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ARTICLE INFO ABSTRACT

Keywords: The antidepressant effects of ketamine and esketamine are well-documented. Nonetheless, most of the under-
Biomark_ers lying molecular mechanisms have to be uncovered yet. In the last decade, metabolomics has emerged as a useful
Esketamine means to investigate the metabolic phenotype associated with depression as well as changes induced by anti-
;?;?;Tsmics depressant treatments. This mini-review aims at summarizing the main findings from preclinical and clinical

studies that used metabolomics to investigate the metabolic effects of subanesthetic, antidepressant doses of
ketamine and esketamine and their relationship with clinical response. Both animal and human studies report
alterations in several metabolic pathways — including the tricarboxylic acid cycle, glycolysis, the pentose
phosphate pathway, lipid metabolism, amino acid metabolism, the kynurenine pathway, and the urea cycle —
following the administration of ketamine or its enantiomers. Although more research is needed to clarify com-
monalities and differences in molecular mechanisms of action between the racemic compound and its enan-
tiomers, these findings comprehensively support an influence of ketamine and esketamine on mitochondrial and
cellular energy production, membrane homeostasis, neurotransmission, and signaling. Metabolomics may thus
represent a promising strategy to clarify molecular mechanisms underlying treatment-resistant depression and
related markers of clinical response to ketamine and esketamine. This body of preclinical and clinical evidence, if
further substantiated, has the potential to guide clinicians towards personalized approaches, contributing to new
paradigms in the clinical management of depression.

Precision psychiatry
Treatment-resistant depression

1. State of the art arketamine ((R)-ketamine). Esketamine, which has an affinity for

NMDARSs threefold to fourfold higher than ketamine, has been shown to

The N-methyl-d-aspartate receptor (NMDAR) antagonist ketamine is
a dissociative drug used not only as an anesthetic and analgesic agent
but also as a recreational substance [1,2]. Nevertheless, it was not until
the late 1990s that some studies started suggesting that a single, sub-
anesthetic dose of ketamine has antidepressant properties [3-6].

Several mechanisms have been identified as putatively responsible
for the antidepressant effect of ketamine along with the non-competitive
voltage-dependent NMDAR inhibition, such as the involvement of the
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic ~ acid  receptor
(AMPAR) and its signaling cascade [7], the increase in proteins required
for formation, maturation, and function of new spines [8], and the
modulation of monoaminergic neurotransmission [4].

Ketamine is available not only as a racemic mixture ((R,S)-ketamine)
but also as its isolated enantiomers esketamine ((S)-ketamine) and

be at least as effective as racemic ketamine in decreasing depressive
symptoms [9], while arketamine, despite the reported more favorable
tolerability profile, failed to show a significant antidepressant effect in
the most recent clinical studies [10]. Although the use of racemic ke-
tamine in depression is still off-label, in 2019 a nasal spray formulation
of esketamine received regulatory approval by both the United States
(US) Food and Drug Administration (FDA) and the European Medicines
Agency (EMA) as an add-on option to oral selective serotonin reuptake
inhibitors (SSRIs) or serotonin-norepinephrine reuptake inhibitors
(SNRIs) for the management of treatment-resistant depression (TRD)
[11].

Notwithstanding their proven efficacy and their putative mecha-
nisms of antidepressant action, metabolic features likely underlying the
antidepressant properties of ketamine and esketamine have yet to be
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fully understood [4]. Indeed, albeit hundreds of candidate biomarkers
have been examined in relation to response to ketamine or esketamine, a
recent systematic review showed no consistent association between
baseline blood-based biomarkers and treatment response [12]. In recent
years, metabolomics has emerged among the most useful and advanced
approaches to investigate molecular mechanisms underlying mental
disorders as well as to predict individual variations in drug response
phenotypes [13,14].

Metabolomics, providing a global analysis of all metabolites found
within a specific biological sample through a simultaneous measure-
ment of plentiful molecules with molecular weight < 1500 Da [15],
offers a quantifiable and dynamic readout of the biochemical state of the
subject. Therefore, pharmacometabolomics may represent a powerful
means to inform our understanding of the pathogenesis of depression,
identifying biomarkers for diagnosis and prognosis, and guiding the
development of personalized therapeutic interventions, considering also
the influences of environment and concomitant pharmacological ther-
apies [14,16,17]. With regard to treatment with ketamine and esket-
amine, preliminary preclinical and clinical evidence has emerged from
metabolomics studies in the last decade. Studies using animal models of
depression have identified several metabolic mechanisms potentially
contributing to the antidepressant action of ketamine and esketamine
[18-29], and similar clues have emerged from human studies
[20,30-33].

The aim of this mini-review is thus to synthesize the main findings
from studies based on metabolomics which investigated the metabolic
effects of ketamine and esketamine as well as relevant candidate bio-
markers of clinical response [34,35], discussing their limitations and
future directions.

2. Evidence from animal studies

Animal studies regarding the effects of subanesthetic doses of
racemic ketamine or its enantiomers on the metabolome provide valu-
able insights into the drugs’ biomolecular effects on energy, lipid, and
amino acid (AA) metabolisms. A list of the main metabolisms influenced
by the administration of ketamine or its enantiomers in animals, with
relevant references, is provided in Table 1.

2.1. Energy metabolism

Energy metabolism seems the domain most affected by ketamine
administration, with the involvement of multiple metabolic pathways
and cellular processes. In mice, an alteration of the tricarboxylic acid
(TCA) cycle can be observed already 2 h after a single intraperitoneal
esketamine 3 mg/kg injection, with higher thiamine pyrophosphate,
acetyl-coenzyme A (acetyl-CoA), and succinate as well as lower fuma-
rate, malate, and citrate/acetyl-CoA ratio relative to saline solution
[29]. Malate levels are reportedly lower also 14 h upon esketamine in-
jection [29] and 24 h upon arketamine administration [24], whilst the
succinate/fumarate ratio is lower after 14 h [29]. These changes in TCA
cycle metabolites and metabolite ratios are consistent with ketamine-
induced NMDAR blockade, which results in a decreased Ca®* flux into
cells and mitochondria [36]. Since several enzymes of the TCA cycle
(including succinate dehydrogenase) are regulated by Ca®* [37], keta-
mine may influence these enzymes and ultimately the TCA cycle bal-
ance. Other metabolites directly or indirectly involved in the TCA cycle
may also serve as markers of ketamine response: for instance, fumarate,
methylmalonate, and 2-ketoisovalerate have been suggested to repre-
sent stable and consistent hippocampal biomarkers of response to
esketamine between 2 and 72 h upon administration [29]. Furthermore,
time-dependent alterations in energy equivalents and relevant ratios
following esketamine injection have been observed: adenosine triphos-
phate (ATP), guanosine triphosphate (GTP), and the GTP/guanosine
diphosphate (GDP) ratio seem increased after 2 h and decreased after 24
h. In particular, elevated GTP levels 2 h after ketamine injection are in
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Table 1
List of the main metabolisms/pathways influenced by the administration of
ketamine or its enantiomers in animals and humans with relevant references.

Preclinical studies

Clinical studies

Tricarboxylic acid cycle

Glycolysis

Pentose phosphate pathway

Energy equivalents synthesis

AMPK pathway

Purine metabolism

Pyrimidine metabolism

Glycerophospholipid metabolism

Sphingolipid metabolism

Fatty acid metabolism

Glutamate/GABA-glutamine cycle

Glycine, serine, and threonine

metabolism

Phenylalanine metabolism

Tryptophan metabolism

Urea cycle

Lian et al., 2018 [24]
Weckmann et al.,
2014 [29]
Weckmann et al.,
2014 [29]

Moaddel et al., 2022
[20]

Chen et al., 2020 [22]
McGowan et al., 2018
[25]

Weckmann et al.,
2017 [26]
Weckmann et al.,
2014 [29]
Weckmann et al.,
2017 [26]

Chen et al., 2020 [22]
McGowan et al., 2018
[25]

Weckmann et al.,
2017 [26]
Weckmann et al.,
2014 [29]

McGowan et al., 2018
[25]

Weckmann et al.,
2014 [29]

Liu et al., 2023 [18]

Zhou et al., 2023 [19]

Moaddel et al., 2022
[20]
Chen et al., 2020 [22]

Liu et al., 2023 [18]
Zhou et al., 2023 [19]

Moaddel et al., 2022
[20]

Zhou et al., 2023 [19]

Weckmann et al.,
2019 [23]
Lian et al., 2018 [24]

McGowan et al., 2018
[25]

Witkin et al., 2017
[27]

Weckmann et al.,
2014 [29]

Moaddel et al., 2022
[20]

Lian et al., 2018 [24]

Rotroff et al., 2016
[32]

Rotroff et al., 2016
[32]

Moaddel et al., 2022
[20]

Moaddel et al., 2018
[31]

Rotroff et al., 2016
[32]

Villasenor et al.,
2014 [33]

Moaddel et al., 2022
[20]

Singh et al., 2022
[30]

Moaddel et al., 2018
[31]

Rotroff et al., 2016
[32]

Villasenor et al.,
2014 [33]

Singh et al., 2022
[30]

Rotroff et al., 2016
[32]

Singh et al., 2022
[30]

Rotroff et al., 2016
[32]

Rotroff et al., 2016
[32]

Rotroff et al., 2016
[32]

Villasenor et al.,
2014 [33]

Moaddel et al., 2022
[20]

Singh et al., 2022
[30]

Moaddel et al., 2018
[31]

Rotroff et al., 2016
[32]

Moaddel et al., 2018
[31]

Rotroff et al., 2016
[32]
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AMPK = adenosine monophosphate-activated protein kinase; GABA = y-ami-
nobutyric acid.

line with the aforementioned higher concentrations of succinate, which
is produced from succinyl-CoA in the TCA cycle with the concomitant
generation of GTP [29]. Moreover, increased phosphorylated adenosine
monophosphate (AMP)-activated protein kinase (pAMPK) levels and
PAMPK/AMPK ratio assessed 24 h upon esketamine administration
[26], which are likely determined by the reduction in the ATP/ADP
ratio, further support an enhanced catabolic activity to restore ATP re-
serves [38]. Notably, ATP, ADP, and GTP, all seem to correlate with
forced swim test floating time at the 24-hour time point [26]. Taken
together, these alterations may suggest that higher levels of energy
equivalents are initially produced upon ketamine administration but are
followed by a decrease after 24 h, returning to normal levels at the 72-
hour time point. This likely reflects the dynamic interplay between
ketamine-induced initial metabolic response, intermediate compensa-
tory mechanisms, and the eventual “recovery” with restoration of
metabolic homeostasis. In all, these findings represent evidence for an
important role of mitochondrial energy metabolism in ketamine’s
mechanisms of action.

Again concerning energy production, changes in the levels of several
metabolites of cytoplasm-based glycolysis/gluconeogenesis and pentose
phosphate pathway in mouse hippocampus upon esketamine adminis-
tration have been described. A number of early intermediates of these
pathways (glucose-6-phosphate, fructose-6-phosphate, fructose-1,6-
bisphosphate, glyceraldehyde-3-phosphate, and dihydroxy-acetone-
phosphate) are significantly lower in mice 14 h upon a single esket-
amine injection compared to those receiving saline solution [29]. This
evidence, together with reported alterations in relevant metabolite ra-
tios (mirroring glycolysis enzymatic activity), suggests a reduced
glycolytic flux, indicating a decrease in glucose utilization or a shift
away from glycolysis towards alternative pathways. This is consistent
with the ketamine-induced NMDAR blockade that has been reported to
cause glycolysis deficits [39,40]. However, higher 3-phosphoglycerate
and altered ratios of downstream metabolites — indicating abnormal
enzymatic activity — may also point towards an increase in the conver-
sion rate of glyceraldehyde-3-phosphate to downstream glycolysis me-
tabolites induced by esketamine. Interestingly, no significant differences
in the levels of pyruvate — the end-product of glycolysis — between
esketamine and saline groups of mice have been found [29]. Nonethe-
less, lower urinary excretion of pyruvate was observed in macaques after
a single ketamine 10 mg/kg injection [28], possibly suggesting the ex-
istence of mechanisms aimed at maintaining cellular energetics ho-
meostasis in response to ketamine. Also, an effect of ketamine on the
pentose phosphate pathway has been reported, showing altered levels of
pathway intermediates ribose-5-phosphate and ribulose-5-phosphate as
well as of nicotinamide adenine dinucleotide phosphate (NADP ™) and its
reduced form (NADPH-H') [20,22,25]. However, the notable hetero-
geneity in experimental conditions across the available studies pre-
cludes a clear interpretation of findings.

Relating to this, several nucleosides and nucleotides involved in
purine metabolism are altered in prefrontal cortex, hippocampus, and
striatum of ketamine-treated mice and rats at different time points
[22,25,26,29], suggesting an effect of the drug on purine metabolism,
which is known to be altered in depression [41]. In addition, ketamine
alters pyrimidine metabolism, with changes in the levels of compounds
such as deoxyuridine diphosphate and cytosine in mouse prefrontal
cortex and hippocampus [25,29].

Some other compounds relating to energy metabolism, such as cre-
atine, phosphocreatine, and inosine are also downregulated in the hip-
pocampus of mice and rats after a single dose of ketamine [24,27],
further suggesting an influence on bioenergetics.

Neuroscience Letters 831 (2024) 137791
2.2. Lipid metabolism

Lipid metabolism seems remarkably impacted by ketamine. First,
glycerophospholipids seem downregulated by ketamine in almost every
mouse brain subregion, with a reduction in several compounds, espe-
cially phosphatidylinositol in the prefrontal cortex and the hippocampus
[18,19], phosphatidylcholines in the prefrontal cortex and the hypo-
thalamus [18-20], and phosphatidylinositol phosphate, phosphatidyli-
nositol, and phosphatidylethanolamine in the hippocampus [19].
Alterations of glycerophospholipid metabolism are also seen in pre-
frontal cortex, hippocampus, and striatum of rats administered with
ketamine 30 mg/kg for 10 consecutive days, 24 h after the last injection
[22]. Also, sphingolipid metabolism is altered by racemic ketamine and
esketamine across different mouse brain regions, with sphingomyelins
most significantly changed in the olfactory bulb [18], the hippocampus,
and the prefrontal cortex [19], and ceramides in the prefrontal cortex
[18,19] and hippocampus [20]. However, the main alterations in
sphingolipid metabolism are observed in the pallidal, also with spatial
differences within the pallidal itself, with most changes detected in the
medial and ventral parts [18].

These observations comprehensively suggest that esketamine anti-
depressant effects may occur through regional-specific regulation of
membrane lipid metabolism [18,19]. Similar alterations upon ketamine
treatment are likewise seen in mouse plasma, where some phosphati-
dylcholines, sphingomyelins, ceramides, and cholesterol esters are
increased following treatment [20]. Esketamine also seems to hold the
ability to normalize the levels of most fatty acyls and to increase acyl-
carnitines in the hippocampus and in the prefrontal cortex [19], possibly
implying enhanced transportation of fatty acids into the mitochondria
for B-oxidation for the benefit of energy production. Since all these
compounds are closely related to mitochondrial function, participating
in energy metabolism, membrane dynamics, and cellular signaling
pathways, these findings add to the aforementioned evidence on the
effects of ketamine on mitochondrial and cellular energetics.

2.3. Amino acid metabolism

Ketamine affects AA levels across various metabolisms. In mouse
hippocampus, a tendency towards increased levels of AA neurotrans-
mitters y-aminobutyric acid (GABA) and glutamate can be seen 2 h upon
a single esketamine 3 mg/kg injection [23], consistently with previous
findings from non-metabolomics investigations [42,43]. Conversely,
GABA, glutamate, and glutamine have been found to be reduced both
14 h after a single esketamine 3 mg/kg injection [23] as well as 24 h
after a single arketamine 10 mg/kg injection [24]. This pattern appears
consistent with the hypothesis of a time dependence of the effects of
subanesthetic ketamine on glutamate/GABA-glutamine cycling: the
initial increase in hippocampal GABA and glutamate may not be sus-
tained over time but diminish or even reverse in the subsequent hours
[42]. However, GABA levels and the GABA/glutamate ratio seemingly
increase again at 72 h [23]. Remarkably, the correlations of GABA,
glutamate, and glutamine levels with the behavioral forced swim test
floating time after esketamine administration [23] suggest a relation-
ship between their concentrations and the drug’s antidepressant effects.
Of note, besides the glutamate/GABA-glutamine cycle, the levels of
aspartate — which acts as an excitatory neurotransmitter similarly to
glutamate — also seem reduced at 24 h [24]. Ketamine seems to influence
AA neurotransmitter metabolites also in the long term, since a single
prophylactic dose (30 mg/kg) produces durable changes in their levels
in the prefrontal cortex and the hippocampus of stressed mice. Indeed,
increased inhibitory neurotransmitter metabolites (alanine, GABA, and
taurine) and decreased excitatory neurotransmitter metabolites (serine,
tyrosine, and phenylalanine) all are still detectable 2 weeks upon the
prophylactic administration [25]. The main exception to this is the
excitatory neurotransmitter glutamate, which is increased [25]. It could
be speculated that, since glutamate is also a precursor of GABA, high
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glutamate levels are related to an increase in GABA [44]. Nevertheless,
as a whole, this bulk of evidence suggests that prophylactic ketamine
may increase inhibitory tone in the brain following its administration
under stressful circumstances, resulting in long-lasting protection.
Interestingly, these alterations are not seen in ketamine-treated mice not
exposed to stress [25], possibly implying that the interaction between
stress and ketamine is crucial to determine long-lasting metabolic
changes that affect stress-related behavior. This is consistent with the
hypothesis that ketamine increases stress resilience by regulating GABA
and glutamate neurotransmission [45].

However, not only AAs directly involved in neurotransmission seem
influenced by ketamine in rodents, whether in brain tissues or plasma
[20,27,29]. For instance, ketamine can alter glycine, serine, and threo-
nine metabolism in the hippocampus of mice and rats already after 2 h
[27,29], notably with increased serine after a single injection of esket-
amine 3 mg/kg [29]. Serine can be converted into glycine but also into
D-serine, an important co-agonist of the NMDAR. Also, considering that
serine can be synthesized from 3-phosphoglycerate, an intermediate of
glycolysis, and is linked to the TCA cycle [46], its increase may further
point towards an alteration in energy metabolism. Furthermore, tryp-
tophan (TRP) and its product serotonin both seem altered by ketamine
administration in brain and plasma of mice, but in an unclear way over
time [20].

Ketamine also increases the mouse hippocampal concentrations of
urea 24 h upon administration [24], suggesting accelerated AA
catabolism.

Interestingly, the aforementioned AAs — along with other non-amino
acidic compounds - seem differentially influenced when 2,3-dihydroxy-
6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX), a synthetic
AMPAR selective antagonist, is co-administered: indeed, while some
AAs (glycine, alanine, glutamine, and aspartate) are changed irre-
spectively of co-administration of NBQX, other metabolites involved in
energy metabolism, cellular signaling, and oxidative stress metabolism
that are altered upon arketamine treatment (phosphate, urea, GABA,
creatine, malate, galactinol, inosine, and aminomalonate) remain un-
changed when NBQX is concomitantly administered [24]. This implies
that ketamine’s mechanisms of action involve both AMPAR-dependent
and AMPAR-independent pathways.

3. Evidence from human studies

Although with an intrinsic, unavoidable diversity, several findings
from research in human subjects are consistent with preclinical evi-
dence, showing effects of ketamine and its enantiomers on energy, lipid,
and AA metabolisms. A list of the main metabolisms influenced by the
administration of ketamine or esketamine in humans, with relevant
references, is provided in Table 1.

3.1. Energy metabolism

Although human metabolomics studies provide limited data con-
cerning biomolecules involved in energy metabolism, the few available
align with the rich evidence emerging from animal investigations. In
people with TRD, increased citrate and concurrently decreased lactate
are seen in plasma 2 h after ketamine 0.5 mg/kg infusion [32]. This
suggests an increased mitochondrial activity with consequent reduced
lactate accumulation through anaerobic glycolysis. In addition,
increased availability of mannose and fructose is observed 2 h upon
ketamine infusion [32], possibly reflecting a reduction in their meta-
bolism through glycolysis. Taken together, these findings may imply
that ketamine favors aerobic metabolism and TCA cycle activity over
anaerobic glycolysis to produce more energy equivalents within few
hours upon ketamine administration. This is consistent with preclinical
evidence of increased concentrations of succinate, ATP, and GTP after 2
h [26,29].
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3.2. Lipid metabolism

In line with results emerging from animal investigations, clinical
studies underscore that lipid metabolism might hold a crucial role in
ketamine’s antidepressant action in TRD.

Several phosphatidylcholines are altered (mostly increased) in
human plasma upon treatment with ketamine, not only in people with
TRD [30] but also in healthy individuals [20]. Notably, the levels of
phosphatidylcholines — and particularly lysophosphatidylcholines — are
generally higher in responders than in non-responders 4 h after keta-
mine administration [31,33], though substantially restored to baseline
levels within 24 h [31]. Phosphatidylcholine concentrations also
correlate with clinical response, increasing as depressive symptoms
decrease 2 h after ketamine treatment [32]. Interestingly, these patterns
seem to differ according to concomitant drug treatment: responders
maintained on lithium — but not those on valproate — show changes in
the concentrations of lysophosphatidylcholines and lysophosphatidyle-
thanolamines [33]. Very similar patterns have also been observed in
patients receiving placebo [33], suggesting that the differences may be
linked more to the basal treatment with valproate or lithium rather than
to ketamine. In all, findings on phospholipids may be indicative of al-
terations in the composition of membranes (of which they are main
constituents), signaling, energy metabolism, and unfolded protein
response [47].

Ketamine also influences sphingolipid metabolism [20,30-33]: a
number of sphingomyelins is indeed altered by ketamine relative to
placebo [30,31,33], with some increasing within 24 h after ketamine
administration in both TRD [30,31] and healthy subjects [20]. Sphin-
gomyelins seem to increase as depressive symptoms decrease [32],
though not consistently across studies [31]. In addition, ceramides,
cholesteryl esters, and triglycerides are increased in plasma after keta-
mine administration, with ceramides and triglycerides also significantly
correlating with symptom improvement in TRD [30]. Furthermore, ke-
tamine and esketamine (but not placebo) induce notable alterations in
several acylcarnitines in plasma of people with TRD within 2 h post-
infusion [32]. In particular, a decrease in short- and medium-chain
acylcarnitines and an increase in long-chain ones within 40 min, fol-
lowed by a subsequent increase in short-chain ones, have been described
[30]. Remitters show a more prominent decrease in short-chain acyl-
carnitines at 40 min [30] and, as depressive symptoms improve upon
treatment with ketamine, acylcarnitines levels increase [30,32]. This
further supports the hypothesis that ketamine alters fatty acid transport
into mitochondria for energy production through p-oxidation. Overall,
findings from human studies investigating the influence of antidepres-
sant doses of ketamine and esketamine on lipid metabolism align with
preclinical data to indicate that these drugs have an impact on mito-
chondrial and cellular energy metabolism, cell membrane, and signaling
pathways.

3.3. Amino acid metabolism

Consistently with preclinical evidence, subanesthetic doses of keta-
mine reportedly influence the plasmatic concentrations of several AAs in
humans [20,30,32,33], possibly acting on enzymes involved in their
metabolism but also on their transport across cell membranes or their
uptake by tissues. Similar to animal studies, research in people with TRD
points towards alterations in AAs involved in neurotransmission as well
as in those not directly related to this.

First, ketamine seems to alter AA neurotransmitters GABA and
glutamate in human plasma in the short term in a way that is coherent
with what was found in mouse brain [23,42,43]. Increased GABA [30]
and glutamate [32] are observed within 2 h post-ketamine infusion in
TRD. Moreover, consistently with the drop in glutamate levels seen in
mouse brain 14-24 h upon injection [23,24], subjects with TRD who
positively respond to ketamine show a greater reduction in glutamate
levels compared to non-responders [30]. This further substantiates the
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putative time dependence of the effects of subanesthetic ketamine on
glutamate/GABA-glutamine cycling [42].

Second, phenylalanine metabolism seems influenced by ketamine,
since a relative increase in its plasma levels has been observed in people
with treatment-resistant bipolar depression after a single ketamine in-
jection, regardless of clinical response [33]. Moreover, plasmatic tyro-
sine, synthesized from phenylalanine by phenylalanine hydroxylase
with the involvement of cofactor tetrahydrobiopterin [48], is reduced in
TRD after esketamine dosing [32]. Thus, it can be argued that ketamine
modulates phenylalanine hydroxylase or that it increases tyrosine con-
version to dopamine, norepinephrine, and epinephrine. In addition, the
levels of phenyllactic acid, a product of phenylalanine catabolism, are
lower in responders to ketamine compared to non-responders in
treatment-resistant bipolar depression [33]. This further hints at an in-
fluence of the drug on phenylalanine metabolism and catecholamine
synthesis possibly underlying ketamine’s antidepressant effects [49].

Third, ketamine apparently alters TRP metabolism. TRP decreases 2
h after treatment [32] and until 24 h, with a later recovery [20].
Interestingly, there seems to be a discrepancy in TRP concentrations
between plasma and cerebrospinal fluid, with increased levels in the
former while decreased in the latter [20]. As regards TRP catabolism and
the kynurenine (KYN) pathway, which is known to be altered in both
unipolar and bipolar depression [50-52], responders to ketamine have
lower plasma KYN levels and KYN/TRP ratio, as well as higher anthra-
nilic acid and picolinic acid levels at 230 min, with the difference in the
KYN/TRP ratio maintained up to 24 h later [31]. Moreover, KYN plas-
matic concentrations [30] and the KYN/TRP ratio [32] both seem to
correlate with depressive symptom improvement. Other molecules
derived from TRP metabolism (indole-3-acetate, indole-3-lactate) are
putatively decreased after treatment with ketamine or esketamine [32].

Fourth, as suggested by animal studies [27,29], glycine, serine, and
threonine metabolism is influenced by ketamine: decreased plasmatic
threonine is observed 2 h upon esketamine treatment in TRD [32], with
potential consequences on neurotransmission and energy metabolism.

Finally, ketamine may exert its antidepressant action by influencing
the urea cycle and nitric oxide synthesis, as suggested by the higher
arginine plasmatic levels consistently seen in responders 2-4 h after
treatment [31,32]. The supposed urea cycle involvement is further
substantiated by the increase in plasma ornithine and citrulline parallel
to depressive symptom improvement [32].

4. Implications and limitations of the existing literature and
future directions

Despite this body of preclinical and clinical studies, several limita-
tions hinder the translation of findings into clinical implications.

First, evidence derived from human studies, generally based on pe-
ripheral blood samples, has an intrinsically diverse nature from that
from animal studies, mainly analyzing brain tissue. Second, the findings,
especially those from human studies, suffer from limited sample sizes,
requiring replication in larger cohorts. Moreover, there is considerable
variability in the timing of metabolomic assessments relative to drug
administration across available studies. Likewise, studies should
consider the effects of repeated ketamine dosing in people with TRD
over extended periods. Besides, the impact of concomitant maintenance
treatments warrants further exploration, as different underlying phar-
macotherapy (serotonergic antidepressants, lithium, valproate) may
differently influence metabolic alterations and treatment outcomes
[32,53]. In addition, the complexity of data interpretation is increased
by the different agents tested, since most studies focused on ketamine,
other investigated esketamine, and a few tested arketamine. In partic-
ular, the molecular mechanisms of action of the racemic compound and
of its enantiomers seem to involve common metabolisms, however only
one study in humans [32] — and none in animal models — have assessed
both racemic ketamine and esketamine in the same population. Hence,
further direct comparisons are needed for a deeper exploration of
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relevant commonalities and differences. To further broaden our
knowledge, more information on the association of metabolic changes
with improvements in depressive symptoms needs to be collected,
focusing on those compounds — such as phosphatidylcholines, sphingo-
myelins, acylcarnitines, KYN/TRP ratio, ornithine, and citrulline —
whose alterations after treatment have been significantly correlated
with depressive symptoms improvement [30,32]. Moreover, no satis-
factory baseline predictor of treatment response has been identified yet.
It should be also clarified whether ketamine and esketamine metabolic
effects may vary according to the baseline stress/depressive conditions
[45].

Overall, metabolomics studies on subanesthetic, antidepressant
doses of ketamine and its enantiomers are still at a hypothesis-
generating level. Nonetheless, metabolomics has already provided
many interesting and valuable insights into the mechanisms of antide-
pressant action of ketamine and esketamine that cannot be observed
through classical biochemical assays. This body of evidence, if further
substantiated and validated, has the potential to recognize candidate
biomarkers for diagnosis and treatment of TRD, ultimately guiding cli-
nicians towards personalized approaches and contributing to new par-
adigms in the clinical management of the disorder [34,54]. Finally,
metabolomics may provide valuable insight into the neurobiology of
TRD itself, driving the identification of novel therapeutic targets and the
development of next-generation antidepressants. Notably, the under-
standing of molecular mechanisms involved in response to treatment
with ketamine and its enantiomers may provide a basis for further drug
discovery. For instance, the glutamatergic system has already attracted
attention as target for the development of new antidepressants. In
particular, group II metabotropic glutamate (mGlu) receptors are of
interest due to their modulatory role in glutamatergic transmission
[55,56]. Preliminary evidence indicates that mGlu2/3 receptor antag-
onists hold antidepressant effects and relevant underlying mechanisms
that resemble those of ketamine, possibly with less side effects [55].
Clinical studies of several mGlu2/3 receptor antagonists (e.g., deco-
glurant and TS-161) for depression have been or are being carried out
[56] and, notwithstanding some controversial results, they seem to hold
potential for the development of safer and more efficacious
antidepressants.

Additional studies investigating predictors of response and longitu-
dinal metabolome changes amid treatment with ketamine and esket-
amine are thus needed to refine treatment strategies and to contribute to
clinical development for TRD.
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