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Abstract

:

Spirulina (formerly Arthrospira) maxima (SP) is a cyanobacterium reported to have great nutritional and pharmacological potential. The objective of this study was to evaluate the protective properties of SP against ethanol-induced toxicity. Male Wistar rats were used in the study and subjected to a 70% partial hepatectomy (PH); they were then divided into five groups. During the experiment, animals in two groups drank an aqueous solution of ethanol (EtOH) (40%, v/v). Additionally, they were administered an SP extract daily at a dose of 200 mg/kg body weight intragastrically. To explore possible mechanisms of action, we examined antioxidant defense enzymes, as well as serum biochemical parameters and histopathological changes in the liver. SP administration normalized elevated glutathione reductase (GR), glutathione (GSH), and superoxide dismutase (SOD) levels, in addition to increased catalase (CAT) and glutathione peroxidase (GPX) enzymes. Alterations in biochemical parameters were observed in the groups with PH treated with EtOH associated with a reduction in cholesterol and albumin levels, while glucose and triglyceride levels increased. The histological study supported the protective activity of SP, reducing apoptosis, necrosis, and congestion in the liver. Our findings demonstrated a protective effect of SP against EtOH that is related to less inflammation, a lesser antioxidant effect, and less free radical scavenging activity.
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1. Introduction


Spirulina (formerly Arthrospira) maxima (SP) is a filamentous cyanobacterium found growing in alkaline water bodies and that has been consumed by humans for thousands of years without side effects. It is easily digested and absorbed by the human body and has been reported to have great nutritional and pharmacological potential [1,2,3,4]. SP contains several macro- and micronutrients, such as a high protein content (including all essential amino acids), vitamins (B12, E, C, K, and pro-vitamin A), beta carotene, gamma linolenic acid, and different active substances, such as phycocyanin, phenolic compounds, and trace elements. It is also a considerable source of sulfolipids and glycolipids; with regard to mineral content, calcium, iron, magnesium, manganese, zinc, and potassium are highlighted [5,6,7,8]. Recent in vivo and in vitro studies showed that SP has excellent antiviral, anticancer, anti-inflammatory, and antioxidant effects, and properties attributed to it include being neuroprotective and hepatoprotective. In addition, it possesses an immunomodulatory effect and is effective in treating hyperglycemia, hyperlipidemia, among other metabolic dysfunctions [9,10,11,12,13,14].



Liver diseases comprise an important public health problem due to their high morbidity and mortality [15]. The liver is the human body’s main organ of metabolism and excretion and is susceptible to various pathologies, the most frequent of these being acute and chronic hepatitis, cirrhosis, and hepatocarcinoma. Excessive alcohol consumption is one of the main causes of liver disease worldwide, encompassing different lesions, ranging from steatosis in various stages to cirrhosis with the subsequent risk of hepatocellular carcinoma. The main risk factors associated with the evolution of this disease are amount of alcohol ingested, type of alcohol, gender, obesity, genetic factors, and gene polymorphisms [16].



Oxidative stress is the result of an alteration between prooxidants and antioxidants, causing the excessive production of reactive oxygen species (ROS), which play an essential role in pathological changes in the liver, particularly in cases of alcoholic and toxic liver diseases [17]. The main functions of antioxidative defenses are suppressors of the generation of ROS, with the scavenging of these, in addition to repairing and promoting the reconstitution of damage [18]. There are numerous antioxidant mechanisms, including low-molecular-weight non-enzymatic molecules and enzymes. Glutathione reductase (GR), superoxide dismutase (SOD), catalase, and glutathione peroxidase (GPx) are the enzymes that provide cellular protection against the damage caused by free radicals and ROS. However, this protection may not be efficient when there is an overproduction of ROS; thus, different dietary antioxidants may contribute to achieving a protective mechanism. Partial hepatectomy (PH) induced liver regeneration and enzyme release, which have been described in detail in the literature in recent years. Altered levels of serum and liver enzymes have been reported in induced liver injury [19,20]. Likewise, alterations have been reported in the serum levels of cholesterol, glucose, triglycerides, and bilirubin, and these are the most specific markers for detecting liver damage [21].



Currently, treatment options for the different hepatopathologies are limited; hence, there is a need to have different treatment schemes [22]. Therapeutic strategies are based on changes in lifestyle, such as exercising and consuming a balanced diet. Different studies have reported different phytotherapeutic agents that may have anti-hepatitis activity or that may act against liver-associated diseases. A large number of plants and phytopharmaceuticals worldwide have been employed for this purpose [23,24]: the antioxidant activities of Spirulina were demonstrated in a large number of preclinical studies [25,26,27].



In this study, the protective properties of SP on ethanol (EtOH)-induced toxicity were evaluated by examining the effects on antioxidant enzyme activity in partial post-hepatectomy liver regeneration in male Wistar rats. Additionally, the effects of SP were analyzed on serum parameters, and histopathological changes in the liver of rats were also determined.




2. Materials and Methods


2.1. Animal Preparation


Male Wistar rats (Rattus norvegicus albinus) weighing 200–250 g were housed individually in cages in an air-conditioned room, which was maintained at a temperature of approximately 23 ± 2 °C and on a 12:12-h light:dark cycle and with a relative humidity around 50%. All animals remained in an acclimatization period of 5 days before the start of the experiment and had free access to food (Rodent Laboratory Chow 5001; PMI, Richmond, IN, USA) and drinking water. At the end of the experimental period (7 days), all rats were decapitated after being previously anesthetized with pentobarbital sodium (40 mg/kg BW). All procedures were approved by the Institutional Animal Care and Use Committee of the Autonomous University of Hidalgo State, Mexico, with approval number CICUAL/F011/2021. In addition, all procedures were performed according to the Official Mexican Guidelines for Laboratory Animal Use and Care (NOM-062-ZOO-1999).




2.2. Experimental Design


The animals were grouped (n = 6 for each experimental group) randomly in the following five groups: (1) control group (sham); (2) group with partial hepatectomy (PH); (3) group with PH plus intragastric (i.g.) administration of ethanol (PH-EtOH); (4) group receiving a hepatectomy and Spirulina (PH-SP); and (5) group receiving a hepatectomy, SP, and EtOH (PH-SP-EtOH). The rats in all groups received food and water throughout the treatment period. The four remaining experimental groups were subjected to a 70% PH, for which the animals were anesthetized with ethyl ether. The procedure for removal of two-thirds of the liver utilizing a technique known as a PH was performed as described [28,29,30,31] for the PH-induced test group (without administration). The PH group with EtOH received an i.g. dose of 1.5 g/kg body weight (BW) of EtOH (solution at 40% in isotonic saline solution), this equivalent to blood alcohol values between 75 and 150 mg/dL, which have been reported as capable of inhibiting the liver regenerative process [32,33] in positive control group. The positive control group, PH with Spirulina (SP), received an i.g. dose of 200 mg/kg body weight (BW). For the PH group with EtOH + SP, the alga Spirulina (200 mg/kg BW) was administered after 30 min of the single i.g. administration of EtOH (1.5 g kg BW, i.g.). All treatments from the EtOH solution and SP were administered daily for 7 days. The SP sample employed in this study was from a bulk production batch (SDW-9714) of standardized quality, supplied by Alimentos Esenciales para la Humanidad, S.A. de C.V., Mexico City, purchased from Sigma, St. Louis, MO, USA.




2.3. Determination of Body and Liver Weights


The BW of each rat from a different experimental group was measured initially and during the experiment. In addition, a liver-mass gain assessment and regeneration were determined by calculating the liver restitution weight. Finally, the number of deaths observed in the groups was analyzed [34].




2.4. Preparation of Serum and Liver Samples


Plasma and serum were separated in a clinical centrifuge and were stored at −70 °C until use. The liver was isolated, weighed, rapidly placed in cold phosphate-buffered saline solution (PBS) solution with a phosphate tampon, with pH 7.5), and washed to eliminate the blood. The liver was placed in nine volumes of cold buffer (sucrose 0.25 mol/L, TRIS 10 mmol/L, EGTA 0.3 mmol/L, and bovine serum albumin [BSA] 0.2%, pH 7.4). The liver was homogenized employing a homogenizer with a piston-type driver with a Teflon tip. The homogenate was divided into aliquots and frozen at −70 °C until its later use. The total concentration of the protein of the homogenate was determined by the method of Bradford [35] utilizing the BSA solution as a standard.




2.5. Assay of Hepatic Enzymes


2.5.1. Measurement of Catalase


Catalase (CAT) (Enzyme Commission number (EC) 1.11.1.6) activity was determined spectrophotometrically at absorbance at 540 nm by the Cayman Chemical Catalase Assay kit (Cayman Chemical Co., Inc., Ann Arbor, MI, USA), which utilizes the peroxidatic function of CAT for the determination of enzyme activity [36]; the result is reported in nmol/min/mg protein.




2.5.2. Measurement of Superoxide Dismutase


Superdismutase oxide SOD (EC 1.15.1.1) activity was determined by the colorimetric measurement of formazan crystals at 450 nm carried out with the commercial Superoxide Dismutase Assay kit (Cayman Chemical Co., Inc.) [37], reporting results in U/min/mg/protein.




2.5.3. Measurement of Glutathione


Glutathione (GSH) (EC 1.1.1.284) activity was assayed with the commercial Glutathione Assay kit (Cayman Chemical Co., Inc.) [38]. Measurement of the absorbance of TNB at 405 nm gives an accurate estimate of GSH in the sample. GSH activity for each sample was determined by interpolation on a linear regression curve of the TNB standard and is reported in µM/mg/protein.




2.5.4. Measurement of Glutathione Reductase


Glutathione reductase (GR) (EC 1.6.4.2) activity was determined by the Cayman Chemical Glutathione Reductase Assay kit (Cayman Chemical Co., Inc.). The oxidation of NADPH to NADP+ is accompanied by a decrease in absorbance at 340 nm. Since GR is present at rate limiting concentrations, the rate of decrease in the A340 is directly proportional to the GR activity in the sample and reporting results in nmol/min/mg protein [39].




2.5.5. Measurement of Glutathione Peroxidase


Glutathione peroxidase (GPx) (EC 1.11.1.9) activity was measured according to the Cayman Chemical Glutathione Peroxidase Assay kit (Cayman Chemical Co, Inc.). Oxidized glutathione (GSSG) produced upon reduction of an organic hydroperoxide by GPX is recycled to its reduced state by GR and NADPH. The oxidation of NADPH to NADP+ is accompanied by a decrease in absorbance at 340 nm. The rate of decrease in the A340 is directly proportional to the GPX activity in the sample [40]. The results are expressed in nmol/min/mg protein.





2.6. Serum Biochemical Parameters


At the end of the experimental period, a sample of blood was obtained from each rat and centrifuged at 1300× g for 10 min. Serum was separated for the assessment of cholesterol, glucose, triacylglycerides, and albumin, which were evaluated by spectrophotometric techniques (Spectrophotometer VE-5100uv) using diagnostic kits (Spinreact de México, S.A. de C.V.) following the instructions provided by the manufacturer. The results are reported in mg/dL, except for albumin, which is reported in g/dL.




2.7. Liver Histology


Hepatic samples from each group were utilized for the light microscopy. Samples were fixed with formaldehyde (10% in isotonic solution), embedded in wax, and stained with hematoxylin–eosin. Biopsy specimens were coded and read blindly without knowledge of the other data by independent observers at two different laboratories (J.A.M.-G. and J.B.-R.). The criteria used to analyze the morphological abnormalities were as follows: apoptosis, necrosis, and congestion (−absent, + mild, ++ moderate, and +++ severe) [41].




2.8. Statistical Analysis


Results are expressed as mean values and the corresponding standard errors ± the standard error of the mean (SEM). A comparison was made between groups using analysis of variance (ANOVA) and for multiple comparison tests with a post hoc Tukey test (when significant differences were detected), according to data distribution. employing SPSS statistical software version 22.0 for Windows (SPPS, Chicago, IL, USA). A value of p < 0.05 was considered statistically significant.





3. Results


3.1. Effect of Ethanol and SP on the Survival and Parameters of Liver Regeneration


The effect of EtOH and SP was observed in BW gain, liver regeneration, and mortality.



Regarding weight gain, all the experimental groups were below the control group, finding significant differences (p < 0.05); it was observed that the PH-EtOH group, at the end of the experiment, had a weight loss of 39.59% (−22.48 g), being significant (p < 0.05) with respect to the control and the other groups analyzed. The PH-EtOH and PH-SP groups presented a significant decrease (p < 0.05) in the restitution of liver mass compared to the PH group (Table 1).



For the groups treated with SP, a gain in BW was observed, obtaining values higher than those of the PH group. In addition, the PH-EtOH-SP group demonstrated a restoration of weight gain in the liver (71.08%), obtaining values closest to those of the PH group (83.64%). Administration of EtOH reflected a marked mortality rate (16.6%) in the PH-EtOH group, this being statistically significant (p < 0.05) compared to the control group. In contrast, SP administration suppressed mortality compared to the previously mentioned group.




3.2. Effect of EtOH and SP on Histological Indicators (Congestion, Steatosis, Inflammation, Apoptosis, and Necrosis)


It has been observed that, after hepatic resection, different changes occur in the structural and functional characteristics of hepatocytes. The analysis of the histological indicators for the PH-EtOH group revealed an increase in apoptosis, necrosis, and congestion, corroborating the presence of inflammation and steatosis in the histological sections of these rats (Table 2, Figure 1); however, for the rats treated with SP, it can be observed that the histopathological study showed a decrease in the degree of said histological alterations (Figure 1).




3.3. Effects of Treatment with EtOH and SP on Serum Concentrations of Cholesterol, Triacylglycerides, Glucose, and Albumin


The effects of treatment with EtOH and SP on concentrations of serum metabolites can be observed in Table 3.



The hepatectomy (the PH group) and the hepatotoxicity of animals treated with EtOH (PH-EtOH and PH-EtOH-SP) were associated with a significant (p < 0.05) reduction in cholesterol levels compared to the control, while, in the animals in the PH-SP group, the cholesterol concentration exhibited an increase (44.30 mg/dL) similar to the level of the control group. As can be observed in Table 3, only in the PH-EtOH group was there a significant (p < 0.05) increase in triglyceride concentration (179.90 mg/dL) compared to all experimental groups, with no significant differences found in the remaining three groups, compared to the control.



Serum glucose concentrations for the groups: PH, PH-EtOH, and PH-SP presented a significant increase (p < 0.05) with respect to the control group. Additionally, the increase in blood glucose in the groups: PH and PH-EtOH also showed significant differences with respect to the animals treated with SP and EtOH (PH-EtOH-SP), a group that restored glucose levels (129.68 ± 1.4 mg/dL) to similar values of the control (116.92 ± 2.0 mg/dL). Hepatectomy (PH) and the administration of EtOH (PH-EtOH) showed significant decreases (p < 0.05) in albumin with respect to the values of the control group (3.54 ± 0.10 g/dL) and the PH-EtOH-SP group (3.61 ± 0.17 g/dL).



However, it was observed that, in the animals treated with SP, that is, those in the PH-SP and PH-EtOH-SP groups, these presented a tendency toward normalizing the albumin values (Table 3).




3.4. Effect of SP on the Antioxidant Biomarkers Concentration in Rats with PH and Treatment with EtOH


In the present study, we determined the activities of the antioxidant enzymes CAT, SOD, GPX, and GR, in addition to performing the quantification of GSH (Table 4).



The results for CAT enzyme indicate that, in the PH group, there is a significant decrease (p < 0.05) with respect to the normal values of the control (19.5463 ± 0.8 nmol/min/mg protein). Similarly, in the PH-EtOH group, there was a significant reduction of 54.09% in hepatic CAT (10.5729 nmol/min/mg protein). Regarding the results obtained from SOD, the PH group presented the lowest concentrations (1.1548 ± 0.9 U/min/mg/protein), its values being significant with the rest of the experimental groups. In contrast, in the PH-EtOH group, a significant increase in SOD values (7.2067 U/min/mg/protein) occurred compared to the control group and PH-EtOH-SP group. The CAT and SOD activities in the SP-treated groups were restored to near-normal values.



In addition, the GSH activity in the liver presented in the animals of the group with PH treated with EtOH decreased significantly (p < 0.05) with respect to the control group PH and PH-SP-EtOH.



As demonstrated for GSH in the groups treated with SP, the GSH activity was restored to a level practically equal to that of the control group.



Likewise, the quantification of GR was lower for this same experimental group (PH-EtOH), showing significant differences (p < 0.05) with respect to all the experimental groups. In contrast, the groups administered with SP (PH-SP and PH-SP-EtOH) presented a significant increase compared to the values of the control (1.0513 ± 0.16 nmol/min/mg protein) and the PH group (1.4209 ± 0.17 nmol/ min/mg protein).



The GPX activity for PH was significantly (p < 0.05) lower than the control. In the PH-EtOH group (0.6236 ± 0.1 nmol/min/mg protein), it was statistically significant compared with all the groups studied. Likewise, a significant difference (p < 0.05) was found between the PH-SP group and the GPX activity of the control animals. It should be noted that the PH-EtOH-SP group presented the tendency to restore normal GPX activity (7.1698 ± 0.8 nmol/min/mg protein).





4. Discussion


One of the mechanisms associated with alcoholic liver disease and excessive alcohol consumption is malnutrition, manifesting from poor dietary intake and mainly due to the presence of anorexia and alterations in smell and taste. The underlying mechanisms include disorders in the digestion and absorption of different food products, as well as an increase in the metabolism and excretion of nutrients. Nutritional deficiencies cause a decrease in body mass [42,43].



The results obtained are consistent with the latter, revealing a significant decrease in the BW of animals in the PH group treated with EtOH, which is also related to a decrease in the restitution of liver mass in this group compared to the control group (Table 1). These findings can be explained in part by malnutrition in the animals. Protein and nutritional energy deficiency, as well as micronutrient depletion, are clinical concerns in alcoholic liver disease. In addition, malnutrition is associated with high rates of complications and mortality. It has been described that an HP of 70% and the administration of EtOH alter the restoration of the original weight of the liver [29] due to the excessive production of free radicals, giving rise to a decrease or inhibition in the proliferative process of this organ [44], associated with marked mortality due to the EtOH mechanism of damage in the liver, which was mainly reflected in the PH-EtOH group.



It is noteworthy that the groups treated with SP demonstrated an increase in BW gain (g), surpassing the PH and PH-EtOH groups. The data obtained in this parameter provide conclusive support of the protective effect of SP against EtOH toxicity, mainly because this alga possesses a very important nutritional value, with a high content of amino acids, proteins, vitamins, minerals, and antioxidants, coupled with its bioavailability, that is, its great capacity to be digested and absorbed [6,7,8]. The latter facilitated the increase in BW and a null mortality rate in the groups treated with SP.



Physiologically and clinically, it is important to determine the mechanisms necessary to restore or increase hepatocellular regenerative capacity. The liver possesses a remarkable ability to regenerate after surgical resection (PH) [31]. However, the administration of ethanol in the PH-EtOH group during liver regeneration resulted in the presence of apoptosis, necrosis, and congestion, in addition to the observation of microvesicular steatosis and moderate inflammation (Table 2, Figure 1). It is of note that, when SP was administered, microvascular accumulation of fat droplets and inflammation decreased. These changes were associated with those reported on the different SP hepatoprotective agents. Hepatoprotection by phycocyanin-C in vivo is associated with the biotransformation of xenobiotics into reactive intermediates, reducing the rate of their biotransformation into toxic species in addition to eliminating the production of reactive metabolites [27,45]. The latter is consistent with these experimental groups treated with SP, which presented less cell death with respect to the group treated with EtOH.



The liver plays a very important role as the metabolic center of the body. Serum biomarkers have been evaluated primarily for their ability to determine liver injury, including cholesterol, triglycerides, glucose, and albumin.



Cholesterol is the basic component of the cell membrane. It is a precursor to steroid hormones, as well as forming several different particles with lipoproteins.



It has been suggested that the administration of EtOH induces greater synthesis of fatty acids, as well as lower release of hepatic lipoproteins, aspects that could be associated with the decline in serum cholesterol. This was consistent with our work on decreased cholesterol values (24.97 mg/dL) in PH rats treated with EtOH [34].



In addition, the hepatotoxic effect of EtOH administration was evidenced by a significant increase (p < 0.05) in triglycerides in the PH-EtOH group. This is consistent with what has been reported due to the presence of cellular alterations by different lipid metabolic disorders, which induce a worsening of hepatic steatosis, observed in the histological sections of these animals. In addition, these alterations predispose to a stage characterized by oxidative stress [22,32].



The administration of SP in the PH-SP and PH-EtOH-SP groups improved serum cholesterol concentrations (Table 3). These results coincided with those of several clinical trials in humans and in different animal models that consistently demonstrated the activity of SP as totally or partially normalizing the levels of total serum cholesterol and of the LDL and VLDL fractions [45,46,47,48]. In addition, the effects of SP restored the concentration of triglycerides (Table 3), obtaining similar values to the animals of the control group and the PH group. It is reasonable to assume that the potential hepatoprotective role of SP may be associated with the high content of dietary fiber, inducing a lipid-lowering action, in addition to its antioxidant components, such as phycocyanin-C, which plays an important role in cholesterol homeostasis. It has also been suggested that SP stimulates B-oxidation at the mitochondrial and peroximal levels, reducing triglycerides [49,50]. Therefore, the results of the present study showed that animals treated with SP were able to restore EtOH-induced changes in the cholesterol and triglyceride levels of the liver.



The alteration in the significant increase (177.63 mg/dL) of glucose in blood observed in rats treated with EtOH, with respect to the control group, confirmed that there is a metabolic disorder characterized by hyperglycemia, which implies excessive glucose production and decreased utilization by tissues. From the results obtained, it is interesting to observe that SP (PH-EtOH-SP) decreases the concentration of glucose in blood.



It has been reported that the SP cyanobacterium has the ability to act similarly to insulin and to stimulate the pancreatic β cells, increasing the production of said hormone and reducing blood glucose levels. It should be noted that, in the groups treated with SP, there is a tendency to restore the normal level of glucose in the blood, suggesting that this alga has a hypoglycemic effect, which coincides with different reported investigations [47,51,52,53]. These findings suggest the beneficial effect of SP supplementation in controlling blood glucose levels in humans and in animal models.



Albumin, the most abundant protein in serum, possesses antioxidant properties, and a decrease in this protein can result in an attenuation in the regulation of oxidative stress in cells [54]. These were reflected in the PH and PH-EtOH groups, where the level of albumin was lowest compared to the control and PH-EtOH-SP groups. This hepatoprotective effect was attributed to its blue tetrapyrrole chromophore (phycocyanin C), the main antioxidant protein of the SP alga, which has the ability to eliminate alkoxyl-, hydroxyl-, and peroxyl-free radicals, coupled with a decrease in nitrite production and inhibiting hepatic microsomal lipid peroxidation [55,56]. Different bioactives of phycocyanin tend to bind with high affinity to human serum albumin, increasing its thermal and proteolytic stability. In addition, phycocyanin improved its bioavailability and antioxidant activity [54,57,58].



Because it is a multifunctional organ, the liver participates importantly in the neutralization of different harmful compounds, such as ethanol and its metabolites, which are involved in oxidative stress of different liver diseases. Therefore, it is of great interest to study bioactive substances, such as SP, that contribute to reducing the excessive amount and the effect of free radicals.



Therefore, there is an alteration in the enzyme activity in PH due to a release of damaged cells or cells with alterations in permeability [30], which agrees with our data regarding the significant decrease in CAT in the PH group with respect to the values of the control. The reduced activity of CAT may be determined as a result of the toxic effects of free radicals produced in the transformation of ethanol; moreover, it may be determined by the direct effect of acetaldehyde resulting from the oxidation of ethanol and an intensification of lipid oxidation processes, as well as from tissue damage [59,60,61,62]. This is consistent with the data obtained from the level of this enzyme in the PH-EtOH group, which was statistically significant (p < 0.05) with respect to the control group.



In our study, we observed that, in the PH-SP and PH-SP-EtOH groups, CAT activity was restored (Table 4). Therefore, the administration of bioactive substances, such as SP, which possesses antioxidant properties, can comprise an effective therapeutic agent for preventing and treating EtOH hepatotoxicity and for significantly reducing free radicals, thus improving liver function [45,46].



The administration of xenobiotics (EtOH) produces high toxicity, altering the hepatic regeneration induced by HP; consequently, an increase in antioxidant mechanisms is originated as a defense system against an excess of free radicals [32].



This corroborates that the levels of these rats (PH-EtOH group) were statistically (p < 0.05) higher for SOD, a mechanism by which activity would be compensated for by balancing the antioxidant system, exerting a protective effect.



In addition, hyperglycemia was observed in the PH-EtOH group. It is documented that exposure to high concentrations of blood glucose can generate an increase in ROS, causing the activation of the first antioxidant barriers of the cells, among which we find SOD [62,63].



The significant decrease in SOD in the PH group with respect to all the experimental groups could be due to the different mechanisms during liver regeneration induced by PH. On the other hand, for the groups with SP, there was a tendency to restore SOD activity, consistent with previously cited studies. These results could be attributed to the ability of Spirulina to maintain the structural integrity of the hepatocellular membrane after eliminating the free radicals generated during intoxication by different toxic substances [1,25,46].



Glutathione participates in the elimination of free radicals and is a cofactor of the following antioxidant enzymes: glutathione peroxidase, glutathione reductase, and glutathione transferase. It participates in the regeneration of other antioxidants, such as vitamins C and E, and also influences the repair of proteins and lipids of the cell membrane and DNA [62,64,65].



Studies on the hepatotoxicity of ethanol have reported that alcohol intoxication can reduce intracellular glutathione levels, weakening antioxidant defense mechanisms, which gives rise to oxidative damage in hepatocytes [66,67], consistent with what we can observe in Table 4, where there is a reduction in GSH in our animals treated with ethanol. Simultaneously, the GPX GR enzymes from the PH-EtOH group had the lowest levels, being statistically significant (p < 0.05). The depletion or inactivation of this antioxidant mechanism may be related to ROS, whose excessive amounts are formed during the course of ethanol transformation [17,68].



However, in the groups treated with SP, there is total recovery in GSH activity compared to the control. Simultaneously, the tendency to restore GR and GPX activity was also observed.



According to several authors, it can be considered that our results on the enzymatic regulation of GR, GPX, and GSH in the PH-SP and PH-ETOH-SP groups was related to the high amounts of phenolic compounds and ω-3 and ω-6 fatty acids available in SP; these substances possess a large number of double bonds in their molecular structure that are responsible for antioxidant effects [69,70].




5. Conclusions


In this study, it was found that exposure to EtOH alters hepatic regeneration, reflected in a decrease in body weight gain and poor hepatic restitution against PH; consequently, significant mortality was demonstrated. In addition to the above, histologically, cell damage caused by the hepatotoxicity of EtOH was presented, as well as an alteration in the biochemical parameters and the enzyme activity analyzed.



Treatment with SP in the face of EtOH toxicity contributed to the regulation of the biochemical parameters analyzed in plasma. In addition, the use of SP is suggested to improve the activity of different antioxidant enzymes and, therefore, reduce oxidative stress in liver damage caused by EtOH. The hepatoprotective effects of SP on liver regeneration may be due to the activity of phycocyanin as the main antioxidant component contributing to the elimination of free radicals.
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Figure 1. Histological profiles of liver cells. (A) Depicts the control group in which the liver histology is normal; (B) moderate congestion in group PH; (C) PH-EtOH, microvesicular steatosis (circle), inflammation (arrow), apoptosis, necrosis, and congestion; (D) moderate congestion in PH with SP group; (E) PH-EtOH-SP, decrease in apoptosis, necrosis and microvesicular steatosis, mitotic images (arrow). (A–E): bar = 15 µm. 
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Table 1. Effect of the administration of EtOH and SP on body weight and survival in rats, and restitution of liver mass. Values are expressed as the mean ± standard error of the mean (SEM) in each experimental group (n = 6).
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	Group
	Initial Body Weight (g)
	Final Body Weight (g)
	Body Weight Gain (g)
	Resected Liver Mass (g)
	Final liver Weight (g)
	Restitution of Liver Mass (%)
	Mortality (%)





	Control
	259.52 ± 2.2 a
	316.3 ± 2.1 a
	56.78 ± 0.9 a
	-
	9.77 ± 1.36 a
	100 a
	0 b



	PH
	239.03 ± 4.1 a
	247.32 ± 2.6 b
	7.99 ± 2.1 b
	7.34 ± 0.33 a,b
	8.57 ± 0.64 a,b
	83.64 ± 1.11 a,b
	0 b



	PH-EtOH
	256.33 ± 4.3 a
	233.85 ± 2.4 b
	−22.48 ± 2.6 c
	7.89 ± 0.22 a,b
	6.94 ± 0.30 b
	68.29 ± 3.21 c
	16.6 a



	PH-SP
	245.98 ± 3.0 a
	257.67 ± 3.9 a,b
	11.69 ± 1.9 b
	9.25 ± 0.70 a
	7.25 ± 0.70 a,b
	55.14 ± 4.81 c
	0 b



	PH-EtOH-SP
	235.01 ± 3.1 a
	245.74 ± 3.1 b
	10.73 ± 2.7 b
	6.82 ± 1.04 b
	7.98 ± 0.11 a,b
	71.08 ± 3.0 b,c
	0 b







Values with different letters in the same column are significantly different with p < 0.05.
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Table 2. Histological indicators. Liver lesion parameters in each experimental group treated (n = 6).
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	Group
	Apoptosis
	Necrosis
	Congestion





	Control
	−
	−
	−



	PH
	++
	+
	++



	PH-EtOH
	+++
	+++
	+++



	PH-SP
	+
	+
	++



	PH-SP-EtOH
	−
	−
	+
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Table 3. Serum metabolites in the control group and partial hepatectomy, ethanol, and Spirulina (formerly Arthrospira)-treated animals.
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	Group
	Cholesterol (mg/dL)
	Triacylglycerol (mg/dL)
	Glucose (mg/dL)
	Albumin (g/dL)





	Control
	59.81 ± 1.0 a
	81.10 ± 2.1 b
	116.92 ± 2.0 b
	3.54 ± 0.10 a



	PH
	29.97 ± 1.2 b,c
	106.28 ± 4.4 b
	167.19 ± 1.3 a
	3.06 ± 0.11 b



	PH-EtOH
	24.97 ± 0.4 c
	179.90 ± 3.9 a
	177.63 ± 2.4 a
	2.80 ± 0.13 b



	PH-SP
	44.30 ± 2.2 a,b
	105.65 ± 6.2 b
	151.02 ± 4.0 a,c
	3.20 ± 0.20 a,b



	PH-SP-EtOH
	30.22 ± 7.1 b,c
	86.29 ± 2.8 b
	129.68 ± 1.4 b,c
	3.61 ± 0.17 a







Parameters are expressed as mean ± standard error of the mean (SEM) (n = 6). Different letters indicate significant differences among the means (p < 0.05).
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Table 4. Activity of antioxidant enzymes in the liver of rats treated with EtOH and SP. Values are mean ± SEM. Number (n) of animals per group = 6.
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	Group
	CAT (nmol/min/mg Protein)
	SOD (U/min/mg/Protein)
	GSH (µM/mg/Protein)
	GR (nmol/min/mg Protein)
	GPX (nmol/min/mg Protein)





	Control
	19.5463 ± 0.8 a
	4.2687 ± 0.9 b
	2.4533 ± 0.10 a
	1.0513 ± 0.16 b
	7.1698 ± 0.8 a



	PH
	12.3718 ± 1.0 b,c
	1.1548 ± 0.9 c
	2.7857 ± 0.11 a
	1.4209 ± 0.17 b
	4.5472 ± 1.3 b



	PH-EtOH
	10.5729 ± 1.1 b
	7.2067 ± 1.1 a
	1.9497 ± 0.8 b
	0.8413 ± 0.9 c
	0.6236 ± 0.1 c



	PH-SP
	14.0224 ± 2.0 a,b
	5.8727 ± 1.0 a,b
	2.3235 ± 0.8 a,b
	1.8676 ± 0.14 a
	4.2464 ± 0.9 b



	PH-SP-EtOH
	16.47624 ± 1.8 a,c
	3.86112 ± 0.3 b
	2.48045 ± 0.2 a
	2.8339 ± 0.19 a
	6.5059 ± 1.1 a,b







Means of the samples with different letters (a–c) differ significantly (p < 0.05).
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