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Abstract

:

Acetaminophen is the most sold drug to treat pain. The TRPV1 channel is among its main targets. Due to its over-the-counter availability, its use is known as the main cause of acute liver failure induced by drugs. In addition, boron-containing compounds (BCC) have shown higher efficiency, potency, and affinity than their carbon counterparts. The present study explored the potential analgesic effect and hepatotoxicity of a BCC with a similar chemical structure to acetaminophen. Docking studies were carried out on the TRPV1 channel. In addition, a hot plate test was carried out with three doses of acetaminophen (APAP) and equimolar doses of 4-acetamidophenylboronic acid (4APB) in C57bl/6 mice. These same mice were submitted to a partial hepatectomy and continued compound administration, then they were sacrificed at day seven of treatment to analyze the liver histology and blood chemistry markers. From the in silico assays, it was observed that APAP and 4APB shared interactions with key residues, but 4APB showed a higher affinity on the orthosteric site. Mice administered with 4APB showed a higher latency time than those administered with their equimolar dose of APAP and the control group, with no motor pathway affected. The 4APB groups did not show an increase in hepatic enzyme activity while the APAP did show an increase in activity that was dose-dependent. Although all the experimental groups did show necrosis and inflammation, all APAP groups showed a greater cellular damage than their 4APB counterparts. In addition, the LD50 of 4APB is 409 mg/kg (against APAP-LD50 of 338 mg/kg). Thus, in the current evaluation, 4APB was a better analgesic and safer than APAP.
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1. Introduction


Pain is an unpleasant sensory and emotional experience associated with actual or potential tissue damage [1]. The physiology of pain is a very complex process with nociceptors located on the periphery, which send signals to the central nervous system (CNS) to process those pain signals [2,3]. One of these receptors is the transient receptor potential vanilloid channel 1 (TRPV1), which is a non-selective, transmembrane cation channel that can be activated by an array of substances related to spiciness detection and an increase in temperature related to cellular damage. Its orthosteric site is named the vanilloid pocket, but various allosteric sites have been reported [4,5,6,7]. Once it is activated, it causes a depolarization of the free nerve endings, initiating the ascending nociceptive signal, which reaches the spinal cord and travels through the ventrolateral tract to several parts in the CNS, including the cerebral cortex [8]. In contrast, it has been shown that the central activation of TRPV1 in the periaqueductal gray area can cause a series of descending noradrenergic and serotoninergic pathways related to the descending antinociceptive pathway, activating alpha 2 metabotropic G0 receptors in the spinal cord and the former activating interneurons secreting GABA to inhibit the ascending nociceptive signal [3,9,10,11,12,13].



Acetaminophen (APAP) is the most sold over-the-counter drug to treat all types of pain. It usually tends to be overused, leading to toxic levels [14,15]. These toxic levels have led to APAP being the main cause of acute liver injury in the world, linked to its metabolism mainly occurring in the liver [15]. This toxicity has been widely related to the formation of the highly reactive metabolite, N-acetyl-p-benzoquinone imine (NAPQI), through the metabolism of APAP by the cytochrome P-450 pathway, with concomitant liver glutathione store depletion, an increase in the reactive oxygen species (ROS) with cell apoptosis, and death [16,17,18,19]. However, APAP as a modulator of pain and fever continues to be highly appreciated. The main mechanism of action for modulating pain is through the deacetylation of APAP and formation of p-aminophenol; this metabolite travels to the brain and with the help of arachidonic acid and metabolism by the fatty acid amine hydrolase (FAAH), the N-arachidonoyl aminophenol (AM404) is formed, which is a weak cannabinoid agonist and highly selective TRPV1 channel activator. Thus, AM404 is considered the APAP main active metabolite [20,21,22,23,24].



On the other hand, liver regeneration after a partial hepatectomy has been extensively studied [25]. The accumulated knowledge let one use the partial hepatectomy as a model to evaluate the effect of hepatotoxic drugs, such as APAP. After the excision, the initiation phase immediately begins, which corresponds with the increase in urokinase plasminogen activator in the blood. Then, the proliferation and inductive phases related to the release of various growth factors, including hepatic growth factor, endothelial growth factor, transforming growth factor, and angiopoietins [26,27,28]. After that, the angiogenic phase begins, which includes hyperplasia of hepatocytes, cholangiocytes, Kupffer cells, and blood vessels [29,30,31,32,33]. The idea of adding a boron atom into the structure of different molecules is very appealing for a drug design due to some studies having shown that boron compounds have a higher affinity, efficacy, and potency than their carbon counterparts. In addition, the body does not have the ability to break down boron–carbon bonds [34,35]. In this study, the compound (4-acetamidophenyl)boronic acid (4APB, also named 4-Acetylaminophenylboronic acid or p-(acetylamino)phenylboronic acid), which shares a similar structure to acetaminophen (Figure 1), was assessed to measure its ability to act as an analgesic as well as evaluate its hepatotoxicity.




2. Results


2.1. Docking Assays and In Silico Kinetic Evaluation


Among studied compounds (see list on Table S2), compounds AM404 and AM404B (N-arachidonoyl-4-aminophenylboronic acid; boronic analogue to AM404) are notable since these metabolites of APAP and 4APB, respectively, showed a putative ability to bind with a high affinity on the TRPV1 channel.



They were predicted as high affinity ligands of both rat and human TRPV1 in the highest affinity complexes and in the second position reached on these receptors. As can be seen in Figure 2, both compounds (as well as APAP and 4APB) show higher energy values than well-known ligands, such as capsazepine, and even higher than those for APAP and 4APB. The common interactions were hydrophobic ones, and some also related to the aromatic ring shared for all compounds. Nevertheless, the main difference between BCC and those without a boron-atom was the ability to generate additional interactions due to the existence to two hydroxyl moieties bound to the boron atom in BCC while just one hydroxyl group with ability to form hydrogen bonds in the boron-free analogues (Figure 3 and Figure S2). Additionally, the calculated LogP and BBB prediction (as seen in Figures S3 and S4) supported the notion that these compounds could reach the CNS.




2.2. Determination of Intraperitoneal LD50 of 4APB and In Silico Toxicity Prediction


With regards to the lethal dose 50 (LD50) of 4APB, all animals were administered i.p. to avoid the idiosyncratic nature of the gastrointestinal absorption of each individual animal. In phase 1 (accord to Lorke’s method, logarithmic scale), only those animals administered 1000 mg/kg of 4APB died in less than 5 min after administration. In phase 2 (doses between 100 and 1000 mg/kg considering the Lorke’s method) [36], no mortality was reported during the observation period. After 48 h, all animals were sacrificed using cervical dislocation, and their brains, heart, lungs and liver were dissected. A linear regression was made with the data converting everything through the use of Probits (r = 0.87) and an LD50 of 571.41 mg/kg and a significance of p with <0.001, proving the correlation of the dosage and mortality rate (Figure 4). All organs dissected were observed, but no apparent damage was found.



From the in silico approach, the ProTox II online server from Charite University showed a prediction of an oral LD50 of acetaminophen of 338 mg/kg with an accuracy of 100% and an active hepatotoxicity of 0.74; for 4APB, it showed an LD50 of 409 mg/kg but a predicted accuracy of 68.07% and a predicted hepatotoxicity of 0.52 (details are in Figures S5 and S6).




2.3. Hot Plate and Motor Activity


It should be mentioned that 50, 150, and 250 mg of APAP were used for comparing with previous evaluations [37], and the equimolar doses of 4APB were applied (see details in Section 4.1).



For the first day of evaluation, at 30 min, 4APB150 and 4APB250 groups did show a higher latency against the control group. Higher latency values were maintained up to 120 min for these groups. Animals administered with 4APB50 showed a higher latency at 120 min. Meanwhile, APAP250 showed higher values than the control at 60, 120, and 150 min and APAP150 just at 150 min. Any statistical difference between groups was lost at 180 min (Figure 5A).



For day 2, from 0 to 90 min, all groups administered with 4APB showed a higher latency than both the control and corresponding APAP groups with a p < 0.001. Moreover, 4APB250 remained with a higher latency at 120 min while APAP150 showed a statistical difference at 0 and 60 min and APAP250 from 0 to 90 min comparatively to the control group. After 90 min, no statistical differences were found except for those mentioned for the 4APB250 group (Figure 5B).



On the last day, all 4APB groups showed a statistical difference with the equimolar APAP groups or control group at 0 to 150 min (except for the register at 60 min since only was difference against control group). Moreover, 4APB150 and 4APB250 groups remains with higher latency value at 180 min. For its part, APAP150 group showed higher latency than control group at 30 and 120 min while APAP250 showed higher latency than control group at 0 min (Figure 5C).



After the evaluation of motor activity, no statistical difference was observed, and no involvement of motor pathways or central or accessory pathways is suggested, as can be seen in Figure S7.




2.4. Hepatotoxicity and Liver Regeneration


Regarding hepatic metabolism evaluated by some serum metabolites, scarce differences against the control group were found (Figure 6). Thus, for glycaemia, it was established that the 4APB50 group had lower levels than the control group. For creatinine serum levels, all groups had a significantly lower concentration than the control group with a p of <0.001. No statistical difference was found between urea, cholesterol, or albumin levels between all experimental groups and the control group.



In regards to bilirubin levels (Figure 7), the APAP50 group had lower levels of total bilirubin than the control group (p < 0.001). As for conjugated bilirubin levels, all the APAP groups showed higher levels than the control group, and only the 4APB50 showed higher levels than the control group while all groups showed a lower level of unconjugated bilirubin compared to the control group but not between either equimolar compound group.



Regarding the activity of hepatic enzymes (Figure 8), ALT was increased in most members of the APAP groups, albeit if no statistical difference was found, while no clear pattern was found for the 4APB groups. As for AST, all groups administered with APAP showed higher levels than the control group while no statistic difference was found for the 4APB groups. For APT, no statistical difference was found among experimental groups.



With respect to the calculated hepatic regeneration, all groups did show regeneration, with the control group showing a 47.31% regeneration; APAP groups of 50, 150, and 250 mg/kg having a regeneration of 73.08%, 74.05%, and 60.95%, respectively; and the corresponding 4APB groups showing a regeneration of 49.57%, 69.36%, and 64.93% regeneration, but no statistical difference was found between any experimental group or with the control group, as shown in Figure 9.



Considering normal hepatic parenchyma and the control group as shown in Figure 10A, healthy hepatic tissue with the portal triad is present (i.e., the portal vein (PV), hepatic artery (HA), and bile duct (BD)), and although there are central veins (CV), due to the histological slice, no hepatic acinus can be discerned, but the sinusoidal spaces (SS) can be clearly demarcated. Hepatocytes (Hct) can be seen with a basophilic nucleus, with Kupffer cells (KC) having a highly basophilic nucleus with a smaller cell architype in comparison to Hct. The effects of APAP or 4APB seem to occur in a dose-dependent manner. In Figure 10B, from group APAP50, there is a clear distinction of the healthy tissue and tissue inflammation not limited to the acinus, with a vast amount of polymorphic nuclear leucocytes, PMN; formation of fibrotic tissue, FT; fatty infiltrations, FI; and necrotic tissue, NT. Nevertheless, as shown in Figure 10C, from the 4APB50 group, most of the samples showed healthy tissue with the presence of the normal portal triad, with no disruption of the cellular architecture or necrosis. In Figure 10D, from APAP150, there is a presence of inflammation, NT, and FT, which was more abundant than its equimolar dose of 4APB and had more HD with no distinction between the classic portal triad but a similar surface area of NT. In Figure 10E, from 4APB150 group, there is NT not limited to the acinus, diffuse inflammation, with limited inflammation and hepatocellular disorganization, HD, and the formation of FT. Finally, in Figure 10F (APAP250), there is extensive NT, various patches of FT, and diffuse inflammation with a greater surface area presentation in comparison to any other group. In the Figure 10G (4APB250), although there is NT, there are remanent Hct structures with the SS still intact with focal inflammation and the presence of FT.





3. Discussion


Pain is the most common symptom referred by patients that seek medical care. The mechanisms for pain are multiple; thus, the regulation of the pain pathway has been widely explored and several targets identified as key for modulation. Hence, diverse molecules interacting on these targets are applied and studied to modulate pain [1]. In this work, efforts were made on the study of TRPV1, a protein receptor functioning as a homo-tetramer related to the action of some types of pain. This protein is considered a main target for APAP pain modulation through its action in the CNS [4,6]. In our docking simulation, the subunit A was used with the grid box center between Thr550 and Ser512 to explore the vanilloid pocket and near regions proposed as key for APAP action on it. Considering the aforementioned facts as well as the in silico results, among tested compounds, AM404 is of special interest due to its relationship with APAP’s active role in the CNS [22], and its boron-containing analogue AM404B is similarly of interest since both are theoretically BBB permeable, and thus, they can reach the CNS. Moreover, AM404 formation is enhanced through the immune system’s reaction towards infections, forming a large side chain compound with putative action in CNS. Due to its high similarity in structure, AM404B could also have the possibility of being obtained from a similar bio-transformation of 4APB. Further research is required to support or discard this possibility. Nevertheless, these APAP and 4APB metabolites have the ability to form alkyl interactions with the abovementioned residues (key in the vanilloid pocket) and also due to the dipole moment of their hydroxyl group, forming hydrogen bridges with either the hydrogen or oxygen seen in the boronic acid and the acetaminophen metabolite.



The in silico toxicity prediction using the ProTox II server from the Charite University of Medicine, which took into account over 38,000 compounds, considering their LD50 values and identification of toxic moieties, has a sensitivity of 96% and specificity of 91%. For the hepatotoxicity, it uses a Drug Induced Liver Injury Dataset, DILI, considering over 800 compounds known to cause liver injury. Thus, with regards to APAP, this server predicted an oral LD50 of 338 mg/kg, toxicity class 4, and being hepatotoxic with a 75% accuracy, as shown in various studies [17,37], while the reported i.p. administered LD50 was 367 mg/kg. This difference in concentration considers the gastrointestinal system’s large surface area of absorption while the peritoneum needs diffusion for absorption and a delay of 10 to 20 s through the portal vein absorption and retention in mesentery and lymph [38]. Concerning 4APB, the predicted oral LD50 was 409 mg/kg, toxicity class 4, but the predicted accuracy was 68.09%. According to that, since it was less lethal at higher doses and not hepatotoxic, but it had a probability of only 0.52, there is a need for further in vivo experiments to assess this assumption.



Therefore, male mice of the CD1 strain were used, and the calculated LD50 was 571.4132 mg/kg. A Q-Q plot was used to better display the regression. This lower 4APB-toxicity than that for APAP may be related to the suggested high stability of the boronic acid [39], causing lower concentrations of reactive metabolites, such as NAPQI, that could be toxic for the body [40]. In addition, the possible 4APB-biotransformation to water-soluble and active metabolites. The R = 0.87 demonstrates the relation between dose and mortality in mice, with a p of <0.001. In addition, determining how mg per kg impacted the mortality rate (the expected mortality rate increased by 0.1854 % per mg with a p of <0.001), it supported that 4APB is less lethal than APAP. No further macroscopic data suggesting organ toxicity were found in the necropsy of these animals.



Concerning the hot plate test, the TRPV1 channel can be activated by various stimuli, and as one is temperature, it was left at 50 °C [41]. The C57bl6 strain was used due to its sensibility towards thermic tests, and it was done in 3 days to observe acute analgesia and possible bioaccumulation at different doses. As aforementioned and considering all data from days 1 to 3, it can be ascertained that all tested doses of 4APB disrupt the nociceptive pathway to produce an analgesic effect towards thermo-nociception, but they took more time to start while APAP only showed analgesia at the highest tested dose. The data from the open field test supported that analgesic effect evaluation was not altered by motor disruption [42].



In regards to plasma metabolites or those molecules related to systemic metabolism, of special interest is glucose due to APAP being able to oxidize free phenolic hydroxyl groups on test strips or analyzers and boric, boronic acids, or fructoborate decreasing glucose levels by a mechanism as yet to be defined, though some data point to insulin-related activity [43,44,45,46]. In these results, only the 4APB50 group showed a reduction in glucose; it could be related to the effects of other BCC in carbohydrates metabolism [46].



Linked to the protein metabolism, the plasma levels of urea, a soluble metabolite produced from ammonia so as to be excreted [47], were not affected in the studied mice. Then, it can be inferred that neither APAP nor 4APB affect the urea cycle; the main way to produce alterations in its production [48,49]. For its part, creatinine in the plasma for the control group was (90 mmol/L) in the normal range while all other groups were below the normal range (<88 mmol/L), inferring that both compounds could act by antagonizing metabolic processes involving the creatinine production, such as the process mediated by the action of S-adenosyl-L-methionine: N-guanidinoacetate methyltransferase [50]. In addition, it could be related to an increased glomerular filtration rate, but additional measurements should be carried out to support this.



Cholesterol is an essential lipid that is important for cellular organization and stability while also the basis for hormones, bile, vitamin D, and oxysterols. Some BCC can reduce cholesterol levels [51], but in the present study, no correlation was found with the administered 4APB, while APAP can reduce levels under certain conditions, but it is generally accepted as not affecting levels [52,53,54]. The main protein produced in the liver, albumin, with multiple functions, was not altered in the control or experimental groups, thus implying that at these doses, the compounds or possible metabolites interfering with hepatocytes is not enough to cause a blockage of albumin synthesis as it has been reported in other cases [55,56,57,58]. Higher APAP or 4APB doses seem to be required to disrupt albumin production in the current murine model.



Bilirubin released from the catabolism of heme is usually glucoronated in the liver, so it can be excreted into bile. The metabolism of APAP produces a glucuronide metabolite that can be released in bile, and it can cause cholestasis due to impaired cellular secretion of bile [16,17]. In the results obtained in this study, no consistent increase or statistical difference in total, conjugated, or unconjugated bilirubin was observed in regards to the different concentrations of 4APB in comparison to the control group while for the APAP groups, there is an increase in conjugated bilirubin levels noted from the lowest dose (50 mg/kg). This could be related to the effect observed histologically in the liver tissue (acute liver damage with fibrosis, see below) and in line with cholestasis [59,60,61,62].



The enzymes AST, ALT, and APT are widely used to assess liver damage, although there is a normal serum activity due to the normal replacement of hepatic cells, and AST can be found in almost all tissues while ALT and APT in some other organs. Although no statistical difference was found between groups for ALT or APT, for ALT in the three APAP groups, there was an increase that correlated with the dose (i.e., the mean value of APAP50 was increased 4-fold from normal values, that for APAP150 group was increased 6-fold, and that for APAP250 was a 7-fold increased value. In the 4APB groups, just a slight increase is noted in mean values, suggesting lesser hepatic damage than APAP. In regard to AST, there is a statistical difference with all APAP groups against the control group with the mean value increase being dose dependent, inferring that they did cause acute liver damage [63,64]. This was not observed with 4APB. Moreover, this is in line with the results recently reported by Celyk and Aydin; they found 4-hydroxyphenylboronic acid (structurally related to the compound tested in the current work) administration to mice that decreased the elevated AST and ALT levels induced by APAP (20 mM in liver-cell culture) [65].



In addition, it should be noted that the normal weight of the liver in mice is 5% of the total body weight, and through a partial 2/3 hepatectomy, it can cause a total weight recovery after 7 days from the surgery through cell hypertrophy followed by proliferation [66]. However, if hepatotoxic compounds are added, they can limit regeneration or stimulate hypertrophy [67,68]. In the present study, no statistical difference was found between the liver mass of the control group or experimental groups, but in almost all the treated groups (exception is the lowest dose of 4APB), there was an increase in the mean value of the percentage of regeneration. This is in line with the possibility of the stimuli of toxic compounds for increasing the hepatic mass due to stimulation of liver hypertrophy [66,67,68,69] or the production of some liver growth factors (as epidermal growth factor, tumor necrosis factor alpha, hepatocyte growth factor, and interleukin-6) [70]; some of these growth factors are altered by BCC administration [71].



Finally, regarding the histology, the control mice showed a normal hepatic parenchyma. The effects of APAP of 4APB administration were clearly dose-dependent; however, it was clear that higher concentrations of 4APB than APAP were required to induce morphological changes, inflammation, and fibrosis processes. In addition, necrosis was observed in increased distribution in the three tested doses of APAP but not in the lowest dose of 4APB. Then, there was hepatic damage done by both, APAP and 4APB by a mechanism as yet unknown but probably related in both cases to the formation of metabolites (as N-Acetyl-p-benzo-quinoneimine and other quinones), increasing the oxidative stress or directly damaging mitochondria as is probed by APAP [15,60]. Further research is required to explain the requirement of higher doses of 4APB and to probe the sharing mechanisms with APAP.



This work showed the analgesic potential of 4APB in a dose-dependent manner as well as the advantages on hepatotoxicity suggested by a model of hepatic regeneration; additional assays are required to test the antipyretic effect of this compound and the changes in entire neural and immune systems after its administration. In addition, the evaluation of biotransformation and hepatotoxicity in different ages or in different mammal species would be interesting, as some differences have been reported linked to differences in the biotransformation and production of cytotoxic metabolites [37,72].




4. Materials and Methods


4.1. Animals and Treatments


All experiments complied with the requirements established in the NOM-062-ZOO-1999-SAGARPA, with the ARRIVE guidelines and the guide for the use and care of laboratory animals of the National Research Council. Mice were maintained in cages (4 animals per cage) of acrylic with 43 × 53 × 20 cm dimensions; they were 1 week at adaptation in a reverse light–dark cycle at room temperature in the area for behavioral assays, with water and food (Rodent Laboratory Chow 5001) ad libitum.



An amount of 56 male C57BL/6J healthy mice of 7–8 weeks of age, weighing 25 ± 2 g, acquired from the Vivarium of Universidad Autónoma del Estado de Hidalgo were used. Institutional Biosecurity Committee evaluated and approved this protocol, registered as ESM-CBS-07/03-11-2021. C57BL/6J mice were randomly assigned to seven groups (n = 8) with eight members each (N = 56). Groups were named for the administered treatment. With reference to administered drug, they were named APAP (from Sigma-Aldrich, St. Louis, MO, USA. Cat.A7085, CAS 103-90-2, purity ≥99%, M.W. 151.16 g/mol) or 4APB (from Sigma-Aldrich, St. Louis, MO, USA. Cat.565806, CAS 101251-09-6, purity ≥90%, M.W. 178.98 g/mol) while the numbers were regarding the applied dose (i.p., mg/kg); it should be mentioned that 50 (0.33 mmol), 150 (0.92 mmol), and 250 (1.65 mmol) mg were used as previously in similar evaluation to analgesic and hepatotoxic ability of APAP [37,73], and the doses of 4APB were applied as equimolar to those used for APAP (0.33 mmol = 59.2 mg/kg, 0.92 mmol = 177.6 mg/kg and 1.65 mmol = 296 mg/kg). Thus, group 1 was control; groups 2 to 4 were administered with APAP: APAP50, APAP150, APAP250; and groups 5 to 7 were those administered with the equimolar quantity, 4APB: 4APB50, 4APB150, and 4APB250. The hot plate test and hepatotoxicity (the latter one week after analgesic evaluation) were evaluated in the same mice as is explained in Section 4.5 and Section 4.7.



In addition, for comparative purposes (with previous reported toxicity [37,60]), 17 CD1 male mice were used to test toxicity as is described below (see Section 4.4).




4.2. Retrieval of Tested Structures


The structures of a set of 34 ligands were drawn using ACD/ChemSketch 2020.1.2. This group included known APAP metabolites, the potential metabolites of 4APB; capsaicin, a natural vanilloid; and capsazepine, a synthetic antagonist of the TRPV1 Channel. These ligands were pre-optimized using Hyperchem, Version 6.0, Hypercube, Gainesville, FL, USA, at the level of molecular mechanics at AM1 basis set. Thus, the minimum energy structure for each ligand was fully optimized at the B3LYP/6-31G** level using Gaussian 09 software.



The structure of the rat-TRPV1 channel (PDB ID:5IRX) was selected due to the fact that this entire protein was obtained in a native bilayer environment for rat [74] while the https://swissmodel.expasy.org server (accessed on 20 January 2020) was used to create a human TRPV1, which represented a model based mainly on one crystal structure (PDB ID: 3j5p, a minimal functional rat TRPV1 construct, composed of amino acids 110 to 603 and 627 to 764), which had a similarity of 92.31 % to the one for the human protein [4]. Data regarding proteins structure evaluation are presented in Supplementary Materials (Figure S1 and Table S1).




4.3. Docking Procedure


The targeted protein was prepared as described above and as previously reported [75]. Autodock Tools 1.5.7 was used to prepare docking studies as elsewhere [76], a blind approach was employed to explore the vanilloid pocket and to identify or discard putative allosteric binding sites. For the search, a Lamarckian genetic algorithm was used with a population of 100 random individuals and 10 × 107 iterations, which ran with the AutoDock 4.2 software. The results were analyzed for affinity value estimation and interactions with AutoDock Tools 1.5.7, and images were obtained using Discovery Studio Visualizer v20.1.0.19295 [77].



Additionally, to determine if the molecules studied could pass the blood–brain barrier, the calculated logP or the octanol–water partition coefficient was calculated using logP (octanol-water) partition coefficient calculation (by using https://molinspiration.com, accessed on 16 January 2020) server to determine the hydrophobicity; a positive number being further away from 0 indicated an increase in hydrophobicity, and those that had negative values were hydrophilic. In addition, to correlate the answer, the log blood–brain barrier (BBB) Prediction Server (by using https://cbligand.org/BBB/predictor.php, accessed on 16 January 2020) server was used to discern if the molecule studied could pass the blood–brain barrier, which used a Support Virtual Machine (SVM) algorithm to offer a value, which, if positive and further away from log 0, meant that it could pass the barrier while a number with negative results showed that it could not pass it.




4.4. In Silico and In Vivo Toxicity Evaluation


The Pro Tox II server by the Charite University was used to infer toxic properties, and for the Query, the PubChem Code for APAP and 4APB was acquired.



The in vivo preliminary acute toxicity was determined using the Lorke’s Method [36]. In brief, 17 male CD1 mice of 7–8 weeks of age and weight of 25 ± 2 g were used, with phase 1 consisting of 3 groups of 3 mice administered an intraperitoneal (i.p.) dosage of 10, 100, and 1000 mg/kg of the compound 4APB, and they were observed for 24 h for changes in behavior and mortality. Phase 2 consisted of 4 groups of CD1 male mice; 2 mice in each group with dosages of 50, 140, 200, and 400 mg/kg of 4APB; and an observation period of 24 h for changes in behavior and mortality. For the calculation of LD50, a linear regression for the lethality was calculated by converting the percentage to probits [78,79].




4.5. Hot Plate Test


After one week of adaptation, the C57BL6 mice were administered their correspondent treatment (APAP or 4-APB, in days 1, 2, and 3, i.e., they were administered daily), which was a vehicle of NaCl solution at 0.9% with 10% DMSO delivered i.p. 30 min prior the hot plate test. For the test itself, the hot plate (OmniAlva®, Mexico City, Mexico) was set at 50 °C. Every 30 min, the animals were put on the hot plate, and the latency time was measured for 3 h and for 3 days, with the time limit being 30 s to prevent tissue damage. An independent researcher was taught to read the changes in behavior for the recording in latency time, which included jumping from the base of the hot plate, moving their hind paws uncontrollably, or when they licked their front and hind paws [41].




4.6. Open Field Test


Animals were put in an acrylic box (50 × 50 × 50 cm) linked to the OmniAlva® Open field equipment (Mexico City, Mexico), their exploratory and freezing behavior was observed and recorded during 5 min. This occurred 1 h before any procedure to avoid animals with motor limitations and 2 h after the administration of the APAP or 4APB to measure effects of treatment on motor performance [42].




4.7. Partial Hepatectomy Model


After the hot plate test, male C57bl6 mice were given 7 days of additional adaptation and rest. For the eighth day, the surgical removal of 2/3 of the liver using a technique known as a partial hepatectomy (PH), which was performed according to the procedure described by Higgins and Anderson [80], which corresponds to the removal of the medial and lateral lobe with a single ligature of the common pedicle with a later excision of the lobes aforementioned. As a surgical control, the control group did have part of their hepatic mass removed but were administered saline solution [25,80]. For the corresponding 7 days, each group was administered daily as aforementioned. All groups received food and water ad libitum throughout the treatment period.



On day 8 after PH, animals were sacrificed through a lethal dose of sodium pentobarbital (120 mg/kg BW). Serum samples were obtained through an intracardiac puncture. Each animal was washed with a phosphate-buffered saline solution with a phosphate tampon and posteriorly with 10% formaldehyde solution. The livers were cut, weighed, and placed in a solution with 10% formaldehyde solution and put to freeze at −70 °C until later use.



To determine liver regeneration with regards to the resected liver, it was weighed and divided by 0.7 to obtain the estimate of the initial weight while for the percentage of restituted hepatic mass, the following formula was used: remnant liver weight/initial liver × 100 as elsewhere [81].




4.8. Liver Histology


Hepatic samples were fixed with formaldehyde (10% in isotonic solution), embedded in wax, and stained with hematoxylin-eosin, with the specimens read blindly without knowledge of other data by two independent expert observers. The criteria that were used to analyze the morphological abnormalities were: fatty infiltration (+ mild, ++ moderate, +++ severe, and ++++ very severe), inflammation (+ zonal localization, focal inflammatory cells, ++ moderate, not restricted to one zone of the acinus, +++ diffuse), and hepatocellular disorganization (+ isolated foci in zone 3 of the liver acinus, ++ more widespread, and +++ definitively diffused in the hepatic acini).




4.9. Determination of Enzymes and Metabolites in Serum


The activities of serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (APT) were measured using the colorimetric diagnostic kits (Spinreact de Mexico, SA de CV) and reported in units/L. Serum concentrations of glucose (mmol/L), cholesterol (mmol/L), urea(mmol/L), creatinine (µmol/L), albumin (g/L), and bilirubin (µmol/L) were determined with spectrophotometric techniques using diagnostic kits (Spinreact de Mexico, SA de CV).




4.10. Statistics


Statistical analysis was carried out with Shapiro–Wilk test to verify normality in the data collected, and if the former was positive, one-way ANOVA was used while if it failed, a non-parametric test was used, such as Kruskal–Wallis test (i.e., for data from the hot plate test and open field activity, one-way ANOVA was used, and when Shapiro–Wilk test failed, Kruskal–Wallis test was used), and for post hoc tests, Tukey’s, Dunn’s, and Holm–Sidak were used. For data from in vitro assays of hepatic metabolites and enzyme activity, one-way ANOVA was used, and when Shapiro–Wilk failed, Kruskal–Wallis was used. For the comparison between individual groups, whether for the hot plate test, open field test, hepatic metabolites, and enzymes, for the mean comparison, t-test was used if normality was passed, or rank sum test was applied for medians. Analysis of data was performed using Sigma Plot 14.0 ®. Significance was considered when p ≤ 0.05.





5. Conclusions


Considering the data acquired from the in silico and analgesic evaluation, it can be suggested that the vanilloid pocket of the TRPV1 channel is an important site for the action of both APAP and 4APB (and probably some of their metabolites). In addition, from these results, it could be suggested that 4APB does have an analgesic effect (in the three tested doses) towards thermal nociception while APAP has an analgesic effect at the highest tested dose only. In addition, from LD50 value, it was shown that 4APB is less toxic than APAP, and from some enzymatic and morphologic changes, it was shown that 4APB is less hepatotoxic than APAP; hence, 4APB in low doses is probably more effective as well as safer than APAP at treating pain.
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Figure 1. Chemical structures. The structures of acetaminophen (APAP, also known as paracetamol, 4-Acetamidophenol, N-(4-Hydroxyphenyl)acetamide; on the left) and 4-acetamidophenylboronic acid (4APB, on the right). 
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Figure 2. Predicted affinity of compounds on the TRPV1 channel. Comparison between Ki of best clusters(Filled forms) of rat (Circles) and human (Rhombs) on the TRPV1 channel; and Ki of the second best cluster(Blank forms) on the TRPV1 channel. 
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Figure 3. Predicted binding site of compounds on the TRPV1 channel. Below are APAP (A,B) and 4APB (B–D) in the orthosteric binding site. Details of interactions are in Supplementary Materials. 
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Figure 4. Quantal dose—acute toxicity response curve. Mortality in probits observed after administration of 4-APB. 
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Figure 5. Latency time of mice in the hot plate test. Measured latency (in seconds) for evaluation in day 1 (a), 2 (b), and 3 (c) at 0, 30, 60, 90, 120, 150, and 180 min. Significant difference against the control group: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. Significant difference against the respective APAP group: $ p ≤ 0.05. 
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Figure 6. Serum concentrations of some hepatic metabolites. Glucose (A), urea (B), creatinine (C), cholesterol (D), and albumin (E) measured after 7 days of treatment. Asterisks indicate significant difference against control group, * p ≤ 0.05 ** p ≤ 0.01. 
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Figure 7. Serum concentrations of total (A), conjugated (B), and unconjugated (C) bilirubin. As it was measured after 7 days of treatment. Asterisks indicate significant difference against control group, * p ≤ 0.05 *** p ≤ 0.01. 
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Figure 8. Serum activities of alanine transaminase (ALT, (A)), aspartate aminotransaminase (AST, (B)), and alkaline phosphatase (APT, (C)). As were determined after 7 days of treatment. Asterisks indicate significant difference against control group, * p ≤ 0.05 ** p ≤ 0.01. 
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Figure 9. Percentage of mice liver regeneration after a partial hepatectomy. Percentage of regeneration determined from the final weight/expected weight relationship after 7 days of treatment. No significant differences were found among groups. 
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Figure 10. Hepatic Histology of samples from groups of control mice (A) or mice treated with different concentrations of APAP (B,D,F) and 4APB (C,E,G) for 7 days after a partial hepatectomy. (A) A sample from control group; a portal triad including portal vein (PV), hepatic artery (HA), and bile duct (BD) with presence of healthy hepatocytes (Hct), Kupfer cells (KC), and sinusoidal spaces (SS) are visible. (B) APAP50 with areas of loss of color and nucleus of hepatocytes with necrotic tissue (black arrow), inflammation area (purple arrow), fatty infiltration (brown arrow), and fibrotic tissue (FT) with cellular disorganization (green arrow). (C) 4APB50 and (D) APAP150 with areas of extensive inflammation (purple arrow) and hepatocellular disorganization with change to fibrotic tissue (green arrow) and necrotic areas (black arrow). (E) 4APB150 with presence of inflammation (purple arrow) with focal fibrotic tissue with hepatocellular disorganization (green arrow) and necrotic areas with loss of color and nucleus but maintaining cellular organization (black arrow). (F) From APAP250 with presence of extensive inflammation (purple arrow) with extended fibrotic tissue with hepatocellular disorganization (green arrow) and necrotic areas with loss of color and nucleus and beginning to cause hepatocellular disorganization (black arrow). (G) From 4APB250, sample with areas of loss of color and nucleus of hepatocytes with necrotic tissue (NT, black arrow), inflammation area (purple arrow), and fibrotic tissue (FT) with focal cellular disorganization (green arrow) (all figures obtained through the 10× objective). 
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