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Abstract


The introduction of general anesthetics in the mid-19th century is considered one of the greatest contributions to medical practice. It was the first time that complicated surgical interventions became feasible, without putting an excessive strain on the patient. The first general anesthetics—diethyl ether, chloroform, and nitrous oxide—were limited by often severe adverse reactions and a narrow therapeutic window. They were later succeeded by modern anesthetics, with high anesthetic effect along with diminished toxicity. As with other medical drugs, many anesthetic compounds contain chiral centers in their molecules. Although currently used as racemates, the pharmacological activity of the respective enantiomerically pure antipodes can vary considerably, as can their adverse effects. Herein, we report on the available studies into the differences in bioactivity and toxicity between the enantiomers of chiral anesthetic agents. Both inhalational and intravenous anesthetics are discussed. Aspects of pharmacodynamics and pharmacokinetics are surveyed as well. The results could stimulate further research into the potential application of single-enantiomer anesthetics in clinical practice.
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1. Introduction


General anesthetics are compounds that are mainly used in surgery to induce the state of general anesthesia, characterized by a loss of consciousness, a lack of response to painful stimuli, muscle relaxation, immobility, and suppressed undesirable somatic and autonomic nervous reflexes. They can be classified according to their mode of administration as inhalational and intravenous general anesthetics.



Many attempts at general anesthesia have been made since antiquity, using mainly herbal drugs, but the history of modern anesthesia starts in the 1840s when nitrous oxide and ether were first used to induce general anesthesia. Subsequently, a large number of new agents were introduced, yet only few of them became established in clinical practice in the long term [1].



Inhalational anesthetics enter the organism via inhalation in the lungs, from whence they are delivered by blood into the respective tissues. They mainly unfold their anesthetic effect in brain. They are gases or volatile liquids with high lipophilicity.



The ideal general anesthetic should exhibit a number of properties [2]:




	
Easy to administer;



	
Rapid onset as well as recovery from anesthesia;



	
Easy and reliable maintenance of anesthesia in the desired stage;



	
Sufficient analgetic effect;



	
Muscle-relaxant properties;



	
Broad therapeutic window (safety window);



	
Minimum toxicity and adverse effects;



	
Low degree of metabolism;



	
Environmental safety;



	
Low cost.








Inhalational anesthetics should additionally exhibit low blood–gas along with high oil–gas coefficients, be non-irritant to the respiratory tract, and be non-flammable. They include several chemically diverse types of compounds:




	
Inorganic gases—nitric oxide, xenon;



	
Hydrocarbons and non-halogenated ethers—cyclopropane, diethyl ether, ethylene, acetylene;



	
Organohalogen compounds—chloroform, halothane, isoflurane, desflurane, sevoflurane, enflurane, methoxyflurane, chloroethane, trichloroethylene.








Many compounds that act as inhalational anesthetics are today only of historical importance, having been superseded by compounds with superb properties—higher efficacy and/or lower toxicity, as well as favorable pharmacokinetics. Several inhalational anesthetics formerly in use were abandoned because of their high flammability. Currently used agents include desflurane, isoflurane, sevoflurane, and nitrous oxide. Halothane is still used in some countries because of its affordability, whereas the use of xenon is still limited due to its high production costs. Anesthetics also find uses outside their main area of indication. Many of the inhalational anesthetics such as isoflurane and desflurane are used for severe epileptic seizures lasting for more than 5 min [2,3,4,5,6].



Another group of general anesthetics are intravenous anesthetics, which are often used in the initial phase of anesthesia [7]. In clinical medicine, especially in surgery, they are of paramount importance [8]. The history of modern i.v. anesthesia starts with the introduction of thiopental into clinical practice in 1934. Since then, many new compounds have been found to exert anesthetic effects. Despite their high efficiency and safety (in the induction of hypnosis, amnesia, analgesia, and immobility), their use is generally hampered by side-effects, especially cardiorespiratory depression. The most prevalent intravenous anesthetics include propofol, etomidate, ketamine, and barbiturates (such as thiopental). They tend to be combined with analgesics, especially opiates, as most of them do not produce this type of effect [9]. Propofol is the drug of choice for the induction of anesthesia, whereas etomidate is the most commonly used agent in patients with hemodynamic instability [10]. Thiopental is known to reduce intracranial pressure; hence, it is often used in cases of high intracranial pressure or head trauma [11]. It is also one of the most commonly used barbiturates in obstetrics because it penetrates the placenta very rapidly (within 30 s) [12]. Currently, thiopental is used as replacement therapy in critically ill patients with COVID-19 [13]. The anesthetic ketamine is a vital component of emergency medicine, offering a range of beneficial properties including analgesic, sympathomimetic, and dissociative effects [14].



In regard to their chemical structures, the intravenous anesthetics can be classified as follows:




	
Barbiturate derivatives: thiopental, methohexital, hexobarbital;



	
Phenolic derivatives: propofol, fospropofol;



	
Steroid derivatives: alfaxalone/alfadolone;



	
Derivatives of phenylacetic acid: propanidid;



	
Various structures: ketamine, esketamine, etomidate.








The mechanism of action of central anesthetics has been the subject of much debate (e.g., [15,16,17,18]). Despite the fact that several theories have been proposed, there is still no final scientific agreement, and a detailed discussion is beyond the scope of this article.



Early on, it was hypothesized that the potency of volatile anesthetic agents (as described by the minimum alveolar concentration, MAC) correlates with their lipid solubility (the Meyer–Overton correlation). This theory attributes the effects at the cell level to a membrane-mediated mechanism, either directly changing the physicochemical properties of the lipid bilayer or modulating the activity of membrane proteins in the neuronal membrane. A quantitative expression of lipophilicity is the blood/gas partition coefficient, expressing solubility in blood. A substance that is more soluble in the blood has a slower distribution and a slower onset and cessation of action. Lipid solubility is expressed by the oil/gas partition coefficient; a more liposoluble anesthetic is more effective with and more readily distributed to adipose tissue, e.g., to the CNS. The physicochemical properties of selected inhalational anesthetics are given in Table 1 [4]. Later, the critical volume hypothesis (lipid bilayer expansion hypothesis) was proposed, stating that the accumulation of bulky and hydrophobic anesthetic molecules in lipophilic domains of the neuronal lipid membrane results in deformation and expansion due to a volume shift. Since then, more advanced variations of this hypothesis have been proposed, connecting the anesthetic effect to various perturbations of the lipid bilayer, such as thickness, elasticity, or lateral phase separation. A change in membrane properties may then result in the activation of an ion channel [19]. A recent hypothesis posits the non-specific binding of anesthetics to the binding site of the lipid palmitate, a lipid structure within the plasma membrane, in this way competing with the binding of cholesterol and in turn activating a potassium channel [19].



The lipid hypothesis is particularly attractive for the structurally simple and often chemically inert inhalational (volatile) anesthetics (which are chemically as different as sevoflurane, nitrous oxide, and xenon). The effect is considered to be non-specific, despite the structural diversity visible; the molecular volume of the anesthetic plays the major role, not its chemical structure. This was further corroborated by the observation that increases in ambient pressure reverse the anesthetic effect (pressure reversal effect) and that the anesthetic effects of inhalational anesthetics are cumulative (when using two different volatile anesthetics, the overall effect depends on the sum of their volumes).



Since the introduction of the lipid bilayer hypothesis, it has been challenged in several ways, e.g., the existence of enantiomers of chiral anesthetics differing considerably in their effects, despite having essentially identical physicochemical characteristics, including lipophilicity. Hence, hypotheses assuming direct binding to hydrophobic pockets of membrane proteins have been proposed. Thus, the GABAA receptor was proposed as a major target of general anesthetics [20]. The neurotransmitter GABAA (γ-aminobutyric acid or 4-aminobutyric acid) binds to certain receptors located on the cell membrane of pre- and postsynaptic neurons and opens ion channels, allowing the flow of negatively charged chloride anions into the cell and the flow of positively charged potassium cations out of the cell. This produces a change in membrane potential, causing hyperpolarization. This has been validated to a large extent for intravenous anesthetic agents such as etomidate or propofol.



Other (or concomitant) mechanisms of anesthetic activity have been proposed as well, e.g., the inhibition of glutamate-gated N-methyl-D-aspartate receptors (NMDA) or the activation of the membrane glycine receptor, which is part of the ion channel associated with the chloride channel of the plasma membrane [21,22]. Desflurane also activates the Ca2+-ATPase in the sarcoplasmic reticulum (SR), which transfers Ca2+ from the cytosol of the cell to the lumen of the SR at the expense of ATP hydrolysis during muscle relaxation. In addition, halothane and sevoflurane inhibit the nicotinic acetylcholine receptor and have an antagonistic effect on the N-methyl-D-aspartate receptor, which leads to the potentiation of the glycine receptor currents [23]. In sevoflurane, the inhibition of the 5-hydroxytryptamine subtype of the serotonin receptor has been reported [24].



For intravenous anesthetics, the mechanism of action is multireceptor in nature, similar to that of inhalational anesthetics, e.g., interaction with GABAA receptors [25,26,27]. Nicotinic acetylcholine receptors (nAChRs) in the central nervous system may be a potential target for the anesthetic effects of thiopental [28,29]. Several studies have reported that anesthetics with antioxidant properties, such as propofol and thiopental, have a mechanism of action related to the inhibition of lipid peroxidation in tissue and the attenuation of reperfusion injury [30]. The selected properties of intravenous anesthetics mentioned in this article are given in Table 2 [4].



Given the large number of surgeries worldwide (estimated at 266 million in 2015), the demand for volatile anesthetics is significant, raising concerns about their environmental impact [31]. As most of them undergo minimal metabolism during clinical administration, they are mainly exhaled unchanged into the environment, leading to occupational exposure in operating theatres and post-anesthesia care units. Chronic occupational exposure to waste anesthetic gases can cause various adverse health effects in healthcare workers. Long-term exposure to halothane may cause mutagenesis and teratogenesis [32]. Isoflurane and sevoflurane have also been reported to cause dizziness, nausea, fatigue, headache, irritability, reduced mental performance, and cognitive decline [33,34].



On a global scale, nitrous oxide and fluorinated volatile anesthetics may contribute to the greenhouse effect and/or to the depletion of the ozone layer. The atmospheric lifetime of these gases varies from several years for halogenated anesthetics to more than a century for N2O. Global Warming Potential (GWP) is a measure of the environmental impact of volatile anesthetics in terms of CO2 equivalents; a greater GWP implies more heat captured per unit mass of CO2 and a greater contribution to global warming. One of the greatest contributors to GWP is the greenhouse gas desflurane, with a GWP of 3700 times that of CO2 [35]. In 1999, the global warming effect of volatile anesthetics was assessed to be 0.03% of the total effect [36]. Due to their widespread use and their long atmospheric half-lives, this contribution is likely to increase over time. The effect of inhaled anesthetics can be demonstrated using a simple analogy with the CO2 production during a car journey: the use of volatile anesthetics for 1 h at their typically employed concentrations is equivalent to driving 6.5 km for sevoflurane, 14 km for isoflurane, 95 km for nitrous oxide, and 320 km for desflurane [37,38]. Nitrous oxide, on the other hand, is recognized as one of the greatest contributors to ozone depletion [39]. Another anesthetic affecting the stratospheric ozone layer is isoflurane; this is due to its chlorine atom.



For these reasons, the reduction in anesthetic consumption and emissions has been a focus of research ever since. A number of different approaches have been considered, such as a switch from inhaled anesthetics to intravenous agents, avoiding N2O as a carrier gas, the application of recycling techniques for anesthetic gases (closed-circuit systems), or the use of xenon as a nonhazardous and environmentally friendly agent. To avoid occupational exposure in the operating room, a continuous fresh air ventilation system or a scavenger system must be used to prevent fume build-up and the connections within the anesthesia circuit must be carefully checked and adjusted [34,40].



The subsequent section proffers a compendium of selected pharmacological studies of common general anesthetics, either those currently employed or of greater historical significance. At present, due to pharmacological and economic considerations, the number of widely used general anesthetics is limited to a small number of agents. Selected pharmacodynamic and pharmacokinetic properties of the most commonly used inhalational and intravenous anesthetics are given in Table 3 [41].




2. Pharmacodynamics, Pharmacokinetics and Toxicity of Selected General Inhalational Anesthetics


2.1. Inorganic Gases—Nitrous Oxide (1), Xenon (2)


Among the inorganic gases, nitrous oxide (dinitrogen monoxide) maintains its place in modern anesthesia. Its advantage is its analgesic effect and effect on NMDA receptors, the suppression of wakefulness during anesthesia, and the possibility of its use also in at-risk patients with neurological or cardiovascular disease. In medicine, it is also used in a mixture with oxygen (85% N2O + 15% O2) as an anesthetic for short-term anesthesia. It is used for general anesthesia in surgery, gynecology, dentistry, and other outpatient procedures. The tests of its potential teratogenic effect in animal experiments and human studies have been inconclusive, although some association with increased reproductive loss might be indicated [42,43].



The 1:1 mixture of N2O and O2 known as ENTONOX is a safe and effective inhaled analgesic in situations where rapid onset and the reversal of effects are required. ENTONOX has an anxiolytic effect, i.e., it relieves patients from anxiety. Nitrous oxide is also frequently used in cryosurgery [44].



Xenon is also an effective anesthetic gas that has very suitable properties for medical use—zero metabolism, low blood gas ratio, a short recovery time, and hemodynamic stability. However, the large-scale use of xenon as a major anesthetic is severely limited due to its high cost of production (about 2000 times the cost of nitrous oxide), so it should only be applied in a completely closed circuit and its absorption and subsequent recycling should be ensured. Recently, there has been renewed interest in xenon as it has many of the properties of an ideal anesthetic [45,46].




2.2. Hydrocarbons and Non-Halogenated Ethers


Cyclopropane (3) and diethyl ether (4) are not used in clinical practice in most countries. The advantage of cyclopropane is the rapid onset of action and relatively rapid awakening. However, it is explosive, and its use is associated with a risk of cardiac arrhythmia [47,48]. It is evident that, in the absence of the potential hazards associated with its high degree of explosiveness and given the favorable hemodynamic profile and wide therapeutic index of cyclopropane (a property derived from the inherent chemical strain of its three-member carbon ring), there is a strong likelihood that this substance would have maintained its position within the domain of modern clinical practice.



Ethoxyethane (diethyl ether) has been in use for over 100 years. It is of low toxicity, has an analgesic and myorelaxant effect, and only slightly affects respiration and blood pressure. Because of its explosiveness, it has been gradually replaced by more modern anesthetics. Nevertheless, it was not until the 1960s that the role of ether as the standard general anesthetic was superseded by the increasing prevalence of fluorinated hydrocarbons. The agent still plays some role in underdeveloped countries due to its affordability. Moreover, the use of ether facilitates effective intra-operative pain management, which can persist for several hours into the postoperative period [49,50,51].




2.3. Halogenated Hydrocarbons and Ethers


A breakthrough in this group of anesthetics occurred with the introduction of fluorocarbons and fluorinated ethers into clinical practice [52]. As with other drugs, in addition to structure, physicochemical properties, and other factors, the stereochemical arrangement of these drugs plays a role in their biological activity [53,54].



In the structures of many anesthetics, especially in halogenated hydrocarbons and ethers, there is a stereogenic center on the carbon atom and the molecules are not identifiable with their mirror images and rotate the plane of polarizable light to the right (+) or to the left (−), leading to differences in their pharmacodynamic, pharmacokinetic, and toxicological properties. In terms of the Cahn–Ingold–Prelog system, the individual stereoisomers (+) and (−) have absolute configurations (S) and (R), respectively. An example is enflurane, whose dextrorotatory (+) isomer has an absolute configuration (S) and whose levorotatory (−) isomer has the configuration (R), as shown in Figure 1.



The group of inhalational anesthetics with a stereogenic center includes halothane (5), isoflurane (6), enflurane (7), desflurane (8), and 1,1,2-trifluoro-1-fluoromethoxy-2-chloroethane.



Halothane, IUPAC name: 2-bromo-2-chloro-1,1,1-trifluoroethane



Its structure classifies it as a halogenated hydrocarbon (Figure 2). It is a non-flammable, non-explosive, colorless liquid (boiling point 50.2 °C), and is stable in an alkaline environment. The moderate solubility of halothane in blood and its high narcotic activity allow the rapid onset of anesthesia (5 min from the start of inhalation of the anesthetic). It penetrates the CNS well using small doses of myorelaxants, and its muscle-relaxant effects are moderate. Although it is an effective anesthetic, it does not have a significant analgesic effect. Its instability is reduced by storage in dark bottles and the addition of 0.01% thymol. Halothane is a chiral molecule and is administered as a racemic mixture; there are few published data on the different effects of individual enantiomers. Experiments with C. elegans on the differential interaction of stereoisomers of halothane indicate the existence of a genetic pathway that controls sensitivity to halothane, and that both lipid and protein targets may mediate its effects [55]. A study demonstrated that the R isomer of halothane produces significantly higher amounts of TFA adducts than the S isomer. Hepatic toxicity is thought to be caused by the metabolization of halothane to trifluoroacetic acid. Approximately 20% of inhaled halothane is metabolized in the liver and the metabolites are excreted in the urine [56]. These drawbacks were the main reason for its replacement by novel halogen-containing anesthetics [57], albeit the degree of hepatotoxicity of halothane has been questioned recently [58].



Isoflurane, IUPAC name: (RS)-2-chloro-2-(difluoromethoxy)-1,1,1-trifluoro-ethane



It is a fluorinated volatile non-flammable anesthetic of the halogenated ether type (Figure 3). It is a colorless liquid with an ethereal odor and a boiling point of 48.5 °C. The solubility of isoflurane vapor in the blood and tissues of the human body is much lower than that of enflurane, which ensures faster the induction of anesthesia (2 to 3 min) and recovery from anesthesia (5 to 7 min). The effect of isoflurane on pulmonary artery vessels is similar to that of enflurane. However, there is more pronounced hypotension (due to the relaxation of the smooth muscles of blood vessels) and tachycardia with isoflurane anesthesia compared with all the above-mentioned anesthetics in this series. The low metabolism (0.17%) of isoflurane by cytochrome P450 and its low tissue solubility determine its lower nephro- and hepatotoxicity compared with previous anesthetics. Different pathways are favored for the metabolism of isoflurane by microsomes from the liver of rats and humans—human liver microsomes largely convert isoflurane into non-volatile fluorinated products, one of which appears to be trifluoroacetate. The predominant P450 isoform responsible for human clinical isoflurane metabolism in vivo seems to be P450 2E1 [59,60,61].



The first data describing pharmacological differences between the stereoisomers of the volatile anesthetic isoflurane, administered in vivo by the conventional route (inhalation), and by measurement of a clinically relevant anesthesia index, MAC, were published in a report [62]. Optical isomers of the inhalational general anesthetic isoflurane exhibited clear stereoselectivity in their effects on particularly sensitive ion channels in identified molluscan central nervous system neurons. At the median effective dose (ED50) for general anesthesia, the (+)-isomer was approximately twice as effective as the (−)-isomer in eliciting the anesthetic-activated potassium current IK(An) potassium current as well as in inhibiting the current mediated by neuronal nicotinic acetylcholine receptors. For the inhibition of the much less sensitive transient IA of potassium, the (−)-isomer was marginally more effective than the (+)-isomer. Both isomers were equally effective in disrupting lipid bilayers by their action on membrane proteins [63]. In [64], it was confirmed that this stereospecific effect of isoflurane on ion channels takes place directly on proteins. These findings lend further support to the hypothesis that the stereoselective effects on ion channels observed with isoflurane are attributable to direct actions on proteins rather than lipids.



Isoflurane also acts stereospecifically on γ-aminobutyric acid-type receptors [65,66,67], the (S)-(+) stereoisomer being the more effective inhibitor. The absolute potency differences between isomers are modest and measure-dependent. However, these effects are observed at clinically relevant concentrations of isoflurane. Furthermore, these effects are consistent with in vivo studies indicating that (+)-isoflurane is a more potent anesthetic than the (−)-isomer. On the other hand, there is no difference in binding to Ca2+ channels between the enantiomers compared to racemate [68]. This finding suggests that isoflurane, irrespective of its intracellular calcium levels, non-specifically inhibits the function of voltage-dependent calcium channels. This effect is believed to be facilitated by multiple binding sites.



The stereospecific binding of isoflurane to bovine serum albumin (BSA) was studied by 19F nuclear magnetic resonance, and stronger binding of the (R)-(−) enantiomer was observed in terms of dynamic binding parameters compared to the (S)-(+) stereoisomer [69].



Harris et al. [70] performed in vivo studies and administered intraperitoneal injections of isoflurane isomers to mice. The authors found a longer sleep duration with the (S)-(+) isomer. Similar evidence of the superior efficacy of the (S)-(+) isomer of isoflurane was demonstrated in a rat model where, by measuring a clinically relevant anesthesia index, the MAC (+) isomer was shown to be 53% more effective than the (−) isomer [62]. The opposite conclusion was reached by Eger et al. [71], who found no difference in minimum alveolar concentration (MAC) values for the two isoflurane enantiomers.



Enflurane, IUPAC name (RS)-2-chloro-1-(difluoromethoxy)-1,1,2-trifluoroethane



Enflurane (Figure 1) is a clear, colorless, sweet, volatile liquid that boils at 56.5 °C. Regarding its mechanism of action, it may increase the activity of the inhibitory neurotransmitter γ-aminobutyric acid on synaptic transmission and may also inhibit glutamatergic excitatory transmission [72]. As a very potent and stable general anesthetic, it was used to induce and maintain general anesthesia during surgery and caesarean section, and also for analgesia during vaginal delivery. Isolated cases of severe acute liver injury similar to halothane hepatitis have been observed and therefore it is currently being replaced by more modern volatile anesthetics.



A study of enflurane metabolism using cytochrome P450 2E1 from human livers confirmed that the metabolism of (R)-enflurane was significantly higher than that of (S)-enflurane (ratio 1.9:1), while the rate of racemic metabolism of enflurane was generally between the values observed for the (R)- and (S)-enantiomers [73]. It was demonstrated that the toxicity of the chiral fluorinated volatile anesthetics is closely related to their metabolism by hepatic cytochrome P450.



Desflurane, IUPAC name (RS)-2-(difluoromethoxy)-1,1,1,2-tetrafluoroethane



It is chemically closely related to isoflurane, having a fluorine atom instead of a chlorine atom in its structure (Figure 4). Therefore, it has a much less harmful effect on the ozone layer. It is a non-flammable and non-explosive clear liquid with a pungent and irritating odor. It has the lowest boiling point of all volatile anesthetics (22.8 °C), and so a special vaporizer is required for its use. It is administered in the form of vapor, which is inhaled by the patient and induces deep, painless sleep (general anesthesia), which is maintained during the surgical procedure (operation).



Of all inhalational anesthetics, desflurane has the fastest onset and recovery from anesthesia and the most accessible regulation of responses. In adults, it is used to induce and maintain anesthesia; in children and infants, it is used only for its maintenance. It may cause tachycardia and respiratory irritation when administered at concentrations greater than 10% v/v [74,75]. Compared to other inhalation anesthetics, it has the weakest effect. Its disadvantage is also a higher price.



As with halothane, enflurane, and isoflurane, it is a racemic mixture of the optical isomers (R) and (S). Along with sevoflurane, it is gradually replacing isoflurane for human use, except in economically underdeveloped areas where its high cost precludes its use [76,77].



Among the non-chiral fluorinated inhalation anesthetics, methoxyflurane and sevoflurane are the best known.



Methoxyflurane, IUPAC name 2,2-dichloro-1,1-difluoro-1-methoxyethane



It is a halogenated ether (Figure 5) that was previously used clinically as a volatile inhalational anesthetic. Although methoxyflurane is known to be potentially nephrotoxic at anesthetic doses, the much lower doses used for pain relief are not associated with nephrotoxicity or an increased risk of kidney disease [78]. For this reason, for the past 30 years, it has been approved in many countries as an analgesic (in Australia, New Zealand, the United Kingdom, and Europe) for the emergency relief of moderate to severe traumatic pain. The analgesic use of methoxyflurane at subanesthetic doses in the Penthrox inhaler does not pose a risk of nephrotoxicity and, by comparison with tramadol in the treatment of acute musculoskeletal pain, was shown to be more effective and exhibited a more rapid onset of action in ankle injury [79].



Sevoflurane, IUPAC name 1,1,1,3,3,3-hexafluoro-2-(fluoromethoxy)propane



Sevoflurane (Figure 6) is a colorless, transparent, inexplosive liquid with a boiling point of 58.5 °C. It is one of the most commonly used volatile anesthetics, especially for outpatient anesthesia in all age groups as well as in veterinary medicine [80,81,82]. It does not have good solubility in blood and tissues, which causes the onset of anesthesia 1–1.5 min after the beginning of the inhalation of the drug and is followed by the rapid cessation of anesthesia. Together with desflurane, sevoflurane replaced isoflurane and halothane in modern anesthesiology. It is often administered in a mixture of nitrous oxide and oxygen [83]. It has a less potent narcotic effect than isoflurane. Its effect on spontaneous respiration and airway smooth muscles of the bronchial tree is the same as that of desflurane. Sevoflurane is an inhaled anesthetic that is used frequently to induce and maintain anesthesia in children during surgery.



It is the only anesthetic that is not metabolized to trifluoroacetic acid and thus has a weak hepatotoxic effect. Less than 5% of absorbed sevoflurane is metabolized by cytochrome P450 2E1 to form hexafluoroisopropanol (HFIP) with the simultaneous release of inorganic fluoride and carbon dioxide (or a one-carbon fragment). HFIP is then rapidly conjugated with glucuronic acid and excreted as a urinary metabolite. No other metabolic pathways of sevoflurane have been identified [84]. Due to effects that are mediated by γ-aminobutyric acid type A (GABAA) receptors expressed in different cell types in the lung, preclinical data indicate that sevoflurane and other inhaled anesthetics attenuate pulmonary inflammation and dilate the airways. In an animal model of acute respiratory distress syndrome, sevoflurane has been shown to ameliorate the lung inflammatory response and enhance oxygenation to a greater extent than propofol [85]. It is currently recommended to add sevoflurane to the mixture used to treat COVID-19 patients on artificial ventilation [86].





3. Pharmacodynamics, Pharmacokinetics and Toxicity of Selected Intravenous Anesthetics


Thiopental, IUPAC name 5-ethyl-5-pentan-2-yl-2-sulfanylidene-1,3-diazinane-4,6-dione



Thiopental is a yellow-white hygroscopic powder with an odor of garlic and a melting point of 158–160 °C. It is a substituted derivative of 2-thiobarbituric acid with an ethyl group and a pentan-2-yl group at C-5 (Figure 7). Thiopental is prepared for clinical use as a sodium salt soluble in water and alcohol (a mixture of thiopental and sodium carbonate) [87,88]. The solutions are unstable and must therefore be prepared just before use and only applied intravenously, as they are irritating when used topically. It is an ultra-short-acting injectable anesthetic used at the onset of anesthesia. It induces hypnosis within 30 to 40 s after intravenous injection. This lipophilic molecule penetrates the blood–brain barrier well in its undissociated form (partition coefficient of about 10). Among its characteristic features are the transfer of thiopental from the CNS to less vascularized tissues, mainly adipose, and the persistence of a lower level of attenuation after the recovery of consciousness. It significantly dampens the respiratory center [89,90].



Thiopental has one stereogenic center in its structure and can thus occur in the form of two enantiomers, R and S. In clinical practice, it is used as a racemate. However, various papers have been published to compare the efficacy of both enantiomers [91,92]. The findings of a particular study indicated an inability to ascertain any pharmacokinetic disparities of clinical significance between the R-(+)- and S-(−)-thiopentone enantiomers and concluded that the observed minor differences could be explained by enantioselective differences in serum protein binding [93]. (S)-(−)-thiopental is approximately twice as active as (R)-(+)-thiopental in activating GABAA receptors expressed in oocyte models from the African frog Xenopus laevis. This is consistent with the differential CNS depressant effect found in vivo [27,94]. Regarding chirality, the (S)-(−)-enantiomer is approximately 2-fold more narcotically potent than the (R)-(+)-isomer when tested in animals. The S-(−) isomer is the most potent anesthetic agent, followed by the R-(+) and the racemate. In terms of their capacity to impede pentylenetetrazol- and strychnine-induced seizures, the compounds are positioned in the following sequence of diminished potency: S-(−), racemate, and R-(+) [95,96].



As a highly lipophilic substance, thiopental binds to plasma proteins (about 70%) and is almost completely metabolized in the liver. Only 1% of the substance has been found to be excreted unchanged in the urine. It is administered intravenously as a 2.5–5% freshly prepared solution. After accounting for stereoselective binding, (R)-thiopental showed a 24% greater unbound fraction compared to (S)-thiopental, while no differences were found between the enantiomers in terms of unbound clearance and unbound steady-state volume of distribution [97]. In more recent work by Mather [98] in rats, total and unbound plasma concentrations of (S)-thiopental were found to be approximately 10–20% higher than those of (R)-thiopental, corresponding to higher clearance. Concentrations of (S)-thiopental in CNS tissue were approximately 20% higher compared with (R)-thiopental.



The main metabolite of thiopental is pentobarbital-(5-ethyl-5-(1-methylbutyl)barbituric acid, which also has two enantiomeric forms. The (S)-enantiomer causes a longer duration of sedation in patients than the (R)-enantiomer, and the clearance of the (S)-enantiomer is 25% lower than the clearance of the (R)-enantiomer [99,100,101].



Methohexital, IUPAC name 5-hex-3-yn-2-yl-1-methyl-5-prop-2-enyl-1,3-diazinane-2,4,6-trione (Figure 8)



It is a solid with a melting point of 96 °C (ethanol), a density of 1.113 g/cm3, and a pKa (predicted) of 7.82 ± 0.10 [93,102,103,104,105].



Methohexital is an ultra-short-acting methylated barbiturate with 2.5 times the hypnotic effect of thiopental. Methohexital binds to the chloride ionophore site of the γ-aminobutyric acid (GABAA)–chloride ionophore receptor complex, thereby enhancing the inhibitory effects of the GABAA receptor in the brain. The result is synaptic inhibition, a reduction in neuronal excitability, and the induction of anesthesia. These experiments furnish evidence indicative of a functional coupling among GABA- and barbiturate receptors and the chloride ionophore. The evidence suggests that the GABA-activated chloride channel is a site of action for both agents—anesthetic and convulsant barbiturates. In addition, methohexital reduces glutamate (Glu) reactions [106,107,108].



Methohexital is interesting from a chirality point of view because it contains two stereogenic centers, one at position 5 in the barbiturate ring and the other at the first carbon of the 1-methyl-2-pentynyl side chain. The result is the formation of two pairs of stereoisomers. One pair are enantiomers and the other pair are diastereomers (i.e., they are not mirror images). Clinically, it is used as a mixture of the two least excitatory isomers. Metohexital and thiopental also show tautomerism (dynamic isomerism). In alkaline solutions, sodium thiopental is highly soluble in water due to the ionized side chain. When injected into plasma at pH 7.4, it takes on a non-ionized form that rapidly isomerizes to its tautomer, a highly fat-soluble compound [102,109,110]. Metabolism takes place in the liver via demethylation and oxidation [111].



Hexobarbital, IUPAC name 5-(cyclohex-1-en-1-yl)-1,5-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione (Figure 9)



Hexobarbital is a racemic white powder with a bitter taste. It melts at 146.5 °C and has a dissociation constant of 8.2. Hexobarbital (also known as hexobarbitone) occurs in both an acid form and as a sodium salt and has hypnotic and sedative effects. It was used in the 1940s and 1950s as an effective means of inducing anesthesia for surgical procedures and as a fast-acting short-term hypnotic for general use since it has a relatively rapid onset and a short duration of action. Modern barbiturates (such as thiopental) have largely replaced the use of hexobarbital as an anesthetic because they allow better control of the depth of anesthesia [112,113]. Some scientific studies still use hexobarbital, for instance, a study focusing on the relationship between monoamine oxidase (MAO) activity and the hepatic content of cytochrome P450 (CYP), where the hexobarbital sleep test was used [114].



A higher in vivo narcotic potency of the (S)-(+)-isomer of hexobarbital has been shown to be associated with higher levels in the CNS compared with the (R)-(−) enantiomer. This appears to be due to an improved ability to pass through the blood–brain barrier. In an experiment on rats, on average, 43 mg/kg of (+)-hexobarbital was needed to achieve the effect, as compared with more than 114 mg/kg of (−)-hexobarbital. Approximately one quarter of the activity in the racemate was due to (−)-hexobarbital [115]. Hexobarbital as a short-acting hypnotic is metabolized to 3’-hydroxyhexobarbital by cytochrome P450 and then to 3’-oxohexobarbital by hepatic cytosolic dehydrogenase [116].



Saito et al. investigated the enzymatic function of recombinant CYP2C19 in enantiomeric hexobarbital (HB) 3’-hydroxylation and the role of amino acid residues such as Phe-100, Phe-114, Asp-293, Glu-300, and Phe-476 in CYP2C19 in stereoselective HB 3’-hydroxylation using a yeast cell expression system and a targeted mutagenesis approach [117]. The results indicated that Glu-300 and Phe-476 are important in the stereoselective oxidation of HB-enantiomers by CYP2C19.



Etomidate, IUPAC name ethyl 3-[(1R)-1-phenylethyl]imidazole-5-carboxylate



Etomidate is a white powdery solid with a melting point of 72–74 °C and a boiling point of 160–162 °C (1 Torr pressure). It has a pKa of 4.24 (H2O, t = 25.0 °C) [118,119]. It is a non-barbiturate hypnotic with no analgesic effect (Figure 10). Its therapeutic index is 4 times greater than that of thiopental [120,121].



It was originally selected from a group of compounds that had been studied as anti-fungals and was found to be a potent hypnotic in animal studies. It was later found to be safer than the barbiturates which were in use. In clinical practice, it is a short-acting, intravenous, infiltrative, non-barbiturate-type anesthetic with an imidazole ring and a chiral center in its structure, and it is used to induce general anesthesia and sedation for short procedures and is also used in electroconvulsive therapy. In anesthesia, it has a wide therapeutic window, a rapid onset of action, and a safe cardiovascular risk profile. It is the only anesthetic that can reduce intracranial pressure and maintain normal arterial pressure. The duration of anesthesia is no longer than 10 min [122,123,124,125].



The (R)-(+) isomer was much more effective in potentiating GABA-induced currents, although the degree of stereoselectivity varied with anesthetic concentration. Both isomers were equally effective in disrupting lipid bilayers. These findings are consistent with the hypothesis that the primary mechanism of etomidate’s anesthetic activity is the modulation of the GABAA receptor [126,127].



In clinical practice, it is used as a single isomer. The anesthetic effect lies primarily in the (R)-(+) enantiomer, which is approximately 5 times more potent than the (S)-(−)-isomer [116]. In individuals exhibiting no underlying pathology, the binding affinity of etomidate to proteins is estimated to be approximately 75%. It is also characterized by a large central volume of distribution (4.5 L/kg) and a large peripheral volume of distribution (74.9 L/kg), due to its high fat solubility [128,129]. The metabolism of etomidate in laboratory animals and humans depends on the activity of hepatic esterase, which hydrolyzes the drug to an inactive carboxylic acid and an ethanol leaving group [125,130].



Ketamine, IUPAC name (RS)-2-(2-chlorophenyl)-2-(methylamino)cyclohexanone (Figure 11)



Ketamine occurs as a free base with a melting point of 92–93 °C. It forms with hydrochloric acid a salt in the form of a white powder, is soluble in water, methanol, and ethanol, and is slightly soluble in chloroform. It is available in ampoules and dark glass bottles in the form of a clear, colorless solution at a concentration of 1%, 5%, or 10%. This is intended for direct use [131,132,133,134]. Ketamine is a relatively short-acting anesthetic with moderate analgesic activity. A characteristic feature of ketamine is its capacity to suppress the functionality of specific regions of the central nervous system while simultaneously enhancing the activity of others, thereby precipitating a state of so-called dissociative anesthesia [135,136]. In addition to its use in the human field, it also has applications in veterinary anesthesia [137,138,139,140,141].



In addition to its primary effects, ketamine has been demonstrated to elicit a number of other pharmacological responses. The use of this medication has been described in the treatment of chronic and neuropathic pain [142,143,144,145,146,147], as an antidepressant [148,149,150], in the management of psychiatric disorders [151,152], to facilitate the withdrawal from alcohol and heroin dependence [153,154], in the management of epilepsy [155,156], and in palliative care [157,158].



The primary site of metabolization is the liver, where cytochrome P450 is responsible for the conversion of the parent compound into its major metabolite, norketamine. The biotransformation of ketamine corresponds to N-dealkylation, the hydroxylation of the cyclohexane ring, conjugation to glucuronic acid, and the dehydration of hydroxyl metabolites to form cyclohexane derivatives. Experiments were conducted on the binding of the racemic form and both enantiomers of ketamine to α1-acid glycoprotein; no differences in binding were found. [159,160,161,162,163,164].



Esketamine, IUPAC name (2S)-2-(2-chlorophenyl)-2-(methylamino)cyclohexan-1-one (Figure 12)



Esketamine is the dextrorotatory isomer of ketamine, which is approximately 2 times more potent as an anesthetic compared to racemic ketamine. It is excreted from the body more rapidly than arketamine ((R)-(−)-ketamine) or racemic ketamine, although arketamine slows its excretion [165,166,167].



Esketamine is 8 times more potent at inhibiting dopamine transporters than arketamine, thereby increasing dopamine activity in the brain. In contrast, ketamine exhibits no stereoselectivity for norepinephrine and serotonin transporters. At doses that produce the same intensity of effect, esketamine is generally considered to be more tolerable by patients [168].



Like ketamine, esketamine is a fast-acting antidepressant [169]. In 2019, it was approved in the United States for use with other antidepressants for the treatment of depression in adults, provided it is administered in a clinical setting [170]. In August 2020, it was approved by the U.S. Food and Drug Administration (FDA) for the short-term treatment of suicidal ideation [171].



Propofol, IUPAC name 2,6-diisopropylphenol (Figure 13)



It is a phenol with two isopropyl groups at the 2 and 6 (ortho) positions. It has a melting point of 18 °C, a boiling point of 256 °C, and a log P of 3.79. It is a clear liquid, is slightly soluble in water, and is applied in the form of an emulsion [172]. It is a short-acting intravenous non-barbiturate phenolic anesthetic that has gained widespread use since its introduction in the late 1980s.



Propofol has been demonstrated to exert its effects through multiple mechanisms. Initially, the GABAA receptor is activated, and propofol analogs also function as sodium channel blockers. Some research also suggests that the endocannabinoid system may contribute significantly to the anesthetic action of propofol and to its unique properties [173,174].



It is used in operating rooms for both the induction and maintenance of sedation. It has largely replaced sodium thiopental because recovery from propofol is faster. In addition, its use is relatively inexpensive compared to other anesthetics due to the shorter length of stay in the ICU. Propofol is also used for status epilepticus when other medicines have not been effective. In addition to its favorable anesthetic properties, propofol has a number of non-anesthetic effects. It has anxiolytic properties that may be related to several neurotransmitter systems. It also has antioxidant, immunomodulatory, mild analgesic, antiemetic, and neuroprotective properties. Furthermore, propofol inhibits platelet aggregation and increases intracellular calcium concentration [175,176]. Apart from the anti-inflammatory effect, it also exerts an anti-thrombotic effect by inhibiting the aggregation of blood platelets. It increases nitric oxide production in leukocytes and inhibits thromboxane synthesis in platelets [177].



Propofol binds strongly to proteins in vivo and is metabolized by conjugation in the liver to form glucuronides. Serum albumin and hemoglobin showed marked binding for propofol. A 4% solution of albumin bound 88.7%, and hemoglobin bound 86.2% of the anesthetic [178]. Metabolism in the liver is based on cytochrome P450 isoforms. Low variability was found in the production of the hydroxylated metabolite of propofol, 2,6-diisopropyl-1,4-quinol. [179].



The metabolic pathways of propofol have been studied in several species and are involved in the direct conjugation of the hydroxyl group and aromatic or aliphatic hydroxylation at the 4 (para) position, followed by the conjugation of 2,6-diisopropyl-1,4-quinol with glucuronic acid at the C1 and C4 positions. A small amount of propofol is metabolized at the C4 position by sulfation catalyzed by sulfotransferase. This secondary metabolite is involved in the clearance of propofol in humans. All metabolites are inactive, with the exception of 2,6-diisopropyl-1,4-quinol, which has about a third of the hypnotic activity of propofol [180].



A water-soluble form of the prodrug, fospropofol (a disodium salt of 2,6-diisopropylphenoxymethyl phosphate), was developed and tested. Its pharmacodynamic profile is similar to that of propofol, but the disodium salt of fospropofol has a more rapid onset of action and a longer recovery time because the prodrug must first be converted into the active metabolite. Fospropofol is metabolized in the liver by alkaline phosphatases to propofol, formaldehyde, and phosphate [181,182,183].



Steroid anesthetics—a mixture of two steroids, alfadolone (3α,21-dihydroxy-5α-pregnane-11,20-dione), and alfaxalone (3α-hydroxy-5α-pregnane-11,20-dione) (Figure 14)



Chemically, it is a mixture of two synthetic pregnane neurosteroids, alfaxalone, and alfadolone, which are derivatives of progesterone with hydroxy groups [184,185]. The mechanism of action is based on the modulation of GABAA and NMDA receptors [186,187,188]. The neuroactive steroids alfaxalone (9 mg/mL) and alfadolone (3 mg/mL) have been shown to possess a short-acting effect when administered in solution in Cremophor EL, a non-ionic surfactant. This effect has been observed to be therapeutically broad, exhibiting a comparable effect to that of thiopental. Furthermore, thiopental has been demonstrated to be capable of reducing intracranial and intraocular pressure [189,190,191,192,193].



The use of Cremophor® EL as an additive to increase water solubility was found to be the cause of hypersensitivity reactions, leading to its withdrawal from the market. Consequently, the use of sulfobutyl ether-β-cyclodextrin (SBECD) as an excipient to solubilize the drug alfaxolone was studied. The results of this study demonstrated that the anesthetic effect remained unaltered [194], thereby validating its use in veterinary anesthetic practice [195,196,197].



As demonstrated in a study [198], steroid anesthetics contain eight chiral centers, resulting in complex stereochemistry. The effects on GABAA receptor modulation in relation to anesthetic action were evaluated for selected steroids. The results showed that only 5α-steroids exhibited a high degree of stereoselectivity compared to 5β-steroids. These data demonstrate that the recognition site of an anesthetic steroid can discriminate between enantiomers.



Phenylacetic acid derivatives



Propanidid-IUPAC name: propyl {4-[2-(diethylamino)-2-oxoethoxy]-3-methoxyphenyl}acetate (Figure 15)



Propanidid is a chemical compound that is classified as an ester of phenylacetic acid. It exists as a slightly yellow oil with a boiling point of 210–212 °C. The compound is practically insoluble in water, but it is soluble in alcohol and chloroform [199].



The mechanism of action is based on the activation of γ-aminobutyric acid type A receptors. It was found that the amino acids Asp245, Asp424, Asp425, Arg428, Phe307, and Ser308 played important roles in this receptor binding [200].



Propanidid is an ultra-short-acting phenylacetate-type general anesthetic that was originally introduced by Bayer in 1963. It demonstrated a low incidence of excitatory and respiratory side effects and produced rapid awakening due to its rapid metabolism and a lack of redistribution, in contrast to barbiturates. Its solubility in water was achieved (as a 5% or 20% solution) using polyoxyethylated castor oil (Cremophor EL), which acted as a solubilizing agent. However, Cremophor EL has in some cases caused anaphylactic reactions and elevated histamine levels in humans (both when administered intravenously and orally) [201,202,203]. Subsequent studies have explored the replacement of Cremophor EL with a liposomal preparation, which has demonstrated a higher degree of tolerability [204].



The introduction of alternative, safer, short-acting drugs, such as propofol, resulted in the withdrawal of propanidid from clinical use [205].




4. Conclusions


The last 50 years have seen remarkable developments in the field of anesthesia, leading to significant improvements in the efficacy and safety of anesthetics. As a result, a limited but versatile range of anesthetic agents and their adjuvants is available to suit every clinical situation. In contemporary anesthetic practice, isoflurane, sevoflurane, and desflurane are the most commonly used inhalational anesthetics, while propofol is the most prevalent intravenous anesthetic. This state of affairs is widely considered to be a primary factor contributing to the observed stagnation in the development of novel general anesthetics in recent years. Although there have been significant advances in anesthesia over the years, much of this has been achieved through improvements in the administration of anesthesia, such as the availability of specialist anesthetists, advances in the monitoring of anesthesia and the setting of strict standards for anesthesia in clinical practice. Another contributing factor is the use of several anesthetics in combination, as well as the addition of various adjuvants. In the USA, only three general anesthetics were approved between 1985 and 2014, with no new investigational drugs developed for inhalational anesthesia since 1990 [206]. Moreover, most of the new developments in this field are simply modifications of long-established anesthetics. The reasons for this stall in the development are in fact multifaceted. In addition to purely economic factors, pharmacological considerations also play a role. The most significant of these limitations is arguably the current state of understanding regarding the mechanisms of action underlying general anesthesia, since a reliable general theory of the action of anesthetic agents is still not in sight.



In any case, the prevailing level of satisfaction with existing anesthetic agents is not entirely justified. The primary concern pertains to the markedly low safety margins observed, particularly in the context of inhalational anesthetics, which exhibit therapeutic indices ranging from 2 to 4, leading to discernible morbidity and mortality associated with general anesthesia, as well as the necessity for strict control of anesthetic administration. Another issue is postoperative cognitive dysfunction, with potential long-term impairment, especially in elderly patients. Further adverse effects include neurotoxicity in infants and possible interference with cancer therapy. Major issues in intravenous anesthetics are their propensity to central nervous system excitation and problems with solubility [207].



Presently, a significant proportion of the development of new anesthetics is focused on the advancement of intravenous anesthesia [208,209,210]. For instance, fospropofol was developed to enhance solubility and mitigate the incidence of pain during injection. Fospropofol acts as a prodrug, undergoing progressive conversion in vivo to yield propofol and formaldehyde. Other investigational anesthetics are the derivatives of etomidate (e.g., ABP-700), with research aiming to reduce undesired effects, particularly the propensity for adrenocortical depression [209]. Hence, an important issue is the development of anesthetic agents that possess neuroprotective properties [211]. An innovative approach is the loading of anesthetics onto nanocarriers, especially lipid-based nanoparticles [212].



The aforementioned considerations also pertain to the development of novel drugs derived from single enantiomers of existing anesthetics. With regard to the differences in the efficacy and toxicity of the individual enantiomers of the chiral drugs, they can be classified in the following ways: (a) both enantiomers have identical efficacy and toxicity; (b) the enantiomers have the same therapeutic and toxic effects but differ in the magnitude of these effects; (c) only one of the enantiomers is pharmacologically active, while the other does not show any activity.; (d) both enantiomers display pharmacological activity but with qualitatively different therapeutic and toxic effects [213]. All these options also apply for chiral anesthetics, with (b) probably being the most prominent. Qualitatively different (enantiospecific) effects are also plausible, as in the case of the enantiomers of ketamine [214]. The differences in the activity of, e.g., isoflurane enantiomers are much lower. However, despite the generally minor difference in the activities of the individual enantiomers, they can, in principle, indicate a significant improvement in comparison to the utilization of the compound in its racemic form, especially when their low therapeutic indices are taken into account. Even modestly increasing anesthetic efficacy without increasing toxicity could have substantial clinical benefits [215]. It is evident that the overall effects are the result of the interplay of several enantioselective processes, including differential effects on drug distribution, plasma protein binding, metabolism, and elimination. Therefore, the effects are not solely due to their different intrinsic activities at (potential) receptor sites.



Thus, evident advantages exist pertaining to the utilization of enantiomerically pure anesthetic agents. Nevertheless, their employment is constrained, mainly by economic factors. The synthesis of enantiomerically pure isomers of chiral anesthetics can be a challenging task, frequently necessitating a laborious and costly combination of enantioselective synthesis and/or preparative isomer separation methods [213,216,217].



In conclusion, it may be argued that the consideration of the chiral structure of general anesthetics is beneficial, not only in the development of new, more effective and safe general anesthetics, but also in the elucidation of the general mechanism of their action, which is not yet fully understood, and may lead to novel anesthetics based on innovative principles.
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Figure 1. Enantiomers of enflurane (7). 
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Figure 2. The structure of (R)-halothane (5). 
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Figure 3. Isomers (R) and (S) of isoflurane (6). 
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Figure 4. Chemical structure of desflurane (8). 
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Figure 5. Chemical structure of methoxyflurane (10). 
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Figure 6. Chemical structure of sevoflurane (9). 
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Figure 7. Chemical structure of thiopental (11). 
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Figure 8. Chemical structure of methohexital (12). 






Figure 8. Chemical structure of methohexital (12).



[image: Pharmaceuticals 18 00250 g008]







[image: Pharmaceuticals 18 00250 g009] 





Figure 9. Chemical structure of hexobarbital (13). 
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Figure 10. Chemical structure of etomidate (14). 
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Figure 11. Chemical structure of ketamine (15). 
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Figure 12. Chemical structure of esketamine (16). 
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Figure 13. Chemical structure of propofol (17). 
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Figure 14. Structures of alfadolone (18, left) and alfaxalone (19, right). 
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Figure 15. Chemical structure of propanidid (20). 
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Table 1. Selected properties of inhalational anesthetics [4].
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	Anesthetic

Chemical Name
	Bp [°C]
	Octanol–Water Partition Coeff.
	Blood–Gas Partition Coeff.
	Period of Common Use





	N2O (1)

nitrous oxide
	−90
	3.2
	0.47
	1844 to present



	xenon (2)
	−108.1
	19
	0.12
	1950s to present



	cyclopropane (3)
	−32.9
	52.5
	0.55
	1930 to mid-1980s



	diethyl ether (4)
	34.6
	6.8
	12.1
	1846 to 1960s



	halothane (5)

2-bromo-2-chloro-1,1,1-trifluoroethane
	50
	330
	2.4
	1956 to 1980s



	isoflurane (6)

2-chloro-2-(difluoromethoxy)-1,1,1-trifluoroethane
	48.5
	174
	1.4
	1970s to present



	enflurane (7)

2-chloro-1-(difluoromethoxy)-1,1,2-trifluoroethane
	56.5
	120
	1.9
	1968 to 1990s



	desflurane (8)

2-(difluoromethoxy)-1,1,1,2-tetrafluoroethane
	22.8
	27.2
	0.42
	1991 to present



	sevoflurane (9)

1,1,1,3,3,3-hexafluoro-2-(fluoromethoxy)propane
	58.6
	56
	0.63
	1990 to present



	methoxyflurane (10)

2,2-dichloro-1,1-difluoro-1-methoxyethane
	105
	400
	12
	1960 to late 1970s










 





Table 2. Selected properties of intravenous anesthetics [4].
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	Anesthetic

Chemical Name
	pKa
	Water-Soluble
	Melting Point [°C]
	Introduced





	thiopental (11)

5-ethyl-5-pentan-2-yl-2-sulfanylidene-1,3-diazinane-4,6-dione
	7.5
	yes
	158–160
	1934



	methohexital (12)

5-hex-3-yn-2-yl-1-methyl-5-prop-2-enyl-1,3-diazinane-2,4,6-trione
	7.9
	yes
	96
	1950s



	hexobarbital (13)

5-(cyclohex-1-en-1-yl)-1,5-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione
	8.2
	yes
	146.5
	1940s



	etomidate (14)

ethyl 3-[(1R)-1-phenylethyl]imidazole-5-carboxylate
	4.24
	no
	67
	1972



	ketamine (15)

(RS)-2-(2-chlorophenyl)-2-(methylamino)cyclohexanone
	7.5
	yes
	92
	1970s



	esketamine (16)

(2S)-2-(2-chlorophenyl)-2-(methylamino)cyclohexan-1-one
	7.5
	yes
	92
	1990s



	propofol (17)

2,6-diisopropylphenol
	11.0
	no
	18
	1970s



	alfadolone (18)

3α,21-dihydroxy-5α-pregnane-11,20-dione
	12.9
	no
	175–177 *
	1971



	alfaxalone (19)

3α-hydroxy-5α-pregnane-11,20-dione
	15.0
	no
	172
	1971



	propanidid (20)

propyl {4-[2-(diethylamino)-2-oxoethoxy]-3-methoxyphenyl}acetate
	-
	no
	<25
	1963







* as acetate.













 





Table 3. Selected pharmacodynamic an