective effect of Opuntia robusta fruit (Or) on liver fibrosis. A nutraceutical characterization of Or was performed and a model of fibrosis was induced with thioacetamide (TAA) in Wistar rats. Aminotransferases, reduced glutathione (GSH) and histopathology were evaluated. Or contained 436.5 ± 57 mg of Betacyanins equivalents/L., 793 mg of catechin equivalents (CAE)/100 g for flavonoids, 1118 mg of gallic acid equivalents (GAE)/100 g for total phenols, 141.14 mg/100 g for vitamin C and 429.9 μg/100 g for vitamin E. The antioxidant capacity of Or was: 2.27 mmol of Trolox® equivalents (TE)/L (DPPH), 62.2 ± 5.0 μmol TE/g (ABTS•+), 80.2 ± 11.7 μmol TE/g (FRAP), 247.9 ± 15.6 µmol TE/g (AAPH) and 15.0% of H2O2 elimination. An increase (p < 0.05) of aminotransferases and a decrease (p < 0.05) of hepatic GSH was observed in the TAA group compared to the control and the concomitant groups. Histopathology showed changes in the normal architecture of the liver treated with TAA compared to the concomitant treatments. Or contains bioactive components with antioxidant capacity, which can reduce fibrotic liver damage.
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1. Introduction


Fibrosis is an inadequate adaptative response to chronic tissue damage. Oxidative stress is a key factor in the development of liver fibrosis, as it damages hepatocytes and promotes the release of proinflammatory mediators [1]. Liver fibrosis is associated with significantly increased rates of morbidity and mortality worldwide and there are currently no adequate therapies to treat its progression [2].



Liver fibrosis is a dynamic process characterized by an imbalance between extracellular matrix secretion and degradation in response to continuous exposure of the liver to noxious agents. Chronic exposure to certain chemical substances generates oxidative stress that induces secretion of soluble inflammatory and fibrogenic mediators, such as TNF-α, TGF-β, IL1, and IL6, eventually causing hepatocellular damage [3]. These cytokines activate different populations of hepatic cells and cause a sustained inflammatory reaction. One of the cell populations that is activated are hepatic macrophages (Kupffer cells). Once activated they cause the activation of quiescent hepatic stellate cells (qHSC) triggering an imbalance of synthesis and degradation of extracellular matrix components (EMC).



Due to the increase in the incidence and prevalence of liver fibrosis and the relative ineffectiveness of currently used treatments, there is a need for new therapeutic strategies to reduce damage, and thus prevent its progression.



Thioacetamide (TAA) is a compound widely used to simulate the damage generated in the pathogenesis of liver fibrosis. TAA increases reactive oxygen species (ROS) formation via its metabolite, thioacetamide sulfdioxide (TASO2), which causes severe oxidative stress along with lipid peroxidation and generation of protein carbonyls and DNA adducts [4]. Oxidative stress in the liver causes activation of hepatic stellate cells (HSCs) due to ROS produced during TAA metabolism. ROS provides paracrine activation signals that induce transdifferentiation of HSCs into myofibroblast-like cells causing an imbalance in EMC synthesis and degradation [5], perpetuating the fibrotic process.



Species of the Opuntia genus have great cultural and nutritional importance in Mexico. Eighty three of the 189 species that comprise the genus are found in the north-central zone of this country, in the states of Guanajuato, Hidalgo, Jalisco, Querétaro, San Luis Potosí, Zacatecas and Aguascalientes [6]. Opuntia species have many benefits, and their widespread distribution has prompted research on the nutritional properties of their fruits, the prickly pears [7,8], which have been proposed as functional foods. Concentrations of various bioactive compounds have been reported before, mainly betacyanins, total phenols and flavonoids in seeds [9], peel [9,10,11], pulp [9,11], and juice [12] of different species of this genus. However, the fruits of each harvest have different concentrations of secondary metabolites since these depend on external environmental conditions and stimuli, such as humidity, temperature, season, altitude, pollution, etc. [9,12,13] Thus, it is important to perform a nutraceutical characterization each time a new study is carried out in order to determine if the biological effect observed is due to the concentrations obtained from the biocomponents.



The bioactive compounds of Opuntia robusta fruit (Or) have been studied due to its potential beneficial effect on intestinal, cardiovascular, and liver health as well as for having antioxidant and even anticancer properties [14,15,16]. Likewise, this fruit has been used to treat degenerative and metabolic diseases caused by oxidative stress [17].



Previously, the antioxidant and hepatoprotective effects of Or extracts on oxidative stress-induced acute liver damage induced by acetaminophen [12,18] and diclofenac intoxication [19] have been reported. Because oxidative stress is a common phenomenon in acute and chronic liver damage caused by different noxious agents, including drugs, chemicals and viruses that can lead to fibrosis, the aim of this study was to determine the nutraceutical properties and the antioxidant, hepatoprotective and antifibrotic effects of Or in a rat model of hepatic fibrosis induced with TAA.




2. Results and Discussion


2.1. Nutraceutical Characterization


2.1.1. Fruit Material


A total of 42.6 kg of prickly pears (Figure 1) were collected, of which 24.5 kg were destined for the extraction of Or pulp (OrP) and 18.1 kg for the extraction of Or extract (OrE), obtaining 6.35 and 4.96 L, respectively. The average weight yield of OrP obtained was 47.81% (data not shown) and the percentage of lyophilization yield was 13.38% on average.



It has been reported that 28 to 58% of the entire weight of the Opuntia fruits is pulp [20], which is consistent with our results.




2.1.2. Determination of Moisture Content


The moisture content of OrP was found to be 89.96 ± 0.1% according to the AOAC protocols [21]. The edible portion of the fruit, OrP, is composed of 84 to 90% water [20]. A moisture percentage of 84.10 ± 0.14 has been reported previously for OrP [22] a figure very close to the one obtained in the present study and determined following AOAC protocols. These species are well known for mitigating food and water shortages in drought-prone areas [23].




2.1.3. Bromatological Analysis of OrP


The bromatological analysis of OrP is presented in Table 1. We infer from this analysis that the plants from which the fruits were collected are middle-aged because there is an inverse correlation between the crude fiber content, which increases with the age of the plant [24] and the crude protein content that decreases in ageing plants. Moreover, an important nutritional value is inferred from OrP, considering its high percentage of nitrogen-free extract (NFE). NFE represents highly digestible carbohydrates, which, like total carbohydrates, also increase with age [24]. All these determinations were made both on dry matter basis (DMB) and on wet matter basis (WMB).




2.1.4. Betacyanins


Betalains are secondary metabolites classified into two main groups: betacyanins and betaxanthins depending on the groups conjugated to the precursor betalamic acid [25]. Betacyanins are considered as antioxidants due to their capability to scavenge free radicals directly by the presence of a cyclic amino group, which acts as a hydrogen donor or indirectly via redox-sensitive transcription factors, such as Nrf2, which activates the cellular antioxidant response via AREs (antioxidant response elements). The content of betacyanins obtained from OrP was 436.5 ± 57 mg of betacyanin equivalents/L (Table 2) similar to the values previously reported by González-Ponce et al. (2020) [18], 464.9 ± 10.87 mg of betacyanin equivalents/L and higher than those found by González-Ponce et al. (2016) [12] 333.27 ± 11.46 mg of betacyanin equivalents/L. Taking into account that the weight of 1 L of OrP is 1032.6 g, its percentage of humidity is 89.96% and its percentage of solids is 10.04%, the dry basis figure of betalains obtained was 4.18 mg of equivalents of betacyanins per gram of dry OrP, a figure significantly higher than that reported by Castellanos-Santiago and Yahia (2008) [7] (2.06 ± 0.06 mg/g dry pulp) for Opuntia robusta, which, in turn, was compared with other species: ficus-indica (0.39 ± 0.03 mg/g dry pulp), megacantha (0.065 ± 0.01 mg/g dry pulp) and albi-carpa (0.05 ± 0.02 mg/g dry pulp) species. This indicates that Or has a higher antioxidant capacity than some other fruits studied and even higher than other Opuntia species because this capacity is directly proportional to their content of betacyanins.



Betanin is an important betacyanin and has a chemical structure that allows the neutralization of free radicals that are mainly responsible for lipid peroxidation. The redox potential of betanin makes this molecule an efficient reducer of peroxyl radicals derived from unsaturated lipids of biological membranes [26]. Betanin also acts as a scavenger of nitrogen dioxide, the radical initiator of the oxidative process of low-density lipoproteins (LDL). The antioxidant capacity of betanin is linked to its phenol group [27] and induces the antioxidant Nrf2 pathway [28]. The molecular structure of betacyanins has an electron-donating site, rich in electrons and an electron-accepting site, which is deficient in electrons, bound by a conjugated π system. This generates an intramolecular electron transfer process and facilitates the flux of electrons within the molecule [29]. The antioxidant potency of betacyanins can be attributed to this mechanism since it can donate or remove electrons from radical species. Betacyanins can reduce the oxidative damage present in hepatic fibrosis induced by thioacetamide by neutralizing superoxide radicals that are generated by its biotransformation.




2.1.5. Total Soluble Phenols


OrP has 1118.0 mg GAE/100 g of total soluble phenols (Table 2). Fernández-López et al. (2010) [30] reported 218.8 mg/100 g in ficus-indica and compared it with Opuntia stricta (204.4 mg/100 g) and ondulata (164.6 mg/100 g). Or has a significant number of phenolic compounds, even higher than those reported for these species using the same Folin–Ciocalteu method. Phenolic compounds, also known as hydrophilic antioxidants, are the most abundant secondary metabolites in fruits [31]. It has been reported that the pulp of the Opuntia spp. fruits contains phenolic compounds and other antioxidants that have a positive effect on the cellular redox balance, mainly due to the reduction of LDL levels [32]. Or contains a higher quantity of total soluble phenols than the other Opuntia species that have been studied. Moreover, the inhibition of peroxidation of polyunsaturated fatty acids correlates with the antioxidant capacity of polyphenols [33]; consequently, it is inferred that Or prevents the oxidation of membrane lipids and, consequently, cell necrosis.




2.1.6. Total Soluble Flavonoids


OrP contained 793 mg of catechin equivalents (CAE) per 100 g of fruit on dry basis (Table 2). Part of the beneficial activity of these species is attributed to the synergistic effect of flavonoids with betalains [32]. This suggests that the important antioxidant activity of OrP is not only due to its considerable amount of betacyanins, but also from their interaction with phenolic compounds, including flavonoids, which has effects on lipid metabolism [34], increasing plasma levels of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) [35]. Furthermore, the consumption of flavonoids stimulates the conversion of alpha-linolenic acid into long-chain polyunsaturated fatty acids n-3 EPA and DHA [36]. Flavonoids intake has also been associated with an increase in the concentration of polyunsaturated fatty acids by modifying the enzymatic activity or gene expression of the fatty acid desaturase enzymes Δ5 and Δ6 [37]; thus, reducing oxidative damage to membrane lipids. Flavonoids also attenuate oxidative damage by increasing the activity of endogenous antioxidant mechanisms, such as the transcription factor Nrf2 [38].



An excessive generation of ROS, causes oxidation of polyunsaturated fatty acids that constitute biological membranes, eventually causing cell damage and cell death. Flavonoids and betanin inhibit the formation of alkyl radicals, the molecular entity associated with the oxidation of lipids [39]. In addition, betanin has been reported to scavenge superoxide anions [40] and this scavenging effect is augmented in the presence of flavonoids [32].



Or has proven to be the species with the highest concentration of betalains, total phenolic compounds and flavonoids [11,12], which confirms its important biological activities, mainly its antioxidant capacity. We propose that their consumption reduces the severity of liver fibrosis.




2.1.7. Antioxidant Capacity


DPPH (2,2-Diphenyl-1-picrylhydrazyl)


To evaluate the antioxidant effect and elucidate the possible mechanisms of cytoprotection of Or, we performed the DPPH free radical scavenging assay, obtaining 2.27 mmol of Trolox® equivalents (TE)/L for OrP (Table 3). González-Ponce et al. (2016) [12] has reported higher figures (5.77 ± 0.33 mmol eq. Trolox/L) for robusta; however, they also report a lower figure for the streptacantha species (1.31 ± 0.94 mmol eq. Trolox/L).



It has been established that the Opuntia fruit species with the highest values in this assay are those with red-purple pigments [41]. This strengthens the evidence that antioxidant activity is closely related to the presence of betalains and their interaction with other biocomponents, such as flavonoids, phenolics and vitamins. In support, DPPH correlates strongly with the amount of flavonoids and phenolic compounds present in the fruit [42].



Using the DPPH method, it has been evaluated that the antioxidant capacity of titanium dioxide nanofibers increases considerably when betanin is added [43]. Therefore, we conclude that OrP has a potent radical scavenging activity due to the presence of multiple bioactive compounds, including betacyanins (Table 2).




ABTS•+ (2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic Acid) Diammonium Salt)


The Trolox Equivalents Antioxidant Capacity (TEAC) of OrP evaluated by the ABTS•+ method is 62.2 ± 5.0 μmol TE/g on dry matter basis (Table 3). The extracts of the fruit of Opuntia streptacantha (61.69 ± 3 mg eq. ascorbic acid/100 mL) have been compared with those of Opuntia robusta (92.62 ± 5 mg eq. ascorbic acid/100 mL) [12], confirming that O. robusta has a greater capacity to eliminate ABTS•+ radical and demonstrating its high capacity to neutralize radicals via two different mechanisms: single electron transfer (SET) or hydrogen atom transfer (HAT) since the ABTS•+ radical can be neutralized by any of these routes [44]. In the absence of phenolic compounds, the ABTS•+ radical is stable; however, it reacts with hydrogen donors, such as phenolics, and generates a colorless metabolite of ABTS•+ [45], indicating that the major mechanism detected in this assay is HAT (Table 2) due to the presence of phenolic compounds in Or.




FRAP (Ferric Reducing Antioxidant Power)


The TEAC of OrP determined by this method, 80.2 ± 11.7 μmol TE/g on dry matter basis (Table 3), indicates the presence of phenolic compounds (Table 2) that can diminish the conversion of ferrous ion Fe2+ to the ferric ion Fe3+ inhibiting the Fenton reaction that yields the strongly oxidizing hydroxyl radical. Or is known to contain almost three times the TEAC (73.24 ± 3 mg eq. ascorbic acid/100 mL) than O. streptacantha (28.82 ± 2 mg eq. ascorbic acid/100 mL) [12]. The FRAP assay is specific for the electron donor mechanism (SET) [46]. That is why it is convenient to combine ABTS•+ and FRAP techniques to obtain a complete picture of antioxidant capacity of Or [44].




AAPH (2,2-Azobis(2-amidinopropane) Dihydrochloride)


We determined that 50% of the erythrocyte membrane lipid peroxidation caused by AAPH was reversed by OrP, a percentage comparable to that reported for carotenoids (48%) [47]. The capacity of betanin and its aglycone betanidin to inhibit lipoperoxidation and the degradation of the heme group in vitro, even at very low concentrations, has been reported before [48]. Furthermore, betalains are known to inhibit peroxynitrite-mediated tyrosine nitration and DNA chain division [49]. Thus, the antioxidant capacity of these pigments is not limited to a single mechanism of action.



In the third phase of the assay, it was necessary to dilute the OrP extract since the concentrated extract exceeded the pre-established values of the vitamin E analogue Trolox (Table 3), suggesting that the synergy of multiple components of OrP enhances the antioxidant capacity of each of them, including vitamin E.




Capacity to Scavenge H2O2


The capacity of OrP to scavenge H2O2 was 15 ± 0.8% at 100 µg/mL (Table 3) similar to that of Crataegus monogyna water and ethanol extracts (15.44–30.13%) [50]. The ability to neutralize reactive species, such as hydrogen peroxide, can be attributed to the presence of primary antioxidants, such as phenols and flavonoids [51], and these antioxidants are present at significant concentrations in OrP (Table 2). Furthermore, betanin pretreatment of HT29 cells significantly prevents DNA damage caused by H2O2 [40] and it has been reported that betanin protects DNA against ROS and RNS [40,49].




Vitamins E and C


Vitamins E and C are potent antioxidants present in OrE at 429.9 μg/100 g and 141.14 mg/100 g, respectively (Figure 2 and Figure 3). The content of vitamin C was very similar to that reported for guava, a fruit known for its significant content of vitamin C (136.99 mg/100 g) [52].



The ability of these vitamins to eliminate ROS has been reported and there is a direct correlation between their concentration and the preservation of reduced glutathione (GSH) levels [53]. Furthermore, the gene expression of glutathione reductase and glutathione peroxidase are increased by their intake [53,54]. The concomitant administration of OrP or OrE with TAA increases GSH levels (F indicating a beneficial effect of the components of the fruit, including vitamins E and C. The beneficial effects on the levels of non-enzymatic antioxidants provided by the intake of vitamins E and C have been reported previously in type II diabetes mellitus (DMT2) when the vitamins were used as dietary supplement [54].



Considering that the oxidation of membrane lipids generated by the abstraction of hydrogen atoms is one of the most important mechanisms of damage caused by TAA and that vitamin E represents one of the most important fat-soluble antioxidants that provides protection to lipoproteins and phospholipids of biological membranes and stored lipids [55], this vitamin could mitigate the hepatic damage caused by TAA via hydrogen donation or HAT mechanism. Using the DPPH, ABTS•+ and AAPH techniques, we have demonstrated in this study that OrP has the capacity to reduce lipoperoxidation via these mechanisms.



Vitamin E reacts with peroxyl radicals of fatty acids, primary products of lipid oxidation, preventing their subsequent reaction with macromolecules. This vitamin has a beneficial effect on chronic liver damage, which is characterized by sustained inflammation, since it can reduce this biological response [56].



On the other hand, vitamin C modulates NF-kB nuclear translocation and reduces the signaling cascade that leads to HSC activation, collagen deposition and, ultimately, liver fibrosis [57].



Because vitamins E and C are exogenous micronutrients not associated with toxicity, as well as free radical scavengers and lipid peroxidation inhibitors, they should be included in the diet. This study demonstrates their presence in Or fruits.



Almost all the assays used in this study evaluate the HAT mechanism (except ABTS•+ that evaluates both HAT and SET and FRAP that only detects SET). However, there is evidence that electron donation by the betanin molecule is also a mechanism of action [58], which suggests that betanin is a compound that scavenges free radicals and reactive molecules via various mechanisms. One of these mechanisms is radical quenching: it removes superoxide and singlet oxygen radicals via a physical scavenging mechanism [59]. It should be noted that both synergistic and antagonistic effects occur among molecules with different degrees of antioxidant capacity, such as flavonoids, phenolics and vitamins E and C [60].






2.2. Animal Studies with Thioacetamide


2.2.1. Animals and Treatments


Fibrosis is the result of chronic damage to the liver parenchyma and is characterized by the elevation of aminotransferases, increased oxidative stress and alterations in hepatic architecture. Using markers to assess these changes in the liver, we determined the effects of Or on fibrogenesis induced by TAA.




2.2.2. Liver Damage Markers


High serum levels of ALT and AST are indicators of liver damage [56]. Chronic administration of TAA causes elevation of serum aminotransferases [61]. The administration of OrP significantly reduced ALT and AST levels in TAA-treated animals, indicating reduced liver damage. In the second week of treatment, OrP reduced ALT levels more than betanin (Figure 4). Showing that the other biocomponents of OrP act synergistically with the betacyanins in the fruit (Table 2), providing increased cytoprotection to hepatocytes.



During the third week, serum AST levels in rats from the OrP/TAA group did not differ from the control group, but did differ from the TAA group. The serum levels of ALT in the OrP/TAA group were lower than in the OrE/TAA and betanin/TAA groups and similar to the ALT levels in the NAC/TAA group (Figure 4). OrP decreased hepatocyte damage very effectively in the early stages of the pathogenesis of liver fibrosis. After four weeks of treatment, the experimental groups OrE/TAA and NAC/TAA showed significant differences compared to the TAA group (Figure 4). In contrast, the protection provided by OrP is very limited at this stage.



Finally, in the fifth week, the serum AST levels of all the treatment groups demonstrated a significant difference compared to the TAA group (Figure 4), indicating significant protection against the lesions caused by TAA. OrP and OrE also significantly reduced ALT levels compared to the TAA group (Figure 4), showing a marked protection to hepatocytes, since they are the cells that mainly produce this aminotransferase.




2.2.3. Oxidative Stress Markers


GSH (Reduced Glutathione)


Administration of TAA induces oxidative stress in liver tissue via the generation of hydroperoxides during membrane lipid peroxidation, which is reflected in the decrease of hepatic GSH concentrations (Figure 5) as well as the increase in the MDA values (Figure 6) [62] and the activity of glutathione peroxidase [63]. The toxic metabolite of TAA (TASO2) acts as an electrophilic compound that increases cellular oxidative stress. TASO2 is directly neutralized by glutathione, which is why a significant decrease in reduced glutathione levels is observed at all time points of treatment with TAA (Figure 5A–D). However, when TAA is administered concomitantly with hepatoprotective agents, a higher concentration of GSH is shown even compared to the control group. As mentioned before, betanin is a potent inducer of GSH synthesis via the erythroid nuclear factor 2 (Nrf2) pathway, which demonstrates the important antioxidant capacity of this pigment, since Nrf2 is an important regulator of the antioxidant response. As shown in Figure 5A–C, treatment with betanin restores GSH levels to the levels observed in the control group, while treatment with Or seems to even increase tissue concentration of GSH compared to the control group. This increase occurs at all time points of treatment but is greater at week 4. OrE, during the second and third weeks of treatment, presented greater cytoprotective effects (Figure 5), in accordance with biochemical and histopathological data (Figure 4, Figure 7 and Figure 8I–L), but at week 4, it is the treatment with OrP that promotes synthesis of GSH through redox cycles and/or facilitates the binding of GSH to cellular proteins to delay their oxidation, using OrP antioxidant machinery as a priority rather than depleting glutathione stores.



The dose of NAC used in this experimental model was effective in reducing liver damage as reflected in biochemical (Figure 4) and histopathological markers (Figure 7 and Figure 8). However, hepatic GSH levels showed a significant depletion in comparison to the control and TAA groups. There are reports in which this drug has been used for the treatment of early liver injury at lower doses [64] indicating that the dose of the drug is important to achieve the desired antioxidant effect.



In acute acetaminophen intoxication, there is evidence that Opuntia streptacantha partially prevents GSH depletion, while Opuntia robusta does it completely [12]. In the same study, it was reported that the treatment with Opuntia restored GSH concentration very close to the control levels. In the present study, GSH levels in the groups treated with OrE and OrP were higher than those shown by the control group (Figure 5). It has also been reported that the presence of phenolic compounds from the fruit of Opuntia robusta acts in synergy with betacyanins (Table 2), potentiating the antioxidant effect of the compounds compared to when they are isolated [32].




MDA (Malondialdehyde)


The excessive formation of superoxide radicals caused by TASO2 leads to the oxidation of unsaturated membrane lipids and the subsequent formation of MDA, which forms adducts with DNA, eventually triggering cell death. Likewise, lipid peroxidation of the cell membrane of hepatocytes is one of the main causes of liver injury [65]. Accordingly, in Figure 6A–C, we show that in our experimental model there was an increase in MDA throughout the treatment with TAA from week 2 onwards. High doses of TAA are known to induce oxidative stress and lipid oxidation as well as a decrease in antioxidant status [66].



OrE is more protective than OrP since it decreased the MDA levels on weeks 2, 3, and 4, while OrP did not provide any protection (Figure 6), suggesting the possibility of adhesion of the active components of the fruit to the insoluble fiber, making their availability and absorption more difficult. OrE, at weeks 3 and 4 (Figure 6B,C) of treatment, proved to be even more effective than betanin. This suggests that betanin alone only shows protection in the early stages of damage but becomes more protective in the presence of other biocomponents of OrE (Figure 6A). In addition, there is evidence to support that toxic products play an important role in betanin oxidation [67]. OrE is probably more protective because of the presence of both betalains and flavonoids. OrE is also protective in a model of acetaminophen intoxication in the liver and this protection correlates with reduced MDA levels [18].





2.2.4. Histopathological Study


Compared to healthy controls, the livers of rats treated with TAA showed extensive areas of vacuolation, necrosis, and fibrosis, especially in zone 3, inflammatory infiltrate and loss of the normal architecture of the liver parenchyma (Figure 7A–D). It was observed that the administration of Or significantly reduced the histopathological changes induced by TAA.



Damage was observed from zone 3 to the portal spaces (Figure 7A–D); this is due to the differential expression of cytochrome P450 enzymes that are responsible for the biotransformation of TAA into TASO2 [68]. There is evidence that chronic intoxication with TAA drastically reduces the expression of the hepatic proteins CYP1A2, CYP2C6, CYP2E1, and CYP3A2 by 18, 71, 30, and 21%, respectively, compared to the control group [61]. This pattern of damage was persistent; although, the administration of OrP for two weeks (Figure 7E, Figure 8E and Figure 9) attenuated the damage (Figure 7A, Figure 8A and Figure 9).



From the third week of administration of TAA (Figure 7B and Figure 8B), a beneficial effect is observed for OrP (Figure 7F and Figure 8F) and OrE (Figure 7J and Figure 8J), comparable or even more than observed with NAC (Figure 7R and Figure 8R), a hepatoprotective drug used clinically to restore GSH levels on fibrotic diseases [69]. OrP and OrE decreases cell damage at the early stages and reduced fibrosis at all stages (Figure 9). At week 4 of OrP/TAA treatment (Figure 7G and Figure 8G), the fibrotic process was well developed; although, the surface area of damaged liver parenchyma was less compared to the TAA group (Figure 7C and Figure 8C). Both OrP and OrE decreased the thickness of the fibrotic interlobular septa, with OrE being more effective (Figure 9).



The fibrotic septa caused a total loss of the normal architecture in the liver lobules at week 5 of administration of TAA (Figure 7D). At this time, histologically, OrP decreased necrosis and fibrosis (Figure 9) induced by TAA (Figure 7H). Treatment with OrE considerably decreased the thickness of the fibrosis septa (Figure 7L, Figure 8L and Figure 9). Or, although to a lesser extent, also exerts a cytoprotective effect at advanced stages of liver fibrosis, delaying the formation of fibrotic septa.



Treatment with OrP and OrE mitigated histopathological changes in the liver of rats receiving TAA and this can be attributed to their antioxidant properties, reduction of MDA levels and improvement of reduced glutathione levels.






3. Materials and Methods


3.1. Chemicals and Reagents


Thioacetamide, betanin, N-acetylcysteine, GSH/GSSG kit, sodium chloride, procaine, heparin, paraformaldehyde, sodium hydroxide, gallic acid, Folin–Ciocalteu reagent, catechin, ascorbic acid, dithiothreitol (DTT), DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate), TroloxTM ((±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid), sodium acetate, TPTZ (2,4,6-tris(2-pyridyl)-s-triazine), ABTS•+ (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt), potassium persulfate, AAPH (2,2′-azobis (2-methylpropionamidine) dihydrochloride), sodium nitroprusside, sulphanilic acid, N-1-naphthyl ethylenediamine were all obtained from Sigma Aldrich (St. Louis, MO, USA). Acetonitrile (nanograde) was from Mallinckrodt. Formaldehyde, absolute methanol and glacial acetic acid were from J.T. Baker (Madrid, Spain). Hydrochloric acid and ferric chloride were from Fermont (Monterrey, México) and sodium pentobarbital was from Pisabental, Pisa Agropecuaria, México.




3.2. Nutraceutical Characterization of Opuntia Robusta Fruit


3.2.1. Fruit Material


The Or fruits were collected in the summer of 2019–2020 at the community Soledad de Abajo, Aguascalientes, México (21°47′04.7″ N 102°06′40.1″ W). The selection was based on the ripeness and integrity of the fruit, considering 7 to 11 cm purple-colored fruits as mature ones.



After harvest, the fruits were washed, disinfected and the glochids were removed. After hand-peeling, the seeds were separated; thus, obtaining OrP; the prickly pears destined to obtain OrE were centrifuged at 5000× rpm for 20 min and filtered. OrP and OrE were lyophilized and stored at −80 °C until analyses and treatments.




3.2.2. Determination of Moisture Content of OrP


The moisture content was analyzed according to standard protocols [21].




3.2.3. Bromatological Analysis of OrP


The bromatological analysis of OrP was performed at the Zootechnical Station of Universidad Autónoma de Aguascalientes following the recommended protocols of the AOAC [70].




3.2.4. Betacyanins


The evaluation of the betacyanin content was performed according to González Ponce et al. (2020) [18] with modifications. Dilutions of 1:30 and 1:40 of OrP were monitored at 538 nm. The following equation was applied for each value:


   BT     [    mg  L   ]  =    A ∗   FD ∗   MW ∗    1000    ε   ∗   l     



(1)




where, “A” is the sample absorbance, “FD” the dilution factor, “MW” the molecular weight (550 g/mol), “ε” the molar extinction coefficient [60,000 L/mol·cm in water], and “l” the cell read length.




3.2.5. Total Soluble Phenols


Based on the methodology described by Takoudjou Miafo et al. (2022) [71], 25 mL of the sample methanolic extract was mixed with 125 µL of 2 N Folin–Ciocalteu phenol reagent and, after 6 min, 7% sodium carbonate was added. The reaction volume was brought to 3 mL with distilled water and incubated for 90 min at room temperature. Samples were centrifuged (Micro 2000 Clay Adams™ Becton Dickinson microcentrifuge) at 12,000× rpm for 3 min and read at 757 nm in a Biomate 3 Thermo Scientific spectrophotometer. The content of total soluble phenols of the sample was calculated as gallic acid equivalents using the equation shown below. The results were extrapolated from a gallic acid calibration curve.


  GAE =  [    A − b  m   ]  ×  (    Vt   Va    )  ×  [   1  Mh × 10    ]  ×  [   1  100 − H    ]   



(2)




where, “GAE” is the milligrams of gallic acid equivalents/gram of dry sample, “A” the absorbance of the sample tube, “b” the intercept (absorbance), “m” the slope (absorbance/microgram gallic acid), “Vt” the total volume of the extract (microliters), “Va” the volume of aliquot used in the test tube (microliters), “Mh” the weight of the extracted wet sample (grams) and “H” the moisture content of the wet sample (percent).




3.2.6. Total Soluble Flavonoids


According to Ilyas et al. (2022) [72], a volume of 500 μL of methanolic OrP extract was mixed with 5% (w/v) sodium nitrite, 10% (w/v) aluminum chloride and 1 M sodium hydroxide. A final reaction volume of 2.5 mL with distilled water was incubated for 30 min, protected from light. The samples were read at 510 nm. A calibration curve was made with catechin at different concentrations. The content of total soluble flavonoids of the sample was calculated as catechin equivalents using Equation (2).




3.2.7. Antioxidant Capacity


Methanolic Extract


The antioxidant capacity of OrP was evaluated with a methanolic extract obtained according to the method described by Lasano et al. (2019) [73], except in the AAPH method, in which we use PBS.




DPPH (2,2-Diphenyl-1-picrylhydrazyl)


According to the method used by Ruslan et al. (2018) [74], 75 μL of the methanolic OrP extract was mixed with acidic (pH 2) absolute methanol-70% aqueous acetone 1:1 (v/v) (MAA) to 100 μL. Then, 600 μL of DPPH 0.13 mM was added and, after incubating the samples for 20 min, protected from light, they were read at 515 nm, having calibrated to zero absorbance with an absolute methanol blank. The result of the test samples was calculated by simple linear regression analysis and expressed as antioxidant activity equivalent to TroloxTM per unit weight of the wet or dry sample, using Equation (2) and extrapolating form a TroloxTM calibration curve.




ABTS•+ (2,2′-Azino-bis (3-ethylbenzothiazoline-6-sulfonic Acid) Diammonium Salt)


In accordance with Xu et al. (2022) [75], 50 µL of OrP was used in triplicate and MAA was added to a final volume of 150 µL. Subsequently, 2850 μL of ABTS•+ solution (ABTS + potassium persulfate) was added. After incubation for 2 h in the dark, the absorbance of the samples was measured at 734 nm having zero absorbance calibrated with an absolute methanol blank. The result of the test sample was calculated by simple linear regression analysis and expressed as antioxidant activity equivalent to TroloxTM per unit weight of the wet or dry sample, using Equation (2) and extrapolating from the TroloxTM calibration curve.




FRAP (Ferric Reducing Antioxidant Power)


According to Khudyakov et al. (2022) [76], the calibration curve was made using 0.666 mM TroloxTM. Fifty microliters of the biological sample were used, and MAA was added to a final volume of 150 μL, followed by the addition of 2850 μL of FRAP solution. The tubes were protected from light for 30 min at room temperature and the samples were read at 593 nm. The spectrophotometer was calibrated to zero absorbance with a blank tube without Trolox™. The result of the test sample was calculated with Equation (2) by simple linear regression analysis and expressed as antioxidant activity equivalent to Trolox™ per unit weight of the wet or dry sample.




AAPH (2,2-Azobis(2-amidinopropane) Dihydrochloride)


Four milliliters of human blood were centrifuged at 3500× rpm for 5 min to remove the plasma and the buffy coat. Five washes were carried out with PBS pH 7.4, discarding the supernatant each time. A 5% (v/v) suspension of erythrocytes was prepared in PBS pH 7.4.



After confirming the lack of lytic capacity of the OrP extract on erythrocytes, using the methodology described by Vinjamuri et al. (2015) [77], the analysis of its cytoprotective capacity based on the method described by Chisté et al. (2014) [47] was performed using AAPH as a membrane oxidizing agent. The determinations were made on a 1:10 OrP dilution (or PBS pH 7.4), a 5% (v/v) erythrocyte suspension and a 150 mM AAPH solution (except for the blanks). The tubes were incubated at 37 ± 0.5 °C with orbital shaking at 200 rpm for 5 h in darkness, then centrifuged at 685× g for 5 min at 25 °C and their supernatants were read at 535 nm. The following equation was applied to determine the hemolysis inhibition percentage of OrP:


   %   of   inhibition   hemolysis  = 100 −  [     (  Amp − Acn  )    Acp − Acn    ]   



(3)




where, “Amp” is the absorbance of the sample, “Acn” is the absorbance of the negative control and “Acp” is the absorbance of the positive control.



A standard curve with known quantities of TroloxTM was made and the following polynomial equation was solved using the Wolfram Alpha® software:


   y = a    x 3  · b  x 2  + c x + d   



(4)







Using Equation (5), the sample values expressed in Trolox equivalents were obtained.


   Eq .   Trolox =  (    Abs − b  m   )     (    Vt   Va    )     (   1  M h × 10    )       (   1  100 − H    )    



(5)




where, “Eq. Trolox” is the micromoles of Trolox equivalents/gram of dry sample, “A” is the average absorbance of the replicates of the test sample, “b” is the intercept (absorbance), “m” is the slope (absorbance/nanomole of Trolox), “Vt” the total volume of the extract (microliters), “Va” the volume of aliquot used in the test tube (microliters), “Mh” the weight of the extracted wet sample (grams) and “H” the moisture content of the wet sample (percent).




Capacity to Scavenge Hydrogen Peroxide (H2O2)


According to the method adopted by Khan et al. (2022) [78], different concentrations of OrP were added to 40 mM hydrogen peroxide solution (0.6 mL). After 10 min, the absorbance of the hydrogen peroxide at 230 nm was read against the blank solution containing the phosphate buffer without the hydrogen peroxide. Subsequently, the hydrogen peroxide removal percentage was calculated from the following equation.


     %   H   2   O 2     scavenged  =  [   (   A c  −      A   s   )  /  A c   ]  × 100  



(6)




where, Ac is the absorbance of the control and As is the absorbance in the presence of the sample of Opuntia robusta extracts or standards.




Determination of Vitamins C and E by High Performance Liquid Chromatography-UV (HPLC-UV)


Vitamin C



The determination of ascorbic acid (vitamin C) was performed using the technique established by Singh et al. (2016) [79] in a Thermo Scientific ACCELA PDA Detector ACCELA 600 pump. The preparation of the ascorbic acid standard was achieved by stirring it for 5 h at room temperature in ethanol with activated charcoal and air was continuously bubbled through the solution. Both standards and OrE samples were diluted to optimal levels with a mobile phase containing tyrosine (50 mg/100 mL). Dithiothreitol (DTT) was subsequently added to a final concentration of 100 mg/100 mL. The weak anion exchange mode was the method by which the optimal separations were observed. Waters µBondapak NH2 10 mm 3.9 × 300 mm columns with acetonitrile mobile phase: 0.05 M KH2PO4 (75:25 w/w) at a flow rate of 1.0 mL/min were used and the volume of injection was 10 µL. The KH2PO4 solution was heated and kept at 40 °C during the acetonitrile addition, to avoid KH2PO4 precipitates when acetonitrile was mixed with aqueous solutions. Ascorbic acid was detected by UV at 268 nm (detection limit 25 ng).



Vitamin E



The determination of vitamin E in OrE was carried out according to Limbach et al. (2021) [80] using a diode array detector Agilent 1260 and with the following specifications: analytical column (Microsorb 100-3 C18 100 × 4.6 mm) at an elution flow rate of 1.0 mL/min. Twenty microliters of the sample were injected. Sample cycle: 30 min. The mobile phase was isocratic [methanol: water (98:2, v/v)] and readings were made at a wavelength of 290 nm. Alpha-tocopherol was used as standard.






3.3. Experimental Groups


3.3.1. Animals and Treatments


Male Wistar rats of 120–150 g were divided into 11 experimental groups: Control, Sham, TAA, OrP, OrE, Betanin, N-acetylcysteine (NAC), OrP/TAA, OrE/TAA, Betanin/TAA, NAC/TAA. TAA was dissolved in 0.9% physiological saline solution and administered intraperitoneally twice a week; the first week 250 mg/kg and the following ones 200 mg/kg [81]. The test substances were dissolved in distilled water and administered daily. NAC was dissolved in 0.9% physiological saline solution and administered intraperitoneally at 50 mg/kg. OrP and OrE orally at 800 mg/kg (12,18) and betanin orally at 25 mg/kg [82] using a stainless steel curved oesophageal cannula (18 × 3″ Cadence Science). The treatments were administered for 5 weeks, and samples of blood and liver tissue were taken for analysis at the end of the 2nd, 3rd, 4th and 5th weeks. All animals had free access to food and water during the experiment and their body weights were monitored every week.



At the end of the 2nd, 3rd, 4th and 5th week, eight rats from each group were anesthetized with sodium pentobarbital (40 mg/kg), then a thoracotomy was performed, and blood samples were taken by cardiac puncture, centrifuged at 3500× rpm for 15 min to obtain serum and then stored at −80 °C until the evaluation of biomarkers of liver damage. The livers of 4 rats were perfused with lavage solution and a total hepatectomy was performed. Liver samples were preserved at −80 °C until the evaluation of markers of oxidative stress. The livers of the remaining four individuals in each experimental group were fixed with neutral formalin (v/v reagent grade formalin/phosphate buffer) after perfusion with lavage solution and total hepatectomy to perform the histopathological study. Liver tissue samples were placed in neutral formalin until processing.



Our research protocols were approved by the ethics committee of Universidad Autónoma de Aguascalientes for the in vivo experiments and were performed following the guidelines of Mexican government NOM-062-ZOO-1999 and the guidelines of the National Institutes of Health for the care and use of laboratory animals (NIH publications no. 8023).




3.3.2. Biomarkers of Liver Damage


The concentrations of the enzymes aspartate aminotransferase (AST) and alanine aminotransferase (ALT) in blood serum were determined via dry chemistry in the VITROS® System Integrated 5600 Ortho Clinical Diagnostics Johnson & Johnson Company equipment, Neptune Township, NJ, USA.




3.3.3. Oxidative Stress Biomarkers


GSH (Reduced Glutathione)


GSH levels were determined in liver tissue after homogenization in the TissueLyser II QIAGEN® equipment, Hilden, Germany. The ratio of oxidized glutathione, glutathione disulfide (GSSG), to GSH was determined using a commercial kit (Quantification kit for oxidized and reduced glutathione, Sigma Aldrich. St. Louis, MO, USA). Determinations were performed on a 96-well plate in an iMarkTM Microplate Absorbance Reader BIO-RAD. Hercules, CA, USA at 415 nm.




MDA (Malondialdehyde)


MDA concentrations were determined in liver tissue after homogenization using the TissueLyser II QIAGEN® equipment. The methodology described by González-Ponce et al. (2020) [18] was used and the samples were read on a HACH DR/4000U spectrophotometer at 530 nm.





3.3.4. Histopathological Study


Tissue fragments were embedded in paraffin. Sections were cut at 5 μm and processed as previously described [83] to assess hepatic morphology. Liver fibrosis was assessed using Masson’s trichrome staining. Three slides per individual were evaluated under a microscope from Primo Star, Zeiss.




3.3.5. Measurements of Interlobular Fibrotic Septa


We performed the measurements of the fibrotic septa in the interlobular space on 3 different fields per slide of 3 individual rats per time for each of the treatments. A photomicroscope Leica DM750, camera ICC50W. Heerbrugg, Switzerland and the LAS EZ version 3.4.0 software Leica Microsystems, Switzerland were used to take the pictures and the Axio Vision Rel. 4.6 software. Oberkochen, Germany to make the measurements. We determined the areas of collagen in the interlobular zone as pixels at a total magnification of 100×. Parts that did not show the blue staining pattern characteristic of collagen of Masson’s trichrome staining were excluded. The results were expressed as the total number of positive pixels for collagen.




3.3.6. Statistical Analysis


For the determination of the moisture percentage, results were expressed as mean ± standard deviation; n = 3. The bromatological analysis was carried out from a pool of 5 fruits and the results correspond to this analyzed sample. Betacyanin results were expressed as mean ± standard deviation; n = 3. For phenolic compounds and flavonoids, different aliquots of the extract were used (250 μL). Results of the antioxidant capacity determination were expressed as mean ± standard deviation; n = 3.



For the determination of biochemical markers of liver damage, the results were analyzed using two-way ANOVA with Tukey’s post hoc test using GraphPad Prism 9.0.1 software. San Diego, CA, USA with a significance of p < 0.05. Results represent the mean of each group (n = 4) ± standard error of the mean (S.E.M.).



For oxidative stress markers (GSH n = 4; MDA n = 6) and for the measurement of interlobular fibrotic septa (n = 9) the results were analyzed using one-way ANOVA with Tukey’s post hoc test using GraphPad Prism 9 software. San Diego, CA, USA with a significance of p < 0.05. Results represent the mean of each group ± standard error of the mean (S.E.M.).






4. Conclusions


Our results showed that Or contains biocomponents with nutraceutical and antioxidant capacity that prevent hepatocyte damage and death, attenuates the exacerbated deposition of extracellular matrix components in the space of Disse and modulates the sustained inflammation in the pathogenesis of liver fibrosis. The donation of electrons by the betanin molecule, the presence of vitamins E and C, the restoration of GSH levels, in addition to the donation of hydrogen atoms, are some of the possible mechanisms by which Or exerts its beneficial effect. The antioxidant mechanisms involved are mediated by the components contained in the fruit, being more effective in the extract than in the pulp.



Or delays GSH depletion, decreased MDA levels and protects cell integrity, which is reflected in the reduction of serum ALT and AST levels and the significant reduction of tissue inflammation, necrosis, vacuolation, and fibrotic septa.



This study demonstrates that the treatment with the extract and pulp of Opuntia robusta ameliorates the characteristics of liver fibrosis. Its concomitant consumption with TAA can attenuate the fibrosis process, in a similar way as NAC, a drug used clinically in the treatment of fibrosis. We propose the intake of the fruit to reduce the risk of developing liver fibrosis/cirrhosis. However, detailed molecular studies are pertinent to determine the exact mechanism by which Opuntia robusta exerts its beneficial effect.
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Figure 1. (a) Cladodes of Opuntia robusta in the wild where they were collected, with some fruits (prickly pears). The cladodes are circular in shape and bluish in color. (b,c) Ripe fruits reach a size of 7 to 11 cm. 
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Figure 2. HPLC-UV chromatogram of alpha tocopherol standard and vitamin E in Opuntia robusta extract (OrE). 






Figure 2. HPLC-UV chromatogram of alpha tocopherol standard and vitamin E in Opuntia robusta extract (OrE).



[image: Plants 11 02039 g002]







[image: Plants 11 02039 g003 550] 





Figure 3. HPLC-UV chromatogram of vitamin C in OrE. 
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Figure 4. Aspartate aminotransferase (AST) and Alanine aminotransferase (ALT) concentrations for different treatments at different evaluation times. Two-way ANOVA with Tukey’s post hoc test. * p < 0.05 compared to control group, # p < 0.05 compared to thioacteamide group. 
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Figure 5. Concentrations of reduced glutathione (GSH) in liver tissue for the different treatments at different evaluation times. (A–C) OrP and OrE help to restore GSH levels. (D) A significant depletion of GSH is generated, the oxidative damage is severe in chronic treatment and hepatoprotectors have no effect at this point. One-way ANOVA with Tukey’s post hoc test. * p < 0.05 compared to control group, # p < 0.05 compared to TAA group. 
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Figure 6. Concentrations of malondialdehyde (MDA) for the different treatments at different evaluation times. (A–C) OrE lowers malondialdehyde levels more effectively than OrP. One-way ANOVA with Tukey’s post hoc test. * p < 0.05 compared to control group, # p < 0.05 compared to TAA group. 
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Figure 7. Damage projections from zone 3 to portal spaces. (A–D) Treatment with TAA showed extensive areas of vacuolation, necrosis, and fibrosis. Concomitant treatments decrease the severity of the damage. (E–H) OrP delays the morphological changes of the fibrotic process generated by TAA. (I–T) OrE, Betanin and NAC decrease the fibrotic process in all weeks of treatment. Masson’s trichrome staining. Magnification (100×). 
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Figure 8. Effect the hepatoprotectors on histopathology in TAA-induced liver damage through time. (A–D) Necrosis and fibrosis septa are shown in zone 3 of the hepatic acinus with TAA administration. (E–T) Treatments with OrP, OrE, Betanin, and NAC decrease the number of damaged cells and the thickness of collagen septa. Masson’s trichrome staining. Magnification: 400×. 
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Figure 9. Measurements of interlobular fibrotic septa for the different treatments at different time points. (A–D) In all the evaluated weeks of treatment, OrP and OrE significantly decrease the thickness of the fibrosis septa. One-way ANOVA with Tukey’s post hoc test. * p < 0.05 compared to control group, # p < 0.05 compared to TAA group. 
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Table 1. OrP (Opuntia robusta pulp) bromatological analysis.
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	Component (%)
	DMB
	WMB





	Dry matter
	100
	37.99



	Crude protein
	1.18
	0.45



	Crude fiber
	2.84
	1.08



	Crude fat
	0.76
	0.29



	Ashes
	6.75
	2.56



	Nitrogen free extract
	88.47
	33.61







The percentages are given on dry matter basis (DMB) and wet matter basis (WMB).
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Table 2. Quantification of betacyanins, total phenolic compounds and flavonoids in OrP (Opuntia robusta pulp); GAE/g = mg gallic acid equivalents/gram, dry matter basis (dmb); CAE/g = mg catechin equivalents/gram, db.
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	Betacyanins
	Total Phenols
	Flavonoids





	436.5 ± 57 mg of betacyanin equivalents/L
	1118.0 mg GAE/100 g, dmb
	793 mg CAE/100 g, dmb
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Table 3. TEAC (Trolox Equivalents Antioxidant Capacity) of OrP by different methods and its capacity to scavenge H2O2; μmol TE/g, db = μmol of Trolox® equivalents per gram of dry sample. Values are the means of three repetitions.
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	DPPH
	ABTS•+
	FRAP
	AAPH
	Capacity to

Scavenge H2O2





	2.27 mmol TE/L
	62.2 ± 5.0 μmol TE/g, db
	80.2± 11.7 μmol TE/g, db
	247.9 ± 15.6 μmol TE/g, db
	15 ± 0.8% at. 100 µg/mL







DPPH: 2,2-Diphenyl-1-picrylhydrazyl; ABTS•+: 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt; FRAP: Ferric Reducing Antioxidant Power; AAPH: 2,2-azobis(2-amidinopropane) dihydrochloride.
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