1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

&

WEALTH 4
of P
e

/ HHS Public Access

Author manuscript

ﬁ Pharmacol Ther. Author manuscript; available in PMC 2024 June 01.

Published in final edited form as:
Pharmacol Ther. 2023 June ; 246: 108431. doi:10.1016/j.pharmthera.2023.108431.

The Antidepressant Actions of Ketamine and its Enantiomers

Jenessa N. Johnston, PhD,
loline D. Henter, MA,
Carlos A. Zarate Jr, MD

Experimental Therapeutics and Pathophysiology Branch, National Institute of Mental Health,
National Institutes of Health, Bethesda, Maryland, US

Abstract

Ketamine, an A-methyl-D-aspartate receptor (NMDAR) antagonist first developed as an
anesthetic, has shown significant promise as a medication with rapid antidepressant properties

in treatment-resistant depression. However, concerns such as adverse side effects and potential
misuse liability have limited its widespread use. Racemic ketamine has two enantiomers—(S)-
and (R)-ketamine—that appear to have disparate underlying mechanisms. This brief review
summarizes some of the most recent preclinical and clinical research regarding the convergent and
divergent prophylactic, immediate, and sustained antidepressant effects of (5)- and (~)-ketamine
while addressing potential differences in their side effect and misuse liability profiles. Preclinical
research suggests divergent mechanisms underlying (S)- and (/)-ketamine, with (S)-ketamine
more directly affecting mechanistic target of rapamycin complex 1 (mnTORC1) signaling and
(R)-ketamine more directly affecting extracellular signal-related kinase (ERK) signaling. Clinical
research suggests that (/)-ketamine has a milder side effect profile than (S)-ketamine and
decreases depression rating scale scores, but recent randomized, controlled trials found that it had
no significant antidepressant efficacy compared to placebo, suggesting that caution is warranted
in interpreting its therapeutic potential. Future preclinical and clinical research is needed to
maximize the efficacy of each enantiomer, either by optimizing dose, route of administration, or
administration paradigm.
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Introduction

The A-methyl-D-aspartate receptor (NMDAR) antagonist ketamine was first developed

as a shorter-acting, less psychoactive anesthetic than phencyclidine [1]. Due to its broad
safety profile, ketamine was soon approved for human anesthesia and used extensively as a
battlefield medication during the Vietnam War. As an anesthetic, ketamine was also found
to prevent shock, decrease hyperalgesia, and have neuroprotective effects, including anti-
inflammatory actions [2]. However, from the earliest days of its use as an anesthetic, reports
emerged of patients experiencing sensations of floating and other dissociative effects after
administration, which led to the coining of the term “dissociative anesthetic” [3]. In addition
to these psychotomimetic effects, some patients experienced increases in intracranial
pressure [4], lowering of seizure thresholds [5], hypertension [6], and tachycardia that led
ketamine to be used less frequently [7]. The US Controlled Substances Act subsequently
classified ketamine as a Class 11 substance in parallel with rising social concerns about its
potential for misuse [1].

Despite these concerns, researchers in the early 1990s began investigating the potential
antidepressant-like actions of another NMDAR antagonist, MK-801 [8]. In parallel, other
investigators found that stress increased the probability of glutamate release in specific
brain regions [9], sparking a newfound interest in the effects of glutamatergic modulation
in depression. Building on this work, Berman and colleagues conducted a small, proof-of-
concept clinical study that led to a paradigm shift in psychiatry, finding that subanesthetic-
dose ketamine induced rapid and robust antidepressant effects, an outcome previously
unheard of with traditional monoaminergic-based therapeutics [10].

These rapid-acting effects were subsequently replicated in participants with treatment-
resistant depression (TRD) and bipolar depression, with remission rates significantly
higher than those of traditional antidepressants [11,12]. Over the past two decades,
multiple randomized, placebo-controlled trials have validated these initial observations
[13-15]. In addition to ketamine’s actions as a rapid-acting antidepressant, it appears to
uniquely target symptoms that are often resistant to traditional antidepressants, such as
anhedonia and suicidal ideation. For instance, multiple meta-analyses have shown that
acute intravenous ketamine led to significant short-term reductions in suicidal ideation
[16,17], which could be extremely useful in emergency medicine settings. Intranasal
esketaming, the (S)-enantiomer of ketamine, has similarly been shown to reduce suicidal
ideation in participants with depression [18]. Notably, anhedonia often does not respond to
monoaminergic-based antidepressants despite being one of the core symptoms of depression
[19,20]; ketamine, however, has proven quite successful at clinically resolving anhedonia
symptoms [21]. Ketamine also appears to have broad therapeutic properties, demonstrating
treatment efficacy in obsessive compulsive disorder (OCD), social anxiety disorders, and
post-traumatic stress disorder (PTSD), which are often comorbid with major depressive
disorder (MDD) and impact further treatment resistance [22—26]. However, these results
are preliminary, as most of these studies were small and require replication. Notably, one
recent, randomized, controlled trial found no significant improvement in PTSD symptoms
after ketamine administration [27].
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Collectively, this evidence led the Food and Drug Administration (FDA) to approve
intranasal esketamine (Spravato)—the (S)-enantiomer of ketamine—for adults with TRD
in 2019 and for adults with MDD and acute suicidal ideation or behavior in 2020.

The European Union also approved esketamine for the same indications in 2019 and
2021, respectively. In addition, off-label use of intravenous ketamine has demonstrated
robust short-term efficacy in TRD and treatment-resistant bipolar disorder, but few studies
have explored ketamine’s real-world efficacy or explored optimal dosing and routes of
administration [15]. A recent real-world effectiveness meta-analysis found robust efficacy
on average, although certain populations—including those with TRD—experienced more
variable results [13]. The longer-term effects of ketamine have also been called into
question, given that the effectiveness of acute doses generally peaks at 24 hours and lasts up
to two weeks after administration [28,29].

The discovery of ketamine’s rapid and potent therapeutic effects led researchers to explore
whether other agents could either be developed or repurposed with antidepressant effects
similar to those of ketamine but lacking its undesirable side effects; that question seems
most likely to be answered by exploring ketamine’s own pharmacology. This review

seeks to briefly summarize recent research conducted on ketamine’s enantiomer-specific
actions, with a focus on the prophylactic, immediate, and sustained antidepressant effects of
ketamine’s enantiomers in clinical and preclinical research.

The Metabolism of Ketamine and its Pharmacokinetics

Ketamine is an aryl-cyclo-alkylamine that is extremely water and lipid soluble, with a pKa
of 7.5 and a molecular mass of 238 g/mol [30]. Due to its lipid solubility, ketamine is
extensively distributed across the body. At steady-state, its plasma distribution volume is
2.3 L/kg with a high clearance rate that is equivalent to and dependent on liver blood

flow (12-20 ml/min/kg), making ketamine’s half-life around two to three hours [31]. In
addition, women appear to have a 20% higher clearance rate of ketamine than men [32].
The majority of ketamine (80%) is metabolized rapidly to norketamine through nitrogen-
mediated demethylation. This demethylation is mainly catalyzed by cytochrome P450 liver
enzymes [33,34]. CYP2B6 and CYP3A4 are thought to be the primary liver enzymes
responsible for demethylation to norketamine [35,36], which is subsequently followed by
metabolism to dehydronorketamine (DHNK) and hydroxynorketamine (HNK). Although
the liver is considered the main site of ketamine metabolism, the kidneys, intestines, and
lungs are also potential metabolism sites [37]. Figure 1 depicts the chemical structure of
ketamine’s enantiomers and their respective metabolites.

Racemic (R, S)-ketamine (hereafter referred to as ketamine) is made up of two optical
enantiomers: (St+) and (/-)-ketamine. These enantiomers are isomers that diverge light

in opposing ways, rotated on an asymmetric second carbon of the cyclohexanone radical.
Each of ketamine’s enantiomers has a unique pharmacokinetic profile. The demethylation
of (S)-ketamine is greater than that of either (/)-ketamine or racemic ketamine [38], with
an estimated 22% higher clearance than (/)-ketamine and a wider distribution pattern [39].
The difference in clearance rate between (S)-ketamine and racemic ketamine may be due
to (A)-ketamine’s inhibitory actions on the elimination of (S)-ketamine when administered
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as a racemic mixture [40]. In addition, CYP3A4, one of the main P450 liver enzymes
responsible for the metabolism to norketamine, demethylates (S)-ketamine more rapidly
[41]. Although HNK was initially thought to be inactive, recent research has explored its
potential antidepressant and analgesic effects [42]. Various compartment models have been
proposed to best describe the pharmacokinetic profiles of ketamine metabolites [43-45], but
significant disagreement exists regarding which model provides the best fit. Recent research
suggests that the steady-state concentrations of HNK exceed those of ketamine and other
metabolites in a stereoselective manner; for instance, (2R,6 R)-HNK levels surpassed those
of (R)-ketamine, (R)-norketamine, and (/)-DHNK by 46-fold, four-fold, and eight-fold
respectively, and (25,6.5)-HNK exceeded the steady-state concentrations of (S)-ketamine

by 14-fold [43]. Sex differences in ketamine metabolism should also be considered. One
series of studies found that, in humans, males displayed higher plasma concentrations of
ketamine and norketamine, though enantiomer-specific concentrations were not described.
Preclinically, plasma levels of ketamine and norketamine were higher in male mice after
ketamine administration, whereas levels of (2R,6/;25,65)-HNK were lower. In addition,
administration of (2/,6/)-HNK in female mice caused greater increases of (2R,6 R)-HNK
concentrations than in male mice. Ovariectomy had no effect on ketamine metabolism, but
orchidectomy in male mice paralleled female pharmacokinetics [46].

Ketamine primarily functions as a non-competitive NMDAR antagonist at concentrations
between 2 and 50 pM, decreasing the amplification of channel response to repeat stimulation
[47]. At rest, when the membrane is not depolarized, NMDAR channels are blocked by a
Mg?2* ion. However, upon membrane depolarization, this Mg2* block is removed to allow
for a calcium influx. The binding site for ketamine is intrachannel, necessitating the removal
of the Mg?2* block for ketamine to exert its effects [48]. In addition, evidence suggests that
the affinity of (S)-ketamine to the intrachannel binding site is two- to three-fold higher

than (R)-ketamine, exerting greater anesthetic and analgesic actions [47]. Ketamine has also
been shown to interact with the opioidergic [49], monoaminergic [50-52], and nicotinic
[53] systems, among others. A full review of the pharmacology of ketamine and its binding
mechanisms is beyond the scope of this review; we refer the interested reader to in-depth
reviews that include K;j and Kp values [30,54].

The Convergent and Divergent Effects of Ketamine’s Enantiomers

Differences in the pharmacokinetic and pharmacodynamic profiles of ketamine’s
enantiomers has spurred significant research into where and how they may differ in their
antidepressant actions [42,55]. However, it is important to also index these antidepressant
effects by time period, as the molecular mechanisms underlying (S)- or (R)-ketamine’s
prophylactic, immediate, and sustained antidepressant effects could be quite disparate. As
an important caveat, most of the research presented here—particularly the clinical research
—did not directly compare (S)- and (~)-ketamine, so the comparisons made throughout
this review are the authors’ discussion of disparate findings rather than direct investigative
comparisons. Table 1 provides an enantiomer-specific summary of the behavioral data for
prophylactic, immediate, and sustained antidepressant-like and antidepressant effects. Table
2 provides an overview of the preclinical findings for both (S)- and (~)-ketamine. Below, we
provide a recent update on the preclinical and clinical evidence for each enantiomer.
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Prophylactic effects

Recent preclinical evidence suggests that ketamine may have prophylactic effects that
prevent the development of stress-induced depressive-like behaviors and biological changes.
Nevertheless, while many preclinical models found that ketamine may prevent the
development of depressive-like behaviors [56], recent research suggests that ketamine’s
enantiomers have some stereoselective effects that should be considered in later applications
to clinical work. For instance, in a mouse model of stress, (25,65)-HNK attenuated the
learned fear response in male mice, whereas (27,6 F)-HNK prevented depressive-like
behavior in both male and female mice [57]. The same study found that decreases in
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)-mediated bursts
in the hippocampal CA3 were induced by administration of both racemic ketamine

and (2R,6R)-HNK, but not (25,6 5)-HNK. Furthermore, in female mice, ovarian-derived
hormones were necessary for the antidepressant-like effects of both racemic ketamine

and (2R,6 R)-HNK. NMDAR-related currents were attenuated up to one week after the
administration of all compounds [57]. In addition to sex differences, age differences have
also been noted. Another study found that ketamine prevented stress-induced depressive-like
behaviors, including behavioral despair, avoidance, perseverative behavior, and contextual
fear discrimination after a contextual fear conditioning stressor in a sex- and age-dependent
manner. Specifically, ketamine had prophylactic effects in adolescent (five-week-old) mice
but not aged (24-month-old) mice [58]. The same study found that ketamine prevented

the development of learned fear and perseverative behavior in female mice but attenuated
behavioral despair in male mice.

Multiple underlying mechanisms have been attributed to the preclinical prophylactic actions
of (R)-ketamine, and many have focused on the role of microRNAs (miRNAs), which

act as post-translational transcriptional repressors. miRNAs may be important mediators

of neuroplasticity and have been shown to be putative blood biomarkers for depression
[59,60]. An initial report demonstrated an association between (/)-ketamine’s prophylactic
effects after lipopolysaccharide (LPS) insult, an animal model of depression, and the nuclear
factor of activated T cells 4 (NFATc4) [61], and a follow-up study found that this effect

may be mediated by changes in miR-149 levels [62]. Changes induced by chronic stress in
miR-132-5p, a known regulator of Methyl CpG binding protein 2 (MeCP2) and downstream
brain-derived neurotrophic factor (BDNF), were prevented by prophylactic administration
of (R)-ketamine. In addition, changes in behavioral measures and the expression of

BDNF, MeCP2, transforming growth factor 1 (TGF-p1), GluA1, and postsynaptic density
protein 95 (PSD-95) by chronic restraint stress were attenuated by pre-treatment with (£)-
ketamine seven days beforehand, suggesting that miR-132-5p may have more sustained
antidepressant-like effects [63].

In addition to environmental stress-induced depressive-like behaviors, ketamine also
appeared to be an effective prophylactic against inflammatory insults in preclinical models
[64,65]. Clinically, peripheral inflammation in depression appears to characterize a subset
of patients who often have a more severe symptom profile and worse response to treatment
[66], making it potentially critical in the treatment of TRD. Interestingly, most recent
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positron emission tomography (PET) studies have also found consistent increases in
translocator protein, a biomarker of neuroinflammation, in participants with MDD [67].

Preclinically, LPS-induced inflammation models some aspects of depressive-like behaviors
that can provide insight into some of the inflammatory processes related to depressive-like
phenotypes [68]. Using this model, pre-treatment with (R)-ketamine successfully prevented
the development of central and systemic inflammation and cognitive impairment [69].
Another study found that pre-treatment with (/)-ketamine also prevented changes in gut
microbiota composition after LPS insult [62]. Interestingly, racemic ketamine appears to
have sex-specific abilities to prevent inflammation; for instance, one study found that it
decreased markers of cyclooxygenase-2 (COX-2) in the hippocampal CA3 region of male,
but not female, mice [58]. Ketamine also appears to prevent only a subset of inflammatory
insults—as an example, it improved contextual fear conditioning and forced swim test
behaviors after LPS injection, but not after poly I:C injection [64]. It should be noted

here that most preclinical research has evaluated the efficacy of racemic ketamine or (~)-
ketamine for prophylaxis against chronic stress and inflammatory insult, and more research
is needed to evaluate the efficacy of (S)-ketamine in preclinical models.

Preliminary clinical research has also assessed the prophylactic effects of ketamine
administered after caesarean section to prevent the development of postpartum depression.
Two studies found that ketamine significantly reduced the prevalence of postpartum
depression and suicidal ideation [70,71]. Similar results were obtained in those administered
(S)-ketamine [72], but no clinical studies have examined the use of (/)-ketamine in this
context. In contrast, a larger randomized, controlled trial found no differences in the
development of postpartum depression after administration of low-dose ketamine (0.25mg/
kg), though the different dosing regimens may have impacted results [73]. Though not
directly related to depression, a recent randomized clinical trial of intranasal (S)-ketamine
found that it had significant preventive effects on postoperative sleep disturbances after
gynecological laparoscopic surgery [74].

In healthy volunteers, administration of low-dose ketamine attenuated anxiety induced

by the Trier Social Stress Test better than midazolam, though this result was not

significant; the same study found that salivary alpha-amylase, considered a proxy of
sympathetic-adreno-medullar activity, was significantly reduced in those administered
prophylactic ketamine [75]. The existing evidence suggests that ketamine’s combination

of anti-inflammatory and synaptogenic effects may make it a uniquely effective prophylactic
for stress-related syndromes. Further clinical research is needed to explore the enantiomer-
specific prophylactic effects of ketamine in different patient populations.

Immediate antidepressant effects

Recent preclinical research has focused on comparing the immediate antidepressant-like
effects of racemic ketamine, (S)-ketamine, and (/)-ketamine to ascertain the potential
convergent and divergent mechanisms underlying their antidepressant effects. Preclinical
research is essential for determining the molecular mechanisms that underlie behavioral
and biological responses to therapeutics and is particularly valuable for investigating
comparisons between ketamine enantiomers.
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Preclinical behavioral measures have revealed slight differences in the immediate effects
between enantiomers. In a chronic stress model, (/)-ketamine attenuated depressive-like
behaviors in the tail suspension, forced swim, and sucrose preference tasks to a greater
extent than either ketamine or (S)-ketamine [76]. The same study found that (/)-ketamine
also had weaker effects on pre-pulse inhibition (PPI) and locomotion, suggesting a lesser
side effect profile. Other direct behavioral comparisons between (S)- and (/)-ketamine
found that (~)-ketamine had stronger anti-anhedonic and anti-apathetic effects than
(S)-ketamine, though both enantiomers had rapid-acting antidepressant-like effects [77].
Interestingly, this result aligns with a study that found decreased habenula activity after
(R)-ketamine, but not (S)-ketamine administration, an effect associated with anti-anhedonic
efficacy [78]. A recent study found that sex or oestrous cycle did not affect (S)-ketamine’s
acute behavioural effects in Flinders sensitive or resistant-line rats [79], though sex
differences should be further evaluated in enantiomer-specific research. While preclinical
studies have broadly found that (/)-ketamine is potentially more effective at reducing
depressive-like behaviors than (S)-ketamine, enantiomer-specific metabolites appear to
have contrasting effects. For instance, the two major metabolites of (S)-ketamine—(S)-
norketamine and (25,6 S)-HNK—rapidly reduced immobility and anhedonia in a chronic
corticosterone model in which (/)-norketamine and (27,6 R)-HNK had no effects [80].
From a translational perspective, preclinical research supports the use of (2/,6 /)-HNK as
a potential rapid-acting antidepressant with fewer side effects than racemic ketamine [81]
but, clinically, high (2R,6 /)-HNK levels have been associated with worse antidepressant
response and low levels of (2R,6R)-HNK with improved response [82]. These mixed
findings could be due to an inverted, U-shaped response curve or to high levels of the
metabolite being accompanied by high ketamine levels, blocking the NMDAR activation and
long-term potentiation effects of (2R,6R)-HNK [83]. These findings underscore that clinical
research will be essential in ascertaining enantiomer-specific effects in depression.

In general, both (S)- and (R)-ketamine appear to increase the probability of glutamate
release after administration, which in turn increases AMPAR throughput [42]. This AMPAR
throughput leads to downstream mechanisms such as the aforementioned increase in
BDNF release and downstream mechanistic target of rapamycin complex 1 (mTORC1)

or tropomyosin receptor kinase B (TrkB) signaling [84]. While this is a consistent finding,
considerable uncertainty remains regarding how ketamine and its enantiomers facilitate
this glutamate surge. One key hypothesis is that ketamine preferentially antagonizes
GluN2b-containing NMDARSs, which are primarily located on gamma-aminobutyric acid
(GABA)-ergic interneurons. This allows the disinhibition of cortical pyramidal neurons,
causing an influx of glutamate into the synaptic cleft to bind to AMPARSs and activate
downstream signaling cascades [85,86]. However, while (S)-ketamine (Ki = 465 nM) has a
high affinity for NMDARs, the potency of (/)-ketamine (Ki = 1340 nM) is relatively low.
Some preclinical research suggests that (2/,6 /)-HNK is unable to antagonize NMDARs
at therapeutically-relevant concentrations [81,87], but this finding remains widely debated
[88]. Another potential pathway by which ketamine may mediate glutamate release is via
blockade of extrasynaptic NMDARs, which dephosphorylates eukaryotic elongation factor
2 in order to disinhibit BDNF release. This desuppression leads to increased GluAl and
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GIluA2 post-synaptic membrane insertion and the potentiation of synaptic AMPAR signaling
[89-91].

Mechanistically, preclinical studies suggest that the actions of (S)-ketamine and racemic
ketamine depend on mechanistic target of rapamycin (mTOR) activation but that the
antidepressant-like effects of (/)-ketamine are not affected by mTOR inhibition [92].

In contrast, inhibition of mitogen-activated protein kinase (MAPK)/extracellular signal-
regulated kinase (ERK) signaling significantly attenuated (~)-ketamine’s antidepressant-like
effects, and administration of (/)-ketamine significantly increased levels of phosphorylated
MAPK and ERK in the prefrontal cortex and hippocampus [92]. Interestingly, administering
(R)-ketamine in conjunction with other potential rapid-acting antidepressants (such as
metabotropic glutamate receptor 2/3 (mGIuR2/3) receptor antagonists) had rapid behavioral
effects that were mediated through BDNF-TrkB signaling, an upstream mediator of both the
mTORC1 and ERK pathways [93]. TrkB signaling has also been repeatedly implicated

in the ability of (/)-ketamine to decrease inflammation, an effect that was not found

with (S)-ketamine [94-96]. Similar increases in TrkB-BDNF signaling were observed after
administration of racemic ketamine [84] but have not yet been confirmed with (S)-ketamine,
suggesting that this may be another enantiomer-specific mechanism.

Interestingly, some preclinical evidence suggests that inflammatory bone markers may
play a role in depressive pathophysiology and in the antidepressant effects of ketamine,
particularly the osteoprotegerin/receptor activator of nuclear factor kB ligand (OPG/
RANKL) ratio, an indicator of balance between bone resorption and formation [97].

Bone abnormalities and low bone mineral density have been associated with TRD [98],
and ketamine was shown to normalize inflammatory bone markers [99]. Building on this
work, another study assessed the disparate effects of (S)- and (/)-ketamine on plasma
RANKL expression ligand in a chronic stress animal model and found that (/)-, but not
(S)-ketamine, significantly attenuated RANKL expression after chronic stress, an effect
associated with sucrose preference, a proxy measure of anhedonia [100]. Similarly, a recent
systems biology paper found that (/)-ketamine regulated TGF-B1 receptors, MAPKSs (such
as ERK), RANKL, and serotonin transporter (SERT) differently than either (S)-ketamine
or racemic ketamine [101]. Clearly, more research is needed to ascertain the enantiomer-
specific mechanisms that contribute to their antidepressant efficacy. Figure 2 summarizes
the hypothesized convergent and divergent mechanisms behind (S)- and (/)-ketamine’s
antidepressant effects.

As noted above, considerable clinical research supports racemic ketamine’s rapid
antidepressant effects (for a review, see [13-15]). In addition, the FDA and EU approval

of esketamine intranasal spray created an influx of reports on (S)-ketamine’s actions in
TRD. It should be noted here that clinical studies have examined both intravenous (5)-
ketamine and intranasal esketamine in this context. Though not FDA-approved, intravenous
(S)-ketamine has also been found to rapidly reduce depressive symptoms within two hours
after administration, though it also caused transient, dose-dependent adverse effects [102].

Initial randomized, controlled trials found that intranasal (S)-ketamine was effective and
safe in TRD [103,104], a finding confirmed through multiple real-world effectiveness
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trials [105,106]. In addition, it appears that those who do not respond to intranasal
(S)-ketamine may respond to intravenous racemic ketamine, further underscoring the
notion that ketamine’s enantiomers may exert their therapeutic effects via different
mechanisms [107]. The first randomized controlled trial to directly compare intravenous
racemic and intravenous (S)-ketamine for participants with TRD found no significant
differences in 24-hour remission rates or side effects, with both treatments being effective
and well-tolerated [108]. However, this study may have been underpowered to detect
significant differences, and response and remission rates were numerically higher after
racemic ketamine administration. A comparison between intravenous racemic ketamine
and intranasal (S)-ketamine obtained similar results, finding no significant differences in
remission rates between groups; however, more treatments of intranasal (S)-ketamine were
needed to achieve remission [109].

In contrast, only limited clinical research exists regarding (/)-ketamine’s antidepressant
effects. An initial open-label pilot study found that an acute infusion of (/)-ketamine

(0.5 mg/kg) had rapid-acting antidepressant effects similar to those of racemic ketamine

and both intravenous and intranasal (S)-ketamine but caused almost no dissociative effects
[110]. However, a follow-up randomized, controlled trial in five participants found that
(R)-ketamine had no significant antidepressant effects though it also had no dissociative
effects [111]. Furthermore, a recent, large, Phase 2a clinical trial reported no significant
differences between (/)-ketamine (PCN-101) (30 mg and 60 mg) and placebo at the 24-hour
primary endpoint [112]. It should be noted that 60 mg of PCN-101 did improve response
and remission rates, but this finding was not significant. Dissociation and sedation were
comparable between placebo and both doses of (R)-ketamine, supporting earlier clinical and
preclinical work. Despite the negative results, further work is exploring whether alternate
dosing and administration routes may improve the antidepressant efficacy of (/)-ketamine.

Sustained antidepressant effects

As previously discussed, ketamine’s rapid-acting therapeutic effects have been well-
characterized in both TRD and bipolar disorder. In contrast, the long-term effects of both
acute and repeated ketamine administration, particularly as regards the stereoselectivity of
its enantiomers, seems less well known. Many different cellular signaling pathways have
been implicated in ketamine’s sustained antidepressant effects, including TrkB-mediated
hippocampal progenitor differentiation [113], regulation of Kcng2 [114], and various
neurotrophic and growth factors [115]. Preclinically, repeated intraperitoneal (S)-ketamine
administration was also shown to rescue stress-induced deficits in behavior, neuronal
morphology, and hippocampal long-term potentiation through Rac1-mediated synaptic
plasticity, upregulating the expression of GIuAl, PSD-95, and Synapsin | [116].

Early preclinical research comparing ketamine’s enantiomers found that (/)-ketamine,

but not (S)-ketamine, decreased depressive-like behavior seven days post-administration
[117]. In an LPS-insult model and a model of chronic stress, (/)-ketamine also had more
potent and longer-lasting effects than its metabolite (2/,6 /)-HNK [118]. Further preclinical
research found that (/)-ketamine’s longer-lasting behavioral effects were associated with
greater increases in dendritic spine density, synaptogenesis, and BDNF-TrkB signaling in
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the hippocampus and prefrontal cortex [119]. Microglial ERK-nuclear receptor binding
protein 1 (NRBP1)-cyclic adenosine monophosphate response element-binding protein
(CREB)-BDNF signaling in the prefrontal cortex was also recently implicated in the
sustained effects of (/)-ketamine, as suppression of CREB, BDNF, or microglial signaling
blocked the antidepressant-like effects of (/)-ketamine three days post-infusion [120]. Other
immune activators have been linked to the antidepressant-like actions of (/)-ketamine,
which increased the expression of microglial TGF-B1 and its receptors after chronic stress,
an effect not observed after administration of (S)-ketamine [121].

Repeated administration of ketamine also induces sustained antidepressant-like effects.
Preclinically, PCP-induced cognitive deficits were rescued after repeated administration

of (R)-, but not (5)-ketamine, an effect that was blocked with a TrkB inhibitor [122].
(R)-ketamine also sustained anti-anhedonic and anti-apathetic phenotypes up to seven

days after administration, in contrast to the effects of (S)-ketamine, which persisted for
three days. The sustained antidepressant-like effects of (/)-ketamine, but not (S)-ketamine,
appeared to depend on TrkB receptor activation [77]. Interestingly, (/)-ketamine had no
effect on ERK activation in that study, in contrast with previous research. As noted above,
co-administration of (/)-ketamine and an mGIuR2/3 receptor antagonist led to significant
sustained antidepressant-like effects thought to be mediated via BDNF and AMPAR activity
[77].

Clinically, preliminary research found that repeated ketamine administration (six infusions
of 0.5 mg/kg administered 3x/week over 12 days) had more sustained effects than an acute
dose; the median time to relapse was found to be 18 days in a sample of 24 participants [28].
Notably, response within four hours of the first infusion strongly predicted response at the
end of the study (~80 days after the last infusion). This suggests that repeated administration
of either (R)- or (S)-ketamine could similarly prolong clinical response.

Repeated intranasal (S)-ketamine administration (2x/week over four weeks), in conjunction
with traditional antidepressant treatment, significantly decreased depressive symptoms and
suicidal ideation at four and 24 hours, though no differences were observed at Day 25

[18]. Similarly, another Phase 2b randomized, controlled trial of intranasal (S)-ketamine
administered in conjunction with oral antidepressants found no significant differences
between (S)-ketamine and placebo at Day 28 [123]. In addition, a recent Phase 3

study found no significant differences between intranasal (S)-ketamine administered in
conjunction with standard antidepressant treatment compared to standard antidepressant
treatment alone at 28 days [124]. As noted above, the first randomized, controlled trial

to directly compare racemic and (S)-ketamine found no significant differences at their
primary endpoint of 24 hours [108]; however, that study also analyzed remission rates at
72 hours and seven days after the initial infusion and, while no significant differences were
found, mean Montgomery-Asberg Depression Rating Scale (MADRS) scores at 72 hours
were slightly higher in the (S)-ketamine group, suggesting that racemic ketamine may be
more effective at prolonging antidepressant effects, a finding that needs to be empirically
tested. A meta-analysis of over 24 trials and 1877 participants supports this conclusion,
demonstrating that intravenous racemic ketamine was more effective than intranasal (5)-
ketamine [125]. Another direct comparison of data from the Yale Interventional Psychiatry
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service, which administers both intravenous racemic ketamine and intranasal (S)-ketamine,
found no significant differences in response and remission rates, though once again there
was a slight trajectory in favor of racemic ketamine [126].

Despite the potentially lower antidepressant efficacy of (S)-ketamine, another study

found that continued treatment with intranasal (S)-ketamine alongside a traditional oral
antidepressant significantly delayed the time to relapse to 16 weeks after initial (S)-ketamine
treatment [127]. Assessment of the real-world effectiveness of intranasal (S)-ketamine also
found a significant increase in clinical response (64.2%) and remission (40.6%) rates at
three-month follow-up, with extremely low study drop-out rates (2.6%) [105]. Multi-center
analyses also confirmed that repeated intranasal (S)-ketamine administered in conjunction
with a traditional antidepressant significantly improved depressive symptoms from baseline
to 28 days in comparison to traditional antidepressants alone in both men and women
diagnosed with TRD [104,128]. However, differences in route of administration could

make it more challenging to interpret these results and should be taken into account,
especially given the differences in accessibility associated with intravenous versus intranasal
administration.

As the research presented above underscores, it is presently unclear whether (/)-ketamine
will display acute or sustained antidepressant effects. Significantly more research is needed
to draw accurate comparisons between racemic ketamine and its two enantiomers.

Dissociation and adverse side effects

In contrast to research regarding serotonergic psychedelics [129], ketamine’s dissociative
and psychotomimetic effects do not appear to be associated with its antidepressant effects
[130], a finding that has also been confirmed with repeated subcutaneous and intranasal
(S)-ketamine administration [131]. This suggests that dissociation is not necessary for
ketamine’s antidepressant actions and that research should prioritize minimizing the adverse
side effects that limit its widespread use. While adverse side effects associated with
ketamine and intranasal (S)-ketamine administration are transient and fairly well-tolerated
at therapeutic doses, lessening these adverse effects would increase treatment adherence and
efficacy in a variety of patient populations. The most common adverse events associated
with ketamine and (S)-ketamine include dissociation, nausea, vertigo, dizziness, and a
metallic taste in the mouth, most of which are associated with NMDAR antagonism
[103,104,132]. As noted above, (S)-ketamine is a more potent NMDAR antagonist than
racemic or (R)-ketamine and is often associated with more severe psychotomimetic effects
[110,111,133,134].

Generally, preclinical research suggests that (S)-ketamine produces more adverse effects
than either racemic or (/)-ketamine, most likely due to its higher NMDAR potency [76].
In preclinical research, PPI, a suppression of the startle reflex, and changes in locomotion
are commonly used to assess adverse effects in animals. In a chronic stress model, PPI and
locomotion deficits were worse after administration of (S)-ketamine and racemic ketamine
than (A)-ketamine [76]. However, another preclinical study found that ketamine produced
more serious cognitive deficits than either enantiomer, as ascertained via an attentional
set-shifting task. In addition, (/)-ketamine did not fully substitute for rats trained with

Pharmacol Ther. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Johnston et al.

Page 12

(S)-ketamine, suggesting potential disparate underlying mechanisms of cognitive deficits
between enantiomers [135].

Clinical studies of racemic and (S5)-ketamine commonly report transient adverse events,
particularly dissociation, throughout the administration period. Despite the commonality of
these adverse events, drop-out rates have been relatively low and can be managed through
patient education and psychiatric support throughout administration [133]. Initial clinical
studies with (/)-ketamine found that participants reported fewer adverse events, suggesting
that (R)-ketamine might be better tolerated than (S)-ketamine or racemic ketamine,

though it does not always appear to have comparable antidepressant efficacy [110,112].
However, current trials may be underdosing (/)-ketamine in order to reduce dissociative
effects, and antidepressant effects may emerge with higher doses. This balance between
adverse effects and antidepressant efficacy is particularly important in any assessment

of ketamine’s enantiomers for the treatment of depression, given the current debate
surrounding how important NMDARS are to ketamine’s antidepressant effects. Because so
little clinical research on (A)-ketamine currently exists, future studies with different dosing
and administration paradigms may reveal previously undocumented adverse events.

Misuse liability

The misuse liability of racemic ketamine and its enantiomers has been heavily debated.
While ketamine and other dissociative agents are used recreationally, it remains uncertain
whether or not antidepressant doses of ketamine could lead to later misuse. However,

the clinical evidence to date suggests extremely low rates of ketamine dependence in
participants with depression, though little information has been reported, particularly in
naturalistic settings where ketamine misuse may be more likely to occur [136]. Nevertheless,
concerns about misuse liability and increasing cases of ketamine-induced urological toxicity
have led to restrictions on the therapeutic use of ketamine [137,138]. For instance, in the
United States and Canada, intranasal esketamine is classified under the Risk Evaluation and
Mitigation Strategy (REMS) and the Janssen Journey™ Program, which require supervision
and monitoring by certified providers. Such risks limit the widespread use of (S)-ketamine to
participants who are able to dedicate a significant amount of time and resources to treatment.
Although additional studies are clearly needed, most of the initial clinical trials focused on
the efficacy of acute ketamine administration; in contrast, studies of repeat-dose ketamine

or the use of ketamine in outpatient settings has often been conducted with poorly defined
endpoints, given that the optimal dose and frequency of ketamine administration remain
unknown [139,140].

Even less evidence has been published regarding the stereoselective misuse liability of
ketamine’s enantiomers. However, early preclinical and clinical research suggests that
(R)-ketamine may mitigate some of the substance misuse liability risks. Preclinically,
(S)-ketamine has been shown to increase behaviors associated with misuse liability such
as conditioned place preference, hyperlocomotion, self-administration, and deficits in PPI,
but all of these metrics remained unchanged with (/)-ketamine administration [78]. In
addition, other studies have suggested that (S)-ketamine may preferentially activate mu-
opioid and kappa-opioid receptors more than (/)-ketamine, which may contribute to its
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potential misuse liability [78]. On the other hand, (/)-ketamine increased dopamine release
in the nucleus accumbens more than (S)-ketamine [78]. Because dopamine levels in the
nucleus accumbens are strongly associated with misuse liability, further investigation into
the stereoselective mechanisms of (/)-ketamine’s misuse potential is needed.

It is important to note that this remains a very active area of investigation, especially issues
surrounding the dose necessary to exert (S)-ketamine’s versus (/)-ketamine’s antidepressant
effects [141]. In particular, early clinical research suggests that misuse liability for (5)-
ketamine and (R)-ketamine is highly dose-dependent; when ketamine’s enantiomers are
administered at equipotent NMDAR antagonism levels, misuse liability is similar [142].
Thus, much remains unknown regarding the potential misuse liability of ketamine and its
enantiomers; future research in this area is needed to shed light on this area of investigation.

Conclusions

In the last few years, a great deal of novel research has explored the enantiomer-specific
antidepressant effects of ketamine. In general, it appears that (/)-ketamine and (S)-ketamine
may differentially regulate antidepressant effects via downstream signaling pathways such
as MTORC1 ((S)-ketamine) and ERK ((/)-ketamine). (R)-ketamine also appears to better
target inflammatory processes such as RANKL [101] and microglial signaling [120], which
could contribute to the more sustained effects observed with its administration in preclinical
animal models. However, while preliminary clinical research found that (/)-ketamine

was associated with fewer adverse effects and lower misuse liability [78,110], its lack

of antidepressant effects in a recent, large, randomized clinical trial [112] suggests that
caution is warranted when assessing the therapeutic potential of this agent. A clinical

trial is currently underway to assess the effects of (2/,6 F)-HNK, and future clinical trials
are necessary to compare and contrast the antidepressant efficacy of ketamine’s separate
enantiomers and metabolites in participants with TRD.

Given that much of this research is still in its infancy, future studies should seek to explore
how varied administration and dosing paradigms may have affected the results reviewed
here. Another important caveat is that most of the preclinical and clinical studies reviewed
above did not directly compare (/)-ketamine and (S)-ketamine—or necessarily even
compare either of these enantiomers to racemic ketamine—which limits the conclusions
that can be drawn. For instance, the molecular changes observed after enantiomer-specific
administration could be changed in parallel by the other enantiomer or have completely
disparate effects; without a direct comparison, this remains unknown. Given the relative
novelty of enantiomer-specific research and the varied results in preclinical and clinical
research, more information is needed before concrete conclusions can be drawn.
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Figure 1. Chemical structure of (S)- and (R)-ketamine and their metabolic pathways.
(S)-ketamine and (~)-ketamine are metabolized in a stereoselective manner by P450 liver

enzymes. The enantiomers are first metabolized to their norketamine counterparts through
nitrogen-mediated demethylation. Subsequent metabolism leads to dehydroxynorketamine
(DHNK) or hydroxylation to hydroxynorketamine (HNK). Each enantiomer can also be
metabolized to hydroxyketamine, another intermediary step for HNK.
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Figure 2. Hypothesized convergent/divergent mechanisms between (S)- and (R)-ketamine.
Both (S)- and (R)-ketamine increase the probability of glutamate release into the

synaptic cleft, increasing AMPAR throughput and activating downstream cellular signaling
mechanisms, as well as increasing synaptic protein translation of AMPAR subunits and
PSD-95, contributing to further synaptogenesis and dendritogenesis. The actions of (S5)-
ketamine appear to be primarily facilitated through preferential binding to NMDARS
expressed in GABAergic interneurons, leading to a depolarization of cortical excitatory
neurons. This depolarization causes the observed glutamate release, as well as a release

of neurotrophic factors such as BDNF, which binds to TrkB receptors. This, in turn,
activates the mTORC1 signaling pathway, leading to the upregulation of synaptogenesis
and dendritogenesis discussed earlier. In addition, (S)-ketamine binds to extrasynaptic
NMDARSs, disinhibiting mTORC1 signaling by deactivating eEFK2 (not pictured here).
Binding to mu-opioid receptors may facilitate antidepressant effects but may also contribute
to increased adverse events. In contrast, (/)-ketamine seems to primarily facilitate

immune modulation by affecting microglial signaling and increasing BDNF release. This
BDNF release binds to TrkB and activates the ERK signaling pathway, upregulating
synaptogenesis and dendritogenesis. While displayed as distinct mechanisms here, please
note that there may be overlap and other potential mechanisms not noted in this

figure. Figure is approximate for illustrative purposes. Abbreviations: AMPAR: a-amino-3-
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hydroxy-5-methyl-4-isoxazolepropionic acid receptor; BDNF: brain-derived neurotrophic
factor; CREB: cyclic adenosine monophosphate response element-binding protein; eEFK2:
eukaryotic elongation factor-2 kinase; ERK: extracellular signal-related kinase; GABA:
gamma aminobutyric acid; mTORCL1: mechanistic target of rapamycin complex 1; NFATc4:
nuclear factor of activated T cells 4; NMDAR: N-methyl-D-aspartate receptor; PSD-95:
postsynaptic density protein 95; TrkB: tropomyosin receptor kinase B.
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