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Abstract: Ketamine is a racemic mixture composed of two enantiomers, S-ketamine and R-ketamine.
In preclinical studies, both enantiomers have exhibited antidepressant effects, but these effects are
attributed to distinct pharmacological activities. The S-enantiomer acts as an NMDA-channel blocker
and as an opioid p-receptor agonist, whereas the R-enantiomer binds to ol1-receptors and is believed
to act as an agonist. As racemate, ketamine potentially triggers four biochemical pathways involving
the AGC-kinases, PKA, Akt (PKB), PKC and RSK that ultimately lead to inhibitory phosphorylation
of GSK3p in microglia. In patients with major depressive disorder, S-ketamine administered as a
nasal spray has shown clear antidepressant activity. However, when compared to intravenously in-
fused racemic ketamine, the response rate, duration of action and anti-suicidal activity of S-ketamine
appear to be less pronounced. The ol-protein interacts with p-opioid and TrkB-receptors, whereas in
preclinical experiments ol-agonists reduce p-receptor desensitization and improve TrkB signal trans-
duction. TrkB activation occurs as a response to NMDA blockade. So, the ol-activity of R-ketamine
may not only enhance two pathways via which S-ketamine produces an antidepressant response,
but it furthermore provides an antidepressant activity in its own right. These two factors could
explain the apparently superior antidepressant effect observed with racemic ketamine compared to
S-ketamine alone.
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1. Introduction

Numerous studies have consistently supported the initial findings by Berman et al. [1]
regarding the rapid onset of antidepressant activity displayed by intravenous ketamine [2,3].
Further studies have noted that the response is sustained, that the remission rate is superior
to that of traditional antidepressants and that the compound is effective in treatment-
resistant patients [2,3]. The publication by Berman and colleagues has sparked a search
for the mechanism underlying the rapid and sustained antidepressant effects. Ketamine
is not a single compound, but consists of a 50/50 mixture of R-ketamine and S-ketamine.
Radioligand binding studies show that racemic ketamine binds to the phencyclidine site
of the glutamate NMDA (N-methyl-D-aspartate) channel, to opioid p-receptors and a
chaperone protein known as the ol-site [4]. Further investigations have revealed that S-
ketamine blocks the NMDA channel and stimulates opioid receptors, whereas R-ketamine
primarily binds to the ol-site [5]. Although both enantiomers of ketamine lack affinity to
glutamate AMPA receptors [5], these receptors play a role in the antidepressant responses
to S- and R-ketamine (see sections below). In the clinic, S-ketamine administered as a
nasal spray has demonstrated definite antidepressant activity [6]. However, the clinical
impression is that intravenously infused racemic ketamine displays a superior response
rate [7] and duration of action [8] compared to intranasal S-ketamine. It should be noted
though that a true comparison would require a head-to-head study, which as of today has
not been performed. Nevertheless, there may be qualitative differences, too, as racemic
ketamine, unlike S-ketamine, has shown anti-suicidal activity [9]. The plasma levels of
S-ketamine following nasal S-ketamine or intravenous racemic ketamine application cannot
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readily account for the qualitative and quantitative differences observed in treatment
response [10]. Thus, alongside the ongoing debate regarding the mechanism of action of
S-ketamine (whether NMDA channel blockade or p-opioid receptor activity is responsible
for its antidepressant effects) [11,12], the contribution of R-ketamine to the effects observed
after racemic ketamine remains an open question. After analysis of the pharmacological
data accumulated for the individual enantiomers, it seems likely that R-ketamine, due to
its ol-activity provides not only an additional antidepressant mechanism, but potentially
enhances both the p-opioid receptor activity and the brain-derived neurotrophic factor
(BDNF) signaling process induced by S-ketamine. These two factors could explain the
superior antidepressant effect observed with racemic ketamine compared to S-ketamine.

2. NMDA Blockade: Does It Induce Antidepressant Activity?

In preclinical studies, ketamine and NMDA channel blockers like phencyclidine (PCP),
dizocilpine (MK-801), memantine or lanicemine were shown to enhance extracellular gluta-
mate levels in the brain via a reduction in the suppressive effects of GABA-interneurons,
which ultimately led to the formulation of “ketamine disinhibition hypothesis” (recently
reviewed in [13,14]). It posits that ketamine’s pharmacological action involves stimulation
of glutamatergic AMPA (a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid) recep-
tors, triggering the release of BDNF and correcting the suppressed synapse and neurite
formation in the brain of depression patients [14,15]. The issue with this hypothesis is
that it fails to explain why phencyclidine, dizocilpine, memantine or lanicemine, despite
causing glutamatergic disinhibition, do not share the robust antidepressant activity of
ketamine [15-18]. A partial explanation for the discrepancy may lie in the dose-response
characteristics. Animal models have shown a narrow dose-response relationship for the
antidepressant activity of ketamine, with the effect disappearing at moderately higher doses
(described as “inverted U-shaped”) [19]. Several allosteric activators of AMPA channels,
developed on the basis of the disinhibition hypothesis, also display a narrow inverted
U-shaped dose-response relationship [20] and similarly failed to demonstrate antidepres-
sant activity in clinical trials [21]. These findings indicate that agonist dosing at the AMPA
channel is highly delicate, and while a rapid antidepressant-like effect may be observed in
preclinical experiments with often just a single dose, the effect may not be reproducible in
clinical settings.

An alternative explanation for the antidepressant effect of S-ketamine involves the
activation of p-opioid receptors [4,5]. In preclinical experiments, subanesthetic doses of S-
ketamine, but not R-ketamine, induced locomotor activity (in an opioid receptor-dependent
manner), psychomotor sensitization, conditioned place preference, and selectively in-
creased metabolic activity and dopamine tone in the mPFC [5]. These findings strongly
suggest that subanesthetic doses of S-ketamine activate p-opioid receptors. Moreover,
rats self-administered S-ketamine, but not R-ketamine, indicating a rewarding property of
S-ketamine that most likely is due to p-opioid receptor activation [5]. S-ketamine is rapidly
converted to S-norketamine [22,23], so a possible p-opioid receptor stimulation by this
metabolite should be kept in mind, too. Although the potency and efficacy of S-norketamine
at p-opioid receptors remain to be determined, it is worth noting that the antidepressant
effect of S-norketamine, unlike S-ketamine, was unaffected by AMPA blockade, which
aligns with p-opioid receptor activation but contradicts NMDA blockade as the mechanism
of action [24]. Activation of p-opioid receptors has been validated as a mechanism for
antidepressant activity [25,26], as evidenced, for instance, by the registered antidepressant
tianeptine [27,28]. Therefore, it is possible that S-ketamine exerts its antidepressant activity
through two concurrent mechanisms: AMPA channel activation (indirectly resulting from
NMDA blockade) and p-opioid receptor activation. In clinical studies, the evidence is
mixed: the opioid antagonist naltrexone blocked the ketamine-induced antidepressant
effects in one study [29], but not in another [30].
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3. R-Ketamine: Does It Contribute to the Clinical Profile of Ketamine?

In preclinical studies, R-ketamine displayed higher potency and longer-lasting anti
depressant-like action compared to S-ketamine [18,31-33], despite the lower affinity of
R-ketamine for the NMDA-channel or the p-opioid receptor [4,5]. This distinction also
extends to anti-inflammatory activity, where R-ketamine is more active than S-ketamine
(reviewed by [23]). In individuals with major depressive disorder (MDD) who respond
to treatment, a single intravenous infusion of ketamine was shown to reduce serum IL-6
levels for up to 3 days [34]. Similarly, in patients receiving six ketamine infusions, the
decrease in plasma levels of IL-17A and IL-6 correlated with symptom improvement [35].
These findings suggest that ketamine’s reduction of inflammation may contribute to its
sustained antidepressant effects. Microglia cells represent the brain’s resident immune
system [36-38]. Microglia cells are major players in the release of cytokines and the pruning
of synapses [37,39] and are involved in the antidepressant activity of medications [40,41]. In
mice that were susceptible to chronic social defeat stress, an inflammation-like impairment
of CREB-mediated transcription of BDNF in microglia was observed [42]. R-ketamine
activated the MEK-ERK kinase pathway and restored both microglial CREB activity and
BDNEF release [42]. Furthermore, BDNE, through stimulation of neuronal tropomyosin
receptor kinase B (TrkB) receptors, restored the reduced dendritic spine density in mice
susceptible to chronic social defeat stress [42]. Importantly, these effects were observed
after a single intraperitoneal dose of R-ketamine, but not with S-ketamine [42]. Indeed,
R-ketamine definitely increases TrkB signaling [43-45]. The normalization of spine density
and synapse formation by R-ketamine is believed to underlie its long-lasting antidepressant-
like effects observed in animal models [42].

The molecular target that is responsible for R-ketamine’s effects has not been defini-
tively identified, but the available evidence suggests the o1 receptor is a strong candidate.
R-ketamine has a higher affinity for o1 sites than S-ketamine (27 vs. 131 uM) and, most im-
portantly, does not exhibit significant affinity for any other binding site [5]. That R-ketamine
is agonistic may be inferred from a drug-discrimination study, where the recognition of
ketamine was blocked by a ol-antagonist [46]. These o1 receptors are ligand-regulated
transmembrane proteins expressed by neurons, microglia, astrocytes, and oligodendro-
cytes [47,48]. Agonists (compounds that mimic the effect of receptor overexpression)
shift microglia-polarization from pro-inflammatory to reparative [47,49]. The o1 recep-
tor regulates Ca®* entry through L-type Ca-channels [50], which activates the kinases
CaMKII and CaMKIV, leading to Ras/MEK-ERK activation, Ser!33P-CREB formation, and
MEF2-mediated gene transcription [51,52]. Additionally, Ser'**P-CREB enhances BDNF
transcription [53,54]. Thus, the findings reported by Yao and colleagues [42] perfectly align
with the notion that R-ketamine activates o1 receptors. Various ol-agonists have been
tested for antidepressant activity in the forced swim test, the tail suspension test or the
glucose-preference test, and all have demonstrated efficacy [55]. Therefore, o1 receptor
stimulation is considered a valid target for novel antidepressants [55,56], despite that two
leading compounds, igmesine and cutamesine, have failed to reach the market [52]. The
accumulated preclinical data on R-ketamine strongly support its potential use in MDD pa-
tients. Surprisingly and contrary to data from an early pilot study [57], a recent phase II trial
found that R-ketamine in comparison to placebo, did not exhibit significant antidepressant
efficacy at the 24 h time point (cited in [23]).

4. Is this the End of the R-Ketamine Development?

R-ketamine was administered intravenously at a dose of 0.5 mg/kg [57], which is
comparable to the amount of R-ketamine present in racemic ketamine (usually dosed at
0.5-1 mg/kg; [58]). The affinity of S-ketamine for NMDA and p-opioid receptors is 0.8 uM
and 7 puM, respectively, whereas the affinity of R-ketamine for the o1 site is relatively low
(27 uM only) [5]. Therefore, it is possible that R-ketamine needs to be administered at
higher doses in order to elicit a relevant c1-mediated antidepressant response.
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Another factor that should be considered is the timing of the measurement of the
antidepressant response. The data summarized above suggest that S-ketamine causes
NMDA blockade and p-opioid receptor stimulation, leading to a fast-onset antidepressant
effect, while R-ketamine stimulates o1 receptors, which results in a slower-developing anti-
inflammatory effect and a protracted antidepressant response. It is therefore possible that
the 24 h time point might be too early to detect a robust antidepressant effect. Additionally,
it is possible that the recruited patients had relatively low levels of inflammatory cytokines,
which could impact the observed outcome.

Further possibilities arise from pharmacological interactions between o1 activation
and the activation of AMPA or p-opioid receptors, or the blockade of NMDA receptors.
Although hypothetical, such interactions are conceivable. For example, o1 receptors physi-
cally interact with p-opioid receptors and modulate their response [59]. Racemic ketamine
has been shown to prevent and reverse p-opioid receptor desensitization through a non-
NMDA, ERK-dependent mechanism of action [60], although it remains to be determined
if such an effect involves R-ketamine’s ol-activity. Apart from p-opioid receptors, inter-
actions with other potentially relevant receptors have also been reported. The o1 protein
interacts with the NR1 subunit of the NMDA channel and with the BDNF receptor TrkB
(summarized in [55,56]), but the functional consequences of these interactions have not
yet been studied in detail. In this context, it is worth noting that BDNF-induced dendrite
growth is stimulated by o1 agonists [56] as well as by R-ketamine [42], though it remains
to be determined if this is mediated via TrkB potentiation.

5. The Antidepressant Pathways Activated by Racemic Ketamine and the Individual
Enantiomers Converge on the Inhibition of GSK3{ in Microglia

Microglia cells express p-opioid receptors and TrkB [36,61]. Stimulation of p-opioid
receptors on microglia cells provokes PKC-mediated GSK3 inhibition and an anti-inflam
matory response involving the suppression of the release of pro-inflammatory
cytokines [41,62,63]. Paracrine BDNF release (from neurons, astrocytes, and endothelial
cells) and autocrine microglial BDNF release activates TrkB, which triggers the PI3K-Akt
signaling pathway, resulting in inhibitory phosphorylation of GSK3{ [14,64,65]. So, the
S-enantiomer of ketamine potentially inhibits microglial GSK3{ by virtue of direct p-opioid
receptor stimulation, as well as indirectly by an increase in BDNF-TrkB-Akt signaling.
The R-enantiomer of ketamine, too, may provoke GSK3[ inhibition, since the o1-induced
MEK-ERK pathway results in activation of the AGC-kinase RSK, which also promotes
inhibitory phosphorylation of GSK3p [66,67]. Finally, racemic ketamine owing to its high
lipophilicity may give rise to physicochemical displacement of Gs from lipid rafts, which is
thought to enhance the interaction with adenylate cyclase and to cause a rise in intracellular
levels of cAMP [68]. The elevated levels of intracellular cAMP levels are thought to acti-
vate PKA, which like other AGC-kinases would produce the inhibitory phosphorylation
of GSK3p [66]. Inhibition of microglial GSK3{ activity is a common effect of numerous
antidepressant compounds and principles [41]. Thus, racemic ketamine may well trigger
four biochemical pathways involving the AGC-kinases, PKA, Akt, PKC, and RSK that
ultimately all lead to GSK3f3-inhibition. This could explain its unique therapeutic response
rate in MDD.

6. Final Comments

The entire potential of the o1 stimulant effect of R-ketamine remains to be fully un-
covered. However, once established, it may boost the development of other ol-agonists
for major depression. The robust and rapid onset of ketamine’s antidepressant activity is
believed to stem from its fortuitous combination of multiple antidepressant mechanisms.
Given the positive interaction of o1 receptors with both p-receptors and BDNF-TrkB func-
tion [56], there is a good chance that the combination of S-ketamine and R-ketamine will
give rise to a supra-additive antidepressant response (see Figure 1). Interestingly, the
anti-suicidal activity of ketamine did not extend to S-ketamine [9]. The anti-suicidal effect
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of racemic ketamine was reported to be independent of NMDA-blockade mediated AMPA-
mTOR signaling [69], which is in disagreement with the signaling pathway described for
S-ketamine, but consistent with the responses triggered by R-ketamine. If R-ketamine is
indeed responsible for therapeutic efficacy against suicidality, then it is likely that this effect
will be shared by other ol-agonists.

Synaptogenesis/
Dendritogenesis

NMDA. /AMPAT BDNF/TrkB

S-ketamine x ¢
p-agonist = :
S-norketamine ' R

i ,.1 /\ Inflammation

ol-agonist | — ERK

R-ketamine

Figure 1. S-ketamine generates antidepressant activity via NMDA blockade and p-opioid receptor

activation, which, respectively, lead to synaptogenesis and anti-inflammatory efficacy. R-ketamine
stimulates o1 receptors, which also causes an anti-inflammatory and antidepressant response.
S-norketamine and R-norketamine are primary metabolites. Their contribution to the pharmacologi-
cal profile remains to be determined (dotted arrow). There is limited information that o1 agonists
may potentiate p-opioid receptor and TrkB-mediated responses (indicated by a dash-dotted arrow).

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.

References

1.  Berman, R.M.; Cappiello, A.; Anand, A.; Oren, D.A.; Heninger, G.R.; Charney, D.S.; Krystal, ].H. Antidepressant effects of
ketamine in depressed patients. Biol. Psychiatry 2000, 47, 351-354. [CrossRef]

2. Alnefeesi, Y.; Chen-Li, D.; Krane, E.; Jawad, M.Y,; Rodrigues, N.B.; Ceban, F.; Di Vincenzo, J.D.; Meshkat, S.; Ho, R.C.M,; Gill, H,;
et al. Real-world effectiveness of ketamine in treatment-resistant depression: A systematic review & meta-analysis. J. Psychiatr.
Res. 2022, 151, 693-709. [CrossRef]

3. Marcantoni, W.S.; Akoumba, B.S.; Wassef, M.; Mayrand, J.; Lai, H.; Richard-Devantoy, S.; Beauchamp, S. A systematic review and
meta-analysis of the efficacy of intravenous ketamine infusion for treatment resistant depression: January 2009-January 2019. J.
Affect. Disord. 2020, 277, 831-841. [CrossRef] [PubMed]

4. Hustveit, O.; Maurset, A.; Oye, I. Interaction of the chiral forms of ketamine with opioid, phencyclidine, sigma and muscarinic
receptors. Pharmacol. Toxicol. 1995, 77, 355-359. [CrossRef] [PubMed]

5. Bonaventura, J.; Lam, S.; Carlton, M.; Boehm, M.A.; Gomez, J.L.; Solis, O.; Sanchez-Soto, M.; Morris, PJ.; Fredriksson, I.; Thomas,
C.J.; et al. Pharmacological and behavioral divergence of ketamine enantiomers: Implications for abuse liability. Mol. Psychiatry
2021, 26, 6704-6722. [CrossRef] [PubMed]

6.  Singh, J.B.; Fedgchin, M.; Daly, E.; Xi, L.; Melman, C.; De Bruecker, G.; Tadic, A.; Sienaert, P.; Wiegand, F.; Manji, H.; et al.
Intravenous Esketamine in Adult Treatment-Resistant Depression: A Double-Blind, Double-Randomization, Placebo-Controlled
Study. Biol. Psychiatry 2016, 80, 424-431. [CrossRef]

7. Bahji, A.; Vazquez, G.H.; Zarate, C.A., Jr. Comparative efficacy of racemic ketamine and esketamine for depression: A systematic
review and meta-analysis. |. Affect. Disord. 2021, 278, 542-555. [CrossRef]

8. Nikayin, S.; Rhee, T.G.; Cunningham, M.E.; de Fontnouvelle, C.A.; Ostroff, R.B.; Sanacora, G.; Wilkinson, S.T. Evaluation of

the Trajectory of Depression Severity with Ketamine and Esketamine Treatment in a Clinical Setting. JAMA Psychiatry 2022, 79,
736-738. [CrossRef]


https://doi.org/10.1016/S0006-3223(99)00230-9
https://doi.org/10.1016/j.jpsychires.2022.04.037
https://doi.org/10.1016/j.jad.2020.09.007
https://www.ncbi.nlm.nih.gov/pubmed/33065824
https://doi.org/10.1111/j.1600-0773.1995.tb01041.x
https://www.ncbi.nlm.nih.gov/pubmed/8835358
https://doi.org/10.1038/s41380-021-01093-2
https://www.ncbi.nlm.nih.gov/pubmed/33859356
https://doi.org/10.1016/j.biopsych.2015.10.018
https://doi.org/10.1016/j.jad.2020.09.071
https://doi.org/10.1001/jamapsychiatry.2022.1074

Biomedicines 2023, 11, 2664 60f8

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Jollant, E; Colle, R.; Nguyen, TM.L.; Corruble, E.; Gardier, A.M.; Walter, M.; Abbar, M.; Wagner, G. Ketamine and esketamine in
suicidal thoughts and behaviors: A systematic review. Ther. Adv. Psychopharmacol. 2023, 13, 20451253231151327. [CrossRef]
Bentley, S.; Artin, H.; Mehaffey, E.; Liu, E; Sojourner, K.; Bismark, A.; Printz, D.; Lee, E.E.; Martis, B.; De Peralta, S.; et al. Response
to intravenous racemic ketamine after switch from intranasal (S)-ketamine on symptoms of treatment-resistant depression and
post-traumatic stress disorder in Veterans: A retrospective case series. Pharmacotherapy 2022, 42, 272-279. [CrossRef]

Zorumski, C.F; Izumi, Y.; Mennerick, S. Ketamine: NMDA Receptors and Beyond. |. Neurosci. 2016, 36, 11158-11164. [CrossRef]
[PubMed]

Abdallah, C.G.; Sanacora, G.; Duman, R.S.; Krystal, ].H. The neurobiology of depression, ketamine and rapid-acting antidepres-
sants: Is it glutamate inhibition or activation? Pharmacol. Ther. 2018, 190, 148-158. [CrossRef] [PubMed]

Xu, S.; Yao, X,; Li, B.; Cui, R.; Zhu, C.; Wang, Y.; Yang, W. Uncovering the Underlying Mechanisms of Ketamine as a Novel
Antidepressant. Front. Pharmacol. 2021, 12, 740996. [CrossRef] [PubMed]

Borsellino, P.; Krider, R.I.; Chea, D.; Grinnell, R.; Vida, T.A. Ketamine and the Disinhibition Hypothesis: Neurotrophic Factor-
Mediated Treatment of Depression. Pharmaceuticals 2023, 16, 742. [CrossRef]

Zanos, P.; Gould, T.D. Mechanisms of ketamine action as an antidepressant. Mol. Psychiatry 2018, 23, 801-811. [CrossRef]
Zarate, C.A., Jr.; Mathews, D.; Ibrahim, L.; Chaves, ].F.; Marquardt, C.; Ukoh, I; Jolkovsky, L.; Brutsche, N.E.; Smith, M.A;
Luckenbaugh, D.A. A randomized trial of a low-trapping nonselective N-methyl-D-aspartate channel blocker in major depression.
Biol. Psychiatry 2013, 74, 257-264. [CrossRef] [PubMed]

Sanacora, G.; Johnson, M.R.; Khan, A.; Atkinson, S.D.; Riesenberg, R.R.; Schronen, J.P.; Burke, M.A.; Zajecka, ].M.; Barra, L.; Su,
H.L.; et al. Adjunctive Lanicemine (AZD6765) in Patients with Major Depressive Disorder and History of Inadequate Response to
Antidepressants: A Randomized, Placebo-Controlled Study. Neuropsychopharmacology 2017, 42, 844-853. [CrossRef] [PubMed]
Hashimoto, K. Molecular mechanisms of the rapid-acting and long-lasting antidepressant actions of (R)-ketamine. Biochem.
Pharmacol. 2020, 177, 113935. [CrossRef]

Zanos, P.; Brown, K.A.; Georgiou, P; Yuan, P,; Zarate, C.A., Jr.; Thompson, S.M.; Gould, T.D. NMDA Receptor Activation-
Dependent Antidepressant-Relevant Behavioral and Synaptic Actions of Ketamine. J. Neurosci. 2023, 43, 1038-1050. [CrossRef]
Suzuki, A.; Hara, H.; Kimura, H. Role of the AMPA receptor in antidepressant effects of ketamine and potential of AMPA receptor
potentiators as a novel antidepressant. Neuropharmacology 2023, 222, 109308. [CrossRef]

Sanacora, G.; Schatzberg, A.F. Ketamine: Promising path or false prophecy in the development of novel therapeutics for mood
disorders? Neuropsychopharmacology 2015, 40, 259-267. [CrossRef]

Mion, G,; Villevieille, T. Ketamine pharmacology: An update (pharmacodynamics and molecular aspects, recent findings). CNS
Neurosci. Ther. 2013, 19, 370-380. [CrossRef]

Johnston, ].N.; Henter, I.D.; Zarate, C.A., Jr. The antidepressant actions of ketamine and its enantiomers. Pharmacol. Ther. 2023,
246,108431. [CrossRef] [PubMed]

Yang, C.; Kobayashi, S.; Nakao, K.; Dong, C.; Han, M.; Qu, Y,; Ren, Q.; Zhang, ].C.; Ma, M.; Toki, H.; et al. AMPA Receptor
Activation-Independent Antidepressant Actions of Ketamine Metabolite (S)-Norketamine. Biol. Psychiatry 2018, 84, 591-600.
[CrossRef] [PubMed]

Pecina, M.; Karp, ].E.; Mathew, S.; Todtenkopf, M.S.; Ehrich, E.W.; Zubieta, ].K. Endogenous opioid system dysregulation in
depression: Implications for new therapeutic approaches. Mol. Psychiatry 2019, 24, 576-587. [CrossRef] [PubMed]
Nummenmaa, L.; Karjalainen, T.; Isojarvi, J.; Kantonen, T.; Tuisku, J.; Kaasinen, V.; Joutsa, J.; Nuutila, P.; Kalliokoski, K.; Hirvonen,
J.; et al. Lowered endogenous mu-opioid receptor availability in subclinical depression and anxiety. Neuropsychopharmacology
2020, 45, 1953-1959. [CrossRef] [PubMed]

Samuels, B.A.; Nautiyal, KM.; Kruegel, A.C.; Levinstein, M.R.; Magalong, VM.; Gassaway, M.M.; Grinnell, S.G.; Han, J;
Ansonoff, M.A; Pintar, J.E.; et al. The Behavioral Effects of the Antidepressant Tianeptine Require the Mu-Opioid Receptor.
Neuropsychopharmacology 2017, 42, 2052-2063. [CrossRef] [PubMed]

Gassaway, M.M.; Rives, M.L.; Kruegel, A.C.; Javitch, ].A.; Sames, D. The atypical antidepressant and neurorestorative agent
tianeptine is a mu-opioid receptor agonist. Transl. Psychiatry 2014, 4, e411. [CrossRef]

Williams, N.R.; Heifets, B.D.; Blasey, C.; Sudheimer, K.; Pannu, J.; Pankow, H.; Hawkins, ].; Birnbaum, J.; Lyons, D.M.; Rodriguez,
C.I; et al. Attenuation of Antidepressant Effects of Ketamine by Opioid Receptor Antagonism. Am. ]. Psychiatry 2018, 175,
1205-1215. [CrossRef]

Yoon, G.; Petrakis, I.L.; Krystal, ].H. Association of Combined Naltrexone and Ketamine with Depressive Symptoms in a Case
series of Patients with Depression and Alcohol Use Disorder. JAMA Psychiatry 2019, 76, 337-338. [CrossRef]

Zhang, ].C.; Li, S.X.; Hashimoto, K. R (—)-ketamine shows greater potency and longer lasting antidepressant effects than S
(+)-ketamine. Pharmacol. Biochem. Behav. 2014, 116, 137-141. [CrossRef] [PubMed]

Yang, C.; Shirayama, Y.; Zhang, ].C.; Ren, Q.; Yao, W.; Ma, M.; Dong, C.; Hashimoto, K. R-ketamine: A rapid-onset and sustained
antidepressant without psychotomimetic side effects. Transl. Psychiatry 2015, 5, €632. [CrossRef]

Zanos, P.; Moaddel, R.; Morris, PJ.; Georgiou, P.; Fischell, ].; Elmer, G.I.; Alkondon, M.; Yuan, P; Pribut, H.J.; Singh, N.S; et al.
NMDAR inhibition-independent antidepressant actions of ketamine metabolites. Nature 2016, 533, 481-486. [CrossRef] [PubMed]
Yang, J.J.; Wang, N.; Yang, C.; Shi, ].Y.; Yu, H.Y.; Hashimoto, K. Serum interleukin-6 is a predictive biomarker for ketamine’s
antidepressant effect in treatment-resistant patients with major depression. Biol. Psychiatry 2015, 77, e19-e20. [CrossRef] [PubMed]


https://doi.org/10.1177/20451253231151327
https://doi.org/10.1002/phar.2664
https://doi.org/10.1523/JNEUROSCI.1547-16.2016
https://www.ncbi.nlm.nih.gov/pubmed/27807158
https://doi.org/10.1016/j.pharmthera.2018.05.010
https://www.ncbi.nlm.nih.gov/pubmed/29803629
https://doi.org/10.3389/fphar.2021.740996
https://www.ncbi.nlm.nih.gov/pubmed/35872836
https://doi.org/10.3390/ph16050742
https://doi.org/10.1038/mp.2017.255
https://doi.org/10.1016/j.biopsych.2012.10.019
https://www.ncbi.nlm.nih.gov/pubmed/23206319
https://doi.org/10.1038/npp.2016.224
https://www.ncbi.nlm.nih.gov/pubmed/27681442
https://doi.org/10.1016/j.bcp.2020.113935
https://doi.org/10.1523/JNEUROSCI.1316-22.2022
https://doi.org/10.1016/j.neuropharm.2022.109308
https://doi.org/10.1038/npp.2014.261
https://doi.org/10.1111/cns.12099
https://doi.org/10.1016/j.pharmthera.2023.108431
https://www.ncbi.nlm.nih.gov/pubmed/37146727
https://doi.org/10.1016/j.biopsych.2018.05.007
https://www.ncbi.nlm.nih.gov/pubmed/29945718
https://doi.org/10.1038/s41380-018-0117-2
https://www.ncbi.nlm.nih.gov/pubmed/29955162
https://doi.org/10.1038/s41386-020-0725-9
https://www.ncbi.nlm.nih.gov/pubmed/32473595
https://doi.org/10.1038/npp.2017.60
https://www.ncbi.nlm.nih.gov/pubmed/28303899
https://doi.org/10.1038/tp.2014.30
https://doi.org/10.1176/appi.ajp.2018.18020138
https://doi.org/10.1001/jamapsychiatry.2018.3990
https://doi.org/10.1016/j.pbb.2013.11.033
https://www.ncbi.nlm.nih.gov/pubmed/24316345
https://doi.org/10.1038/tp.2015.136
https://doi.org/10.1038/nature17998
https://www.ncbi.nlm.nih.gov/pubmed/27144355
https://doi.org/10.1016/j.biopsych.2014.06.021
https://www.ncbi.nlm.nih.gov/pubmed/25104172

Biomedicines 2023, 11, 2664 70f8

35.

36.
37.
38.
39.
40.
41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Zhan, Y.; Zhou, Y.; Zheng, W.; Liu, W.; Wang, C.; Lan, X.; Deng, X.; Xu, Y.; Zhang, B.; Ning, Y. Alterations of multiple peripheral
inflammatory cytokine levels after repeated ketamine infusions in major depressive disorder. Transl. Psychiatry 2020, 10, 246.
[CrossRef]

Kettenmann, H.; Hanisch, U.K; Noda, M.; Verkhratsky, A. Physiology of microglia. Physiol. Rev. 2011, 91, 461-553. [CrossRef]
Deng, S.L.; Chen, ].G.; Wang, F. Microglia: A Central Player in Depression. Curr. Med. Sci. 2020, 40, 391-400. [CrossRef]
Rahimian, R.; Belliveau, C.; Chen, R.; Mechawar, N. Microglial Inflammatory-Metabolic Pathways and Their Potential Therapeutic
Implication in Major Depressive Disorder. Front. Psychiatry 2022, 13, 871997. [CrossRef]

Wang, H.; He, Y,; Sun, Z; Ren, S.; Liu, M.; Wang, G.; Yang, ]. Microglia in depression: An overview of microglia in the pathogenesis
and treatment of depression. J. Neuroinflammation 2022, 19, 132. [CrossRef]

Kalkman, H.O.; Feuerbach, D. Antidepressant therapies inhibit inflammation and microglial M1-polarization. Pharmacol. Ther.
2016, 163, 82-93. [CrossRef]

Kalkman, H.O. Inhibition of Microglial GSK3beta Activity Is Common to Different Kinds of Antidepressants: A Proposal for an
In Vitro Screen to Detect Novel Antidepressant Principles. Biomedicines 2023, 11, 806. [CrossRef] [PubMed]

Yao, W.; Cao, Q.; Luo, S.; He, L.; Yang, C.; Chen, J.; Qi, Q.; Hashimoto, K.; Zhang, J.C. Microglial ERK-NRBP1-CREB-BDNF
signaling in sustained antidepressant actions of (R)-ketamine. Mol. Psychiatry 2022, 27, 1618-1629. [CrossRef]

Fujita, Y.; Hashimoto, Y.; Hashimoto, H.; Chang, L.; Hashimoto, K. Dextran sulfate sodium-induced inflammation and colitis
in mice are ameliorated by (R)-ketamine, but not (S)-ketamine: A role of TrkB signaling. Eur. ]. Pharmacol. 2021, 897, 173954.
[CrossRef]

Qu, Y.; Shan, J.; Wang, S.; Chang, L.; Pu, Y,; Wang, X.; Tan, Y.; Yamamoto, M.; Hashimoto, K. Rapid-acting and long-lasting
antidepressant-like action of (R)-ketamine in Nrf2 knock-out mice: A role of TrkB signaling. Eur. Arch. Psychiatry Clin. Neurosci.
2021, 271, 439-446. [CrossRef]

Rafalo-Ulinska, A.; Palucha-Poniewiera, A. The effectiveness of (R)-ketamine and its mechanism of action differ from those of
(S)-ketamine in a chronic unpredictable mild stress model of depression in C57BL/6] mice. Behav. Brain Res. 2022, 418, 113633.
[CrossRef]

Narita, M.; Yoshizawa, K.; Aoki, K.; Takagi, M.; Miyatake, M.; Suzuki, T. A putative sigmal receptor antagonist NE-100 attenuates
the discriminative stimulus effects of ketamine in rats. Addict. Biol. 2001, 6, 373-376. [CrossRef]

Nguyen, L.; Lucke-Wold, B.P.; Mookerjee, S.A.; Cavendish, ].Z.; Robson, M.].; Scandinaro, A.L.; Matsumoto, R.R. Role of sigma-1
receptors in neurodegenerative diseases. J. Pharmacol. Sci. 2015, 127, 17-29. [CrossRef]

Ossa, F,; Schnell, ].R.; Ortega-Roldan, J.L. A Review of the Human Sigma-1 Receptor Structure. Adv. Exp. Med. Biol. 2017, 964,
15-29. [CrossRef]

Jia, J.; Cheng, J.; Wang, C.; Zhen, X. Sigma-1 Receptor-Modulated Neuroinflammation in Neurological Diseases. Front. Cell.
Neurosci. 2018, 12, 314. [CrossRef]

Monnet, EP. Sigma-1 receptor as regulator of neuronal intracellular Ca?*: Clinical and therapeutic relevance. Biol. Cell 2005, 97,
873-883. [CrossRef]

Dolmetsch, R.E.; Pajvani, U.; Fife, K.; Spotts, ].M.; Greenberg, M.E. Signaling to the nucleus by an L-type calcium channel-
calmodulin complex through the MAP kinase pathway. Science 2001, 294, 333-339. [CrossRef]

Ren, P; Wang, J.; Li, N.; Li, G.; Ma, H.; Zhao, Y.; Li, Y. Sigma-1 Receptors in Depression: Mechanism and Therapeutic Development.
Front. Pharmacol. 2022, 13,925879. [CrossRef]

Tao, X.; Finkbeiner, S.; Arnold, D.B.; Shaywitz, A.].; Greenberg, M.E. CaZ* influx regulates BDNF transcription by a CREB family
transcription factor-dependent mechanism. Neuron 1998, 20, 709-726. [CrossRef] [PubMed]

Ji, L.L.; Peng, ].B.; Fu, C.H.; Tong, L.; Wang, Z.Y. Sigma-1 receptor activation ameliorates anxiety-like behavior through NR2A-
CREB-BDNF signaling pathway in a rat model submitted to single-prolonged stress. Mol. Med. Rep. 2017, 16, 4987-4993.
[CrossRef]

Salaciak, K.; Pytka, K. Revisiting the sigma-1 receptor as a biological target to treat affective and cognitive disorders. Neurosci.
Biobehav. Rev. 2022, 132, 1114-1136. [CrossRef] [PubMed]

Voronin, M.V.; Vakhitova, Y.V.; Seredenin, S.B. Chaperone SigmalR and Antidepressant Effect. Int. J. Mol. Sci. 2020, 21, 7088.
[CrossRef] [PubMed]

Leal, G.C.; Bandeira, 1.D.; Correia-Melo, ES.; Telles, M.; Mello, R.P.; Vieira, F.; Lima, C.S.; Jesus-Nunes, A.P.; Guerreiro-Costa,
L.N.E; Marback, R.E; et al. Intravenous arketamine for treatment-resistant depression: Open-label pilot study. Eur. Arch.
Psychiatry Clin. Neurosci. 2021, 271, 577-582. [CrossRef]

Fava, M.; Freeman, M.P; Flynn, M.; Judge, H.; Hoeppner, B.B.; Cusin, C.; Ionescu, D.F.; Mathew, S.J.; Chang, L.C.; Iosifescu, D.V,;
et al. Double-blind, placebo-controlled, dose-ranging trial of intravenous ketamine as adjunctive therapy in treatment-resistant
depression (TRD). Mol. Psychiatry 2020, 25, 1592-1603. [CrossRef]

Kim, EJ.; Kovalyshyn, I.; Burgman, M.; Neilan, C.; Chien, C.C.; Pasternak, G.W. Sigma 1 receptor modulation of G-protein-coupled
receptor signaling: Potentiation of opioid transduction independent from receptor binding. Mol. Pharmacol 2010, 77, 695-703.
[CrossRef]

Gupta, A.; Devi, L.A.; Gomes, L. Potentiation of mu-opioid receptor-mediated signaling by ketamine. J. Neurochem. 2011, 119,
294-302. [CrossRef]

Liu, H.; Leak, R.K.; Hu, X. Neurotransmitter receptors on microglia. Stroke Vasc. Neurol. 2016, 1, 52-58. [CrossRef] [PubMed]


https://doi.org/10.1038/s41398-020-00933-z
https://doi.org/10.1152/physrev.00011.2010
https://doi.org/10.1007/s11596-020-2193-1
https://doi.org/10.3389/fpsyt.2022.871997
https://doi.org/10.1186/s12974-022-02492-0
https://doi.org/10.1016/j.pharmthera.2016.04.001
https://doi.org/10.3390/biomedicines11030806
https://www.ncbi.nlm.nih.gov/pubmed/36979785
https://doi.org/10.1038/s41380-021-01377-7
https://doi.org/10.1016/j.ejphar.2021.173954
https://doi.org/10.1007/s00406-020-01208-w
https://doi.org/10.1016/j.bbr.2021.113633
https://doi.org/10.1080/13556210020077091
https://doi.org/10.1016/j.jphs.2014.12.005
https://doi.org/10.1007/978-3-319-50174-1_3
https://doi.org/10.3389/fncel.2018.00314
https://doi.org/10.1042/BC20040149
https://doi.org/10.1126/science.1063395
https://doi.org/10.3389/fphar.2022.925879
https://doi.org/10.1016/S0896-6273(00)81010-7
https://www.ncbi.nlm.nih.gov/pubmed/9581763
https://doi.org/10.3892/mmr.2017.7185
https://doi.org/10.1016/j.neubiorev.2021.10.037
https://www.ncbi.nlm.nih.gov/pubmed/34736882
https://doi.org/10.3390/ijms21197088
https://www.ncbi.nlm.nih.gov/pubmed/32992988
https://doi.org/10.1007/s00406-020-01110-5
https://doi.org/10.1038/s41380-018-0256-5
https://doi.org/10.1124/mol.109.057083
https://doi.org/10.1111/j.1471-4159.2011.07361.x
https://doi.org/10.1136/svn-2016-000012
https://www.ncbi.nlm.nih.gov/pubmed/28959464

Biomedicines 2023, 11, 2664 8of8

62.

63.

64.
65.

66.

67.

68.

69.

Slusarczyk, J.; Trojan, E.; Glombik, K.; Piotrowska, A.; Budziszewska, B.; Kubera, M.; Popiolek-Barczyk, K.; Lason, W.; Mika,
J.; Basta-Kaim, A. Targeting the NLRP3 Inflammasome-Related Pathways via Tianeptine Treatment-Suppressed Microglia
Polarization to the M1 Phenotype in Lipopolysaccharide-Stimulated Cultures. Int. J. Mol. Sci. 2018, 19, 1965. [CrossRef]
Ninkovic, J.; Roy, S. Role of the mu-opioid receptor in opioid modulation of immune function. Amino Acids 2013, 45, 9-24.
[CrossRef] [PubMed]

Bjorkholm, C.; Monteggia, L. M. BDNF—A key transducer of antidepressant effects. Neuropharmacology 2016, 102, 72-79. [CrossRef]
Liu, RJ.; Fuchikami, M.; Dwyer, ] M.; Lepack, A.E.; Duman, R.S.; Aghajanian, G.K. GSK-3 inhibition potentiates the synaptogenic
and antidepressant-like effects of subthreshold doses of ketamine. Neuropsychopharmacology 2013, 38, 2268-2277. [CrossRef]
Pearce, L.R.; Komander, D.; Alessi, D.R. The nuts and bolts of AGC protein kinases. Nat. Rev. Mol. Cell Biol. 2010, 11, 9-22.
[CrossRef]

Ding, Q.; Xia, W,; Liu, ].C.; Yang, ].Y.; Lee, D.E; Xia, J.; Bartholomeusz, G.; Li, Y,; Pan, Y,; Li, Z,; et al. Erk associates with and
primes GSK-3beta for its inactivation resulting in upregulation of beta-catenin. Mol. Cell 2005, 19, 159-170. [CrossRef]

Wray, N.H.; Schappi, ].M.; Singh, H.; Senese, N.B.; Rasenick, M.M. NMDAR-independent, cAMP-dependent antidepressant
actions of ketamine. Mol. Psychiatry 2019, 24, 1833-1843. [CrossRef] [PubMed]

Averill, L.A.; Averill, C.L.; Gueorguieva, R.; Fouda, S.; Sherif, M.; Ahn, K.H.; Ranganathan, M.; D’Souza, D.C.; Southwick,
S.M.; Sanacora, G.; et al. mMTORC]1 inhibitor effects on rapid ketamine-induced reductions in suicidal ideation in patients with
treatment-resistant depression. J. Affect. Disord. 2022, 303, 91-97. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ijms19071965
https://doi.org/10.1007/s00726-011-1163-0
https://www.ncbi.nlm.nih.gov/pubmed/22170499
https://doi.org/10.1016/j.neuropharm.2015.10.034
https://doi.org/10.1038/npp.2013.128
https://doi.org/10.1038/nrm2822
https://doi.org/10.1016/j.molcel.2005.06.009
https://doi.org/10.1038/s41380-018-0083-8
https://www.ncbi.nlm.nih.gov/pubmed/29895894
https://doi.org/10.1016/j.jad.2022.01.104
https://www.ncbi.nlm.nih.gov/pubmed/35101523

	Introduction 
	NMDA Blockade: Does It Induce Antidepressant Activity? 
	R-Ketamine: Does It Contribute to the Clinical Profile of Ketamine? 
	Is this the End of the R-Ketamine Development? 
	The Antidepressant Pathways Activated by Racemic Ketamine and the Individual Enantiomers Converge on the Inhibition of GSK3 in Microglia 
	Final Comments 
	References

