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Subanesthetic-dose racemic (R,S)-ketamine (ketamine) produces rapid, robust, and sustained antidepressant effects in major
depressive disorder (MDD) and bipolar disorder (BD) and has also been shown to effectively treat neuropathic pain, complex
regional pain syndrome, and post-traumatic stress disorder (PTSD). However, to date, its mechanism of action remains unclear.
Preclinical studies found that (2 R,6 R;2 S,6 S)-hydroxynorketamine (HNK), a major circulating metabolite of ketamine, elicits
antidepressant effects similar to those of ketamine. To help determine how (2 R,6 R)-HNK contributes to ketamine’s mechanism of
action, an exploratory, targeted, metabolomic analysis was carried out on plasma and CSF of nine healthy volunteers receiving a 40-
minute ketamine infusion (0.5 mg/kg). A parallel targeted metabolomic analysis in plasma, hippocampus, and hypothalamus was
carried out in mice receiving either 10 mg/kg of ketamine, 10mg/kg of (2 R,6 R)-HNK, or saline. Ketamine and (2 R,6 R)-HNK both
affected multiple pathways associated with inflammatory conditions. In addition, several changes were unique to either the healthy
human volunteers and/or the mouse arm of the study, indicating that different pathways may be differentially involved in
ketamine’s effects in mice and humans. Mechanisms of action found to consistently underlie the effects of ketamine and/or (2 R,6
R)-HNK across both the human metabolome in plasma and CSF and the mouse arm of the study included LAT1, IDO1, NAD+, the
nitric oxide (NO) signaling pathway, and sphingolipid rheostat.
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INTRODUCTION
Racemic (R,S)-ketamine (ketamine) has been in use since 1970 as a
rapid-acting anesthetic [1] and has been listed on the WHO’s
essential medicine list since 1985. Recent studies found that a
single, subanesthetic-dose ketamine infusion produced rapid and
sustained antidepressant effects in individuals with major
depressive disorder (MDD) [2, 3] and bipolar depression (BD) [4].
Ketamine also appears to effectively treat neuropathic pain [5],
complex regional pain syndrome [6, 7], pre-and post-operative
pain [8], and post-traumatic stress disorder (PTSD) [9, 10], in
addition to having analgesic [11] and anti-inflammatory effects
[8, 12].
Despite this promising treatment profile, subanesthetic-dose

ketamine has adverse effects including dissociation, cognitive
impairment, and psychotomimetic effects, as well as significant
abuse liability [13–15]. These adverse effects have been attributed
to N-methyl-D-aspartate receptor (NMDAR) inhibition, a mechan-
ism of action proposed to underlie ketamine’s antidepressant
effects [16]. Nevertheless, several other NMDAR antagonists do

not elicit a similar antidepressant pharmacological response [17],
suggesting that other mechanisms underlie ketamine’s rapid
antidepressant properties [15]. As a result, ketamine’s precise
antidepressant/analgesic mechanism of action remains largely
unknown. Other proposed mechanisms include: blockage of the
hyperpolarization-activated cyclic nucleotide gated potassium
channel 1 (HCN1) [18]; involvement of the cholinergic, aminergic,
and opioidergic systems [18]; increased mitochondrial activity,
synaptogenesis and mammalian target of rapamycin (mTOR)
signaling pathways; inhibitors of group II mGlu receptors [19]; and
protein synthesis via eukaryotic elongation factor-2 (eEF2) kinase
inhibition [20, 21].
In this context, one alternative mechanism that may underlie

ketamine’s antidepressant effects is related to its metabolites.
Ketamine is extensively metabolized to a large number of
downstream metabolites including norketamine, dehydronorke-
tamine, hydroxyketamines, and hydroxynorketamines (HNKs)
[4, 7, 15]. In particular, (2 S,6 S;2 R,6 R)-HNK was found post-
ketamine administration in the plasma of human participants
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[4, 7, 22] as well as in the brain and plasma of mice [23]. In rodent
models, (2 R,6 R)-HNK was subsequently found to elicit
antidepressant-like effects similar to those of ketamine but
without its adverse effects [21, 23–31]. (2 R,6 R)-HNK was also
found to induce analgesic effects in preclinical models of pain [32].
In terms of potential mechanisms of action, both ketamine and (2
R,6 R)-HNK upregulated α-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid (AMPA) receptors in vivo [23] but, when compared
directly, only (2 R,6 R)-HNK upregulated AMPA receptors in vitro
[33]. Deciphering the exact mechanism of both ketamine’s and (2
R,6 R)-HNK’s antidepressant activity remains a major priority in
the field.
Metabolomics provides a comprehensive analysis of lipids,

amino acids, biogenic amines, and other metabolic products
within a given biological subject [34]. Thus, determining
metabolite changes in cerebrospinal fluid (CSF) post-ketamine
administration may capture a metabolic signal that is closer to
ketamine’s mechanism of action, thereby helping identify its
effects on the central nervous system (CNS). To date, most
metabolomic studies with ketamine have been limited to using
plasma from humans and/or rodents [35–37]. This exploratory
study was a targeted metabolomic analysis carried out on the
plasma and CSF of healthy human participants who received a
40min intravenous infusion of ketamine (0.5 mg/kg) to determine
whether changes in the plasma corresponded to similar changes
in the CSF. Several specific metabolomes were also targeted that
have been shown to play a role in depression and/or neurode-
generative diseases, including the kynurenine (KYN) [35] and
nicotinamide adenine dinucleotide (NAD+) metabolomes [38–40].
To help determine the contribution of (2 R,6 R)-HNK to changes in
the metabolomic profile observed following ketamine treatment,
a parallel targeted metabolomic analysis was carried out in mice
that received either 10 mg/kg ketamine, 10 mg/kg of (2 R,6 R)-
HNK, or saline; the mouse metabolomic analysis was carried out in
plasma, hippocampus, and hypothalamus.

MATERIALS AND METHODS
Human participants
Nine healthy human volunteers aged 19–36 years (mean age= 27 ± 6)
(Supplementary Table S1) participated in the study. Healthy control
subjects consisted of males and females, with no Axis I disorder as
determined by SCID-NP. Healthy control subjects were free of medications
affecting neuronal function or cerebral blood flow or metabolism. Subjects
in both groups were in good physical health as determined by medical
history, physical exam, blood labs, electrocardiogram, chest x-ray,
urinalysis, and toxicology.
Healthy volunteers received a ketamine infusion (0.5 mg/kg/40min IV)

(Mylan Institutional, Galway, Ireland) and contributed plasma and CSF
samples for up to 28 h. Blood and CSF were collected at baseline, 40 min,
120min, and 230min, as well as at 6, 10, 12, 22, 24, 26, and 28 h post-
infusion. Parallel blood draws with a 48 h timepoint were also collected for
blood. Whole blood samples were collected using BD vacutainer tubes
with heparin and centrifuged at 3000 rpm at 4 °C for 10min; separated
plasma samples were aliquoted and stored at −80 °C until assay. All
participants provided written consent prior to study entry, and this study
was approved by the Combined Neuroscience Institutional Review Board
of the NIH (NCT03065335).

Mice
Male CD-1 mice nine weeks of age received a single intraperitoneal (i.p.)
(10ml/kg) injection of saline, 10 mg/kg of ketamine hydrochloride, or
10mg/kg of (2 R,6 R)-HNK hydrochloride. Samples were collected at
baseline (no injection) (n= 8) and at four timepoints post-administration
(15min, 60 min, 240 min, and 24 h) in different cohorts of mice. These
doses of ketamine and (2 R,6 R)-HNK were based on doses previously
found to effectively induce antidepressant-like effects in the same mouse
strain [23, 26]. For tissue collection, mice were exposed to 3.5% isoflurane
for two minutes and then immediately decapitated. Trunk blood was
collected in EDTA-containing Eppendorf tubes, on ice. Concomitantly, the

hippocampus and hypothalamus were excised using a mouse-brain matrix
on ice. 100 µl of whole blood was also collected in a separate tube. All
samples were frozen on dry ice immediately after collection. Eight samples
were collected for each timepoint and treatment. All experimental
procedures were approved by the University of Maryland Baltimore
Animal Care and Use Committee and were conducted in full accordance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Metabolomics panels
Metabolomic assay. A targeted metabolomic assessment was carried out
following the manufacturer’s protocol using Biocrates’ MxP® Quant 500 kit
(Biocrates, Innsbruck, Austria), which quantifies 630 distinct metabolites in
human and rodent plasma (10 µl), human CSF (10 µl), and mouse brain
(10 µl). For the mouse hypothalamus and hippocampus, tissue was
homogenized following a previously published protocol [41] with slight
modifications. Additional details can be found in the Supplementary
Materials.

Kynurenine metabolome. Separation of the kynurenines (KYNs) was
accomplished as previously described [35, 42]. Relative concentrations of
the metabolites were determined in standard solution using area ratios
calculated using a deuterated standard; because matrix effects were not
considered, these only provide a measure of relative abundance and not
absolute quantification. All data were normalized to a pooled sample of
study participants that was run each day.

NAD+ metabolome. Separation of the NAD+ metabolites was accom-
plished as previously described [38, 39]; additional details can be found in
the Supplementary Materials. Briefly, relative values for the metabolites
were determined using area ratios of the targeted metabolites, and the
corresponding internal standard and data were normalized to the pooled
samples.

Statistical analysis
Because this was an exploratory analysis, no a priori power calculations
were performed. Following guidelines established by the American
Statistical Association [43], uncorrected p-values for two-tailed tests
focusing on the magnitude and variability (confidence intervals) in effects
are reported. Test assumptions were confirmed via visual inspection.
Parameter estimates, test statistics, and uncorrected p-values for all
comparisons are provided in the Supplementary Materials.

Human data. Data were log transformed prior to analysis. Values were
Pareto-scaled to baseline. A principal components analysis (PCA) was
performed on the Pareto-scaled data to reduce the number of features in
the data, using the prcomp package for R version 4.0.2. The number of
components was selected using a combination of eigenvalues >1 and
visual inspection of the scree plot. The effect of time (human) on the
component scores was examined and, to account for repeated observa-
tions, a random subject intercept in a generalized linear model was used.
The parameter estimates of interest were the estimated marginal means at
each timepoint, given that Pareto scaling allows interpretation of these
values as change from baseline. Based on the results of those analyses,
individual analytes were selected and underwent univariate analysis, using
the same model.

Mouse data. Data were log transformed prior to analysis. Area under the
curve (AUC) for serial sacrifice design was calculated using the PK package
for R version 4.0.2 [44]. The AUC of each metabolite was compared
between groups using a Z-transformation. The NAD+ metabolome,
comprising only a few features, was investigated using univariate analysis,
wherein concentrations were Pareto-scaled to the control group and
evaluated using a general linear model with fixed effects of time and
group. The parameter estimates of interest were the between-group
contrasts at each timepoint.

RESULTS
Metabolomic analysis in healthy human volunteers
Of the 630 potential metabolites quantified in the targeted
metabolomic analysis of plasma and CSF samples from nine
human volunteers, metabolites that had quantitative values in
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less than 67% of the total samples were excluded, leaving 466
metabolites in the plasma and 82 in the CSF. Circulating NAD+

levels in the CSF were also determined. In the PCA carried out
with the metabolomic dataset and based on the scree plot,
four components in CSF and seven components in plasma were
carried forward, which explained 57% and 76% of the variance,
respectively. The metabolites with the strongest loadings for
each of these components are shown in Supplementary Fig. S1
and Supplementary Table S2. Only one component for plasma
and CSF, PC2, exhibited a consistent pattern of change over
time post-ketamine, where it steadily increased followed by a
decrease by 28 h in the CSF and 48 h in plasma (Supplementary
Fig. S1).

Plasma metabolomics
In the plasma compartment, the major contributors to the PC2
were bile acids, leucine, isoleucine, glycine, phenylalanine,
methionine, cystine, 3-Met-His, and betaine, all of which loaded
positively with PC2 (Fig. 1, Supplementary Table S2A). In the
univariate analysis (Supplementary Table S3), all seven identi-
fied bile acids followed a similar pattern, with a steady increase
at 40 min post-infusion that peaked at six hours, then
decreased until 12 h, and returned to baseline at 48 h. The
amino acids followed the same general pattern, with circulat-
ing levels near baseline for between two to four hours post-
infusion, followed by increasing circulating levels peaking at
10 h (phenylalanine and methionine) or 12 h (leucine and
isoleucine), then remaining steady before decreasing; levels
had not returned to baseline at 48 h post-infusion. Of the ratios
calculated, only the KYN/tryptophan ratio decreased with
ketamine treatment. Branch chain amino acid (BCAA) (sum of
leucine, isoleucine, and valine) levels increased following
ketamine treatment, and the arginine/asymmetric dimethylar-
ginine (ADMA) ratio trended higher following ketamine
treatment. Acetylcarnitine (C2), identified as one of the major
contributors to the PCA, decreased two hours post-infusion,
remained steady for the rest of the study, and did not return to
baseline after 48 h.
Of the lipids, lysophosphatidylcholine (LPC) a C18:2 and LPC a

C20:4 were identified as major contributors to PC2 in plasma. Both
increased post-ketamine, peaked near 10 h, and remained steady
until 48 h. A negative trend for fatty acid (FA) 18:2 was observed
post-ketamine, with a maximal decrease four hours post-infusion
that did not return to baseline for 48 h. SM C18:1 also had a
decreasing trend post-ketamine. Increasing levels of several
diacylglycerols (DGs) and triglycerides (TGs) containing FA 18:2
were also observed (Supplementary Table S3). Several TGs were
found to be major contributors to PC2 (Fig. 1; Supplementary
Tables S2 and S3).

CSF of human healthy controls
In the CSF, amino acids, amino acid-related metabolites,
sphingomyelins, and phosphatidylcholines were the major con-
tributors that changed post-infusion (Fig. 1; Supplementary Tables
S2B and S4). The bile acids measured in the CSF were either below
or at the lower limit of quantitation. No LPC was detectable in
more than 50% of the samples in the CSF, and no TGs were
detectable in the CSF. NAD+ levels decreased subtly in the CSF
post-ketamine, then steadily decreased with a maximal drop at
22 h, finally returning near baseline at 26 h. In the univariate
analysis (Supplementary Table S4), creatinine steadily increased
post-infusion, and SM C16:0, SM C18:0, and SM C18:1 trended
positively post-ketamine, peaking near 12 h post-infusion, remain-
ing steady, and not returning to baseline 28 h post-infusion. PCaa
C32:1, PCaa C34:1, and PCaa C36:1 also increased, peaking at 24 h.
Tryptophan decreased post-ketamine in a biphasic manner, with a
steady decrease until six hours, a moderate recovery returning to a
maximal decrease at 24 and 26 h, and finally returning to baseline
at 28 hours. Symmetric dimethylarginine (SDMA), an endogenous
inhibitor of nitric oxide synthase (NOS), had a negative association
with ketamine treatment in the CSF, and the arginine/SDMA ratio,
which reflects nitric oxide (NO) production, increased post-
ketamine. However, the global arginine bioavailability ratio
(GABR), a measure that estimates NO synthetic capacity in vivo
[35], was not associated with ketamine treatment. Of the
remaining ratios, BCAAs decreased post-ketamine. The putres-
cine/ornithine ratio initially increased, then decreased six hours
post-infusion, and did not return to baseline until 28 h post-
infusion. Interestingly, several metabolites loaded in opposite
directions onto the plasma and CSF components post-ketamine,
including leucine [0.09/−0.09], isoleucine [0.11/−0.09], tryptophan
[0.02/−0.25], methionine [0.12/−0.10], and tyrosine [0.07/−0.07],
which loaded positively on plasma and negatively on CSF,
respectively, suggesting decreased transport into the CSF post-
ketamine.

Metabolomic analysis in mice
Of the 630 metabolites investigated with the MxP 500 platform,
337 were above the limit of detection in >67% of the mouse
plasma samples available for data analysis. Similar results were
found for 185 metabolites in the hypothalamus and 96
metabolites in the hippocampus. The AUC calculated for serial
sacrificed design of each metabolite was compared using a
Z-transformation between groups receiving 10mg/kg ketamine,
10mg/kg (2 R,6 R)-HNK, and saline in mouse plasma (Supplemen-
tary Table S5), mouse hippocampus (Supplementary Table S6),
and hypothalamus (Supplementary Table S7). Test statistics (Z) for
the group comparison are plotted for features with at least one
-log(p) > 2 (Fig. 2).

Fig. 1 Selected results of principal components analysis (PCA) on human metabolome. A, C Features with the 20 strongest loadings on PC2
in plasma (A) and cerebrospinal fluid (CSF) (C). B, D Result of mixed model estimating mean (95% CI) baseline-normalized PC2 values at each
timepoint in plasma (B) and CSF (D). Y-axis is a PC score and has no units.
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Plasma metabolomics
The results of the univariate metabolomic analysis in mice
revealed that four metabolites changed following treatment with
either ketamine or (2 R,6 R)-HNK, with tryptophan decreasing
following treatment and three PCs (PC aa C42:5, PC aa C42:6, PC ae
C42:0) increasing following treatment (Fig. 2; Supplementary
Table S5). From the NAD+ metabolites (Supplementary Table S8),
only NADP+ and NADPH changed in both ketamine and (2 R,6 R)-
HNK treated mice, with NADP+ decreasing at 15 min post-
treatment and NADPH decreasing at 15 and 60min post-
treatment.
In (2 R,6 R)-HNK treated mice, serotonin, three PCs (PC aa C40:3,

PC aa C40:4, PC aa C42:4) and SM C24:0 increased following
treatment, with sarcosine, valine, isoleucine, and four TGs (TG
(16:0_40:8), TG (18:0_38:6), TG(20:3_34:0), TG(22:6_32:0)) decreas-
ing post-treatment (Fig. 2; Supplementary Table S5). From the
NAD+ metabolites (Supplementary Table S8), only NAD+

decreased slightly at 15 min post- (2 R,6 R)-HNK treatment. The
nicotinamide mononucleotide (NMN): nicotinamide (NAM) ratio,
an indication of nicotinamide phosphoribosyltransferase (NAMPT)
activity, decreased at 15 minutes in (2 R,6 R)-HNK-treated mice.
In ketamine-treated mice, glutamate and aspartate decreased

post-treatment (Fig. 2, Supplementary Table S5), and PAG, PC ae
C38:1, PC aa C34:3, three TGs (TG (16:0_32:3) TG(17:1_34:2), TG
(20:3_36:5)), ceramide (Cer) (d18:1/23.0), and cholesterol ester (CE)
18:1, CE 20:5, and CE 16:1 increased post-ketamine. For the NAD+

metabolites, NAM increased slightly at 24 h post-ketamine
(Supplementary Table S8). Although, no ratios were found to
change following ketamine treatment, at 240min NAD+ kinase
(NADP/NAD+) was higher in (2 R,6 R)-HNK-treated mice relative to
ketamine-treated mice, and NMNAT (NAD+/NMN) were higher in
ketamine-treated mice relative to (2 R,6 R)-HNK-treated mice.

Hippocampus and hypothalamus
Univariate analyses found that only Hex Cer (d18:1/24:0) increased
in the hippocampus (-log(p) > 2) following both ketamine and
(2 R,6 R)-HNK treatment. No other metabolites were found to

change following (2 R,6 R)-HNK treatment in the hippocampus.
However, several additional metabolites decreased following
ketamine treatment, including asparagine, α-Amino adipidic acid
(α-AAA), α-aminobutyric acid (AABA), tryptophan, proline, seroto-
nin, threonine, leucine, methionine, glutamine and C2 (Fig. 2;
Supplementary Table S6); in addition, several ceramides (Cer
(d18:1/24:1), Cer (d18:1/24:0), HexCer (d18:1/18:0), HexCer (d18:1/
20:0), Hex Cer (d18:1/22:0)) increased post-ketamine.
In the hypothalamus, univariate analysis found that LPC a C26:1

increased and PC ae C36:5 decreased in both ketamine and (2 R,6
R)-HNK treated mice (Fig. 2; Supplementary Table S7). Two
additional metabolites decreased following (2 R,6 R)-HNK treat-
ment: valine and PC aa C36:6. In ketamine-treated mice,
phenylalanine, histidine, glycine, cystine, deoxycholic acid (DCA),
serine, trigonelline, and LPC a C18:1 increased post-treatment.

DISCUSSION
This longitudinal study used metabolomics to explore the putative
mechanisms underlying ketamine’s therapeutic effects while also
assessing the relative metabolomic differences between (2 R,6 R)-
HNK and ketamine to provide insights into their respective
mechanisms of action. The targeted metabolomic study was
carried out in the plasma and CSF of nine healthy human
volunteers who received a 40min ketamine infusion (0.5 mg/kg),
and a parallel targeted study was carried out in plasma,
hippocampus, and hypothalamus of mice receiving either
10mg/kg of ketamine, 10 mg/kg of (2 R,6 R)-HNK, or saline.
Ketamine and (2 R,6 R)-HNK metabolomic changes were shown
to affect multiple pathways, several of which are associated with
inflammation (Fig. 3).
Several studies have suggested that ketamine’s antidepressant

effects are mediated via the mTOR signaling pathway [45, 46], and
pre-clinical evidence also suggests that (2 R,6 R)-HNK exerts mTOR-
dependent effects [21, 26, 29–31]. Ketamine-induced mTOR
activation has been associated with a short-term decrease in
depressive symptoms in MDD patients, and this activation may be

Fig. 2 Mouse AUC comparisons. The area under the curve (AUC) of each metabolite was compared using Z-transformation between groups
receiving 10mg/kg ketamine (KET), 10 mg/kg (2 R,6 R)-hydroxynorketamine (HNK), or saline (SAL). Volcano plots show the p-value for the
between-group comparison against fold change in feature. Heatmaps show the test statistics (Z) for features with at least one -log(p) > 2. All
heatmaps share the legend at far right. A Volcano plot for plasma MxP500. B Heatmap for plasma MxP500. C Volcano plot for hypothalamus
features. D Heatmap for hypothalamus features. E Volcano plot for hippocampus features. E Heatmap for hippocampus features.
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due to increased circulating levels of BCAAs [47]. In this context, in
the present study BCAAs increased in the plasma of healthy
volunteers post-ketamine but decreased in the CSF, echoing
similar findings in both the hippocampus and hypothalamus of
ketamine- and (2 R,6 R)-HNK-treated mice, respectively. Whether
the decrease in the CSF reflects a decrease in mTORC1 activation is
unknown, given that circulating CSF metabolite levels reflect the
extracellular environment and may not accurately reflect intracel-
lular changes, which may increase as a result of intracellular
compensatory mechanisms. Tryptophan, phenylalanine, and
arginine were also found to decrease in CSF following ketamine
treatment, with tryptophan also decreasing in the hippocampus of
ketamine-treated mice. These amino acids are all substrates for
the large neutral amino acid (LAT-1) (SLC7A5) transporter [48],
suggesting that ketamine may induce decreased transport across
the blood-brain barrier via LAT-1. This would be consistent with a
recent study showing that leucine induced antidepressant-like
effects by blocking KYN uptake via LAT-1 in a mouse model of
LPS-induced depressive-like behaviors [49].
KYN is metabolized to several metabolites involved in the

interface of inflammatory/immune response and glutamatergic
neurotransmission [50]. IDO1, a therapeutic target in depression,
metabolizes tryptophan to KYN and is upregulated during pro-
inflammatory states induced by several cytokines (IL-1β, IL-6, IFN-
α, TNF-α) [51, 52]. In this study, the KYN/tryptophan ratios, a
marker of IDO activity, decreased in the plasma of healthy
volunteers post-ketamine, consistent with ketamine’s anti-
inflammatory effects. The KYN pathway is also the de novo
synthetic pathway for NAD+, an important cofactor for several
biochemical pathways [37, 53, 54]. The major pathway for
generating NAD+ is the salvage pathway, with NAMPT as the
rate-limiting enzyme. Surprisingly, in the present study, NAD+

levels decreased following treatment in both the CSF of healthy
volunteers as well as the whole blood of (2 R,6 R)-HNK-treated
mice. Although, increased NAD+ levels are believed to be
neuroprotective [39, 55], under inflammatory conditions, NAD+

is preferentially released from intracellular stores [56], and

intracellular NAMPT (iNAMPT) is secreted to the extracellular
space (eNAMPT) [57, 58]. In vitro NAMPT inhibition has been
shown to reduce pro-inflammatory cytokine secretion by inflam-
matory cells [58], and NAMPT inhibition via FK-866 improved
inflammation-related disease in animal models [59]. In the mouse
arm of the study, NAMPT activity decreased in (2 R,6 R)-HNK-
treated mice, suggesting that (2 R,6 R)-HNK may act via NAMPT.
NAM levels were also increased in the whole blood of ketamine-
treated mice and showed a trend towards increasing in (2 R,6 R)-
HNK-treated mice at several timepoints. Notably, increased NAM
levels are thought to have beneficial anti-inflammatory [60] and
antidepressant [60, 61] effects.
Although, the signaling molecule NO has also been thought to

play a role in inflammation as well as in ketamine’s antidepressant
effects [35, 62], a recent study suggested that the NO pathway
may not play a primary role in these effects [63]. Multiple factors
affect NO levels, including arginase activity, amino acid levels, NOS
activity, and the presence of specific endogenous NOS inhibitors,
such as ADMA and/or SDMA [34]. GABR, an estimate of NO
synthetic capacity in vivo, was previously demonstrated to
increase in plasma following ketamine treatment in MDD
responders relative to non-responders [34], with no change in
healthy volunteers. In this study, GABR did not change in the
plasma or CSF of healthy volunteers post-ketamine. However, the
arginine/SDMA ratio and the arginine/ADMA ratio, which reflects
NO production, were both increased in human CSF and plasma.
This is consistent with previous reports showing that the selective
serotonin reuptake inhibitor (SSRI) paroxetine increases circulating
NO levels in healthy volunteers [64] and suggests that ketamine
may act through the NO cycle via the bioavailability of arginine.
Ketamine also increased levels of several bile acids in the

plasma of healthy volunteers (Fig. 1), suggesting that cholesterol
metabolism may play a role in this agent’s mechanism of action
[65]. A recent study found that lower serum bile acid concentra-
tions were associated with markers of dementia, suggesting that
cholesterol catabolism and bile acid synthesis may impact the
progression of dementia [66]. Several receptors are activated by

Fig. 3 Potential mechanism identified for ketamine and/or (2 R, 6 R)-hydroxynorketamine (HNK). Overview of the exploratory
metabolomic results on the potential mechanism of ketamine and/or (2 R,6 R)-HNK, including inflammation, the nitric oxide (NO) signaling
pathway, cholesterol metabolism, mammalian target of rapamycin (mTOR) and/or mitochondrial oxidative capacity. Directional changes of the
metabolites and/or ratios are indicated as well as the source (red: human plasma; light blue: cerebrospinal fluid (CSF); yellow: mouse plasma
and/or whole blood; dark blue: mouse brain). Light grey lines indicate additional interactions.
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the bile acids, including the nuclear receptors FXR, PXR, and
vitamin D3 receptor, as well as membrane receptors such as
Takeda G-protein-coupled receptor 5 (TGR5) and sphingosine-1-
phosphate receptor 2 (S1PR2) [67, 68]. TGR5 activation induces
key anti-inflammatory pathways [67] and, as a result, may play a
role in ketamine’s antidepressant effects. NMDA and GABAA-R are
also well-studied bile acid-regulated receptors in the brain, where
they were shown to function as NMDAR and GABAA-R antagonists
[67], and chenodeoxycholic acid (CDCA) and taurochenodeoxy-
cholic acid (TCDCA) are the most effective at reducing the
activation of these receptors [67]. CDCA and TCDCA also
preferentially inhibit GluN2D and GluN3B containing NMDARs,
followed by GluN2A- and GluN2B-containing NMDARs [69]. While
high circulating cholesterol is a risk factor for dementia in young
and middle-aged individuals, whether peripheral cholesterol
levels directly impact brain function remains unknown [70].
However, considering that cholesterol homeostasis is carried out
by the same protein network in the CNS as in the liver [71], and
that ketamine and its metabolites cross the blood-brain barrier
[23, 26, 29, 72], a potentially similar increase in the CSF could be
expected. This is consistent with a recent study that implicated
tyrosine kinase receptor 2 (TRKB) in the mechanism of
antidepressant efficacy, including for ketamine [73]. Interestingly,
TRKB signaling is bidirectionally linked to brain cholesterol
metabolism [73]. In our study, none of the bile acids were found
at quantitative levels in the CSF, but DCA increased post-
ketamine in mouse hypothalamus.
Conjugated bile acids activate the extracellular regulated

protein kinase (ERK1/2) and protein kinase B (Akt) signaling
pathways via the sphingosine-1-phosphate receptor (SIPR2) [74].
The S1PR2 is expressed in hippocampal pyramidal/granular
neurons, and mice lacking this receptor have a high rate of
spontaneous seizures and cognitive deficits [75]. SIPR2 activation
is a key regulator of sphingosine kinase 2 (SphK2) [74], which
phosphorylates sphingosine to sphingosine-1-phosphate, result-
ing in increased levels of BDNF and neurogenesis [76]. In this
study, healthy volunteers receiving ketamine had increased CSF
concentrations of SM 18:0, SM18:1, SM 16:0, and SM 24:1. Increases
in SMs would likely be beneficial, given that lower circulating
levels of SM have been reported in MDD patients [77], and
circulating levels of SM C18:1 were increased in MDD patients
post-ketamine [35]. In mouse plasma, only SM C24:0 was increased
in (2 R,6 R)-HNK-treated mice. A similar increase of SMC24:0 was
also observed following treatment with the SSRIs citalopram and
escitalopram [78]. This increase may also have resulted from an
indirect and/or direct effect on acid sphingomyelinase activity,
which catalyzes the degradation of sphingomyelin to phosphor-
ylcholine and ceramide [35]. In contrast, Cer (d18:1/23:0) increased
in the plasma of ketamine-treated mice, with Hex Cer (d18:1/24:0)
increasing in the hippocampus of both (2 R,6 R)-HNK and
ketamine-treated mice, and HexCer (d18:1/18:0), Cer (d18:1/24:1),
Hex Cer (d18:1/20:0), and Hex Cer (d18:1/22:0) increasing in the
hippocampus of ketamine-treated mice. While these findings are
unexpected, previous studies also found that patients treated with
antidepressants had higher ceramide levels than patients not
taking these drugs [79]. The results suggest that ketamine plays a
role in the “sphingolipid-rheostat” [35, 80]. Notably, changes in the
sphingolipid/ceramide profile can alter the organization of specific
lipid microdomains, resulting in brain function changes [81].
Lipids carry out a variety of functions, including membrane

formation and trafficking, storing energy, neuronal signaling and
survival, sub-compartmentalizing cell membranes, forming func-
tional platforms that operate in signaling, acting as second
messengers in signal transduction, and regulating glucocorticoid
action as well as inflammatory processes [82]. In this study, several
LPCs increased in the plasma of healthy volunteers post-ketamine,
including LPC a C18:2, which at low circulating levels has been
linked to impaired glucose tolerance, insulin resistance, type 2

diabetes, memory impairment, and coronary heart disease [83].
Similar increases were found in mouse hypothalamus in both
ketamine- and (2 R,6 R)-HNK-treated mice, including increased LPC a
C18:1 in ketamine-treated mice. These increases could be anti-
inflammatory and/or could indicate increased mitochondrial oxida-
tive capacity, given that LPCs are precursors for cardiolipin [84]. The
large reduction in FA 18:2 plasma levels in ketamine-treated healthy
volunteers may also have anti-inflammatory effects by reducing the
availability of FA 18:2 metabolism to arachidonic acid [85].
Several PCs contributed positively to PC2 in the CSF of healthy

volunteers. In the mouse arm of the study, several PCs increased
following either and/or both treatments in plasma, with several of
the PCs circulating in mouse plasma containing a saturated FA; in
our study, this was predominantly eicosanoic acid. The changes in
PC levels may have resulted from the remodeling of the PC
species, a combination of effect on phospholipase and/or
acyltransferase activity [78], consistent with a study reporting that
ketamine affected phospholipase activity [86]. A similar increase in
PC levels was observed after treatment with the SSRIs, citalopram
and escitalopram [78]. An increase in circulating concentrations of
ether-phospholipids was also observed, which is believed to be
beneficial because reduced levels of ether-lipids reduce brain
levels of various neurotransmitters [87]. Interestingly, in the
hypothalamus, PC ae C36:5 decreased following either ketamine
or (2 R,6 R)-HNK treatment, and PC aa C36:6 also decreased
following (2 R,6 R)-HNK treatment. A reduction in the relative
abundance of several PC species in the prefrontal cortex of rats
was found after administration of the antidepressants maprotiline
and paroxetine [82, 88]. Paroxetine also increased levels of
cholesterol and TGs, whereas fluoxetine decreased cholesterol
and TG levels [89]. In our study, most TGs were elevated following
ketamine treatment in the plasma of healthy volunteers. While a
similar observation was made in ketamine-treated mice for three
TGs, four TGs were decreased in (2 R,6 R)-HNK-treated mice,
demonstrating possible distinct effects of (2 R,6 R)-HNK and
ketamine and suggesting differential mechanisms.
Similar metabolomic changes between treatments could be

attributed to the metabolism of ketamine to (2 R,6 R)-HNK, while
treatment-specific changes could help elucidate the mechanism
of action underlying both ketamine and (2 R,6 R)-HNK. In addition
to the treatment-specific changes discussed above, in compara-
tive analysis between ketamine and (2 R,6 R)-HNK, ketamine-
treated mice also had decreased circulating levels of the excitatory
amino acid neurotransmitters glutamate and aspartate, indicating
NMDA-R dependent effects. However, similar effects were not
observed in (2 R,6 R)-HNK treated mice, where increased circulat-
ing levels of serotonin were noted instead. The changes in
circulating metabolite levels, as well as region-specific changes in
the brain, suggest a different mechanism of action for (2 R,6 R)-
HNK than ketamine. Notably, however, the region-specific
changes are consistent with recent reports demonstrating that
metabolite concentrations differ selectively in discrete regions of
the brain [90, 91].
The present study has several strengths. In particular, partici-

pants were drug-free prior to the experiment, and the correspond-
ing CSF and plasma were collected from each participant at
multiple timepoints, and with minimum invasiveness after the
initial intrathecal catheter insertion. Furthermore, the mouse arm
of the study, carried out in parallel, offered insight into the
contribution of (2 R,6 R)-HNK to the changes in the ketamine
metabolome. Nevertheless, the study is also associated with
several limitations, particularly the limited sample size. In addition,
ketamine’s effects on healthy volunteers may differ from what
would be observed in a patient sample. Finally, because this was
an exploratory study, there is the possibility of Type I error (see
rationale for analytic plan in the Supplementary Materials); future
prospective studies should evaluate the replicability of the
conclusions drawn from these results.
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CONCLUSION
Inflammation has been associated with the pathogenesis of MDD
[34, 92]. The present study demonstrated that ketamine and/or (2
R,6 R)-HNK affect multiple pathways associated with inflammatory
conditions (Fig. 3). Interestingly, circulating plasma levels of the
metabolites did not always mirror circulating CSF levels, suggest-
ing compartmental-specific changes between plasma and CSF.
Furthermore, region-selective differences in metabolite concen-
trations were observed in the hippocampus and/or hypothalamus
of mice. Several metabolic changes following ketamine treatment
were unique to either the healthy human volunteer and/or the
mouse arm of the study; thus suggesting that different pathways
may be differentially involved in ketamine’s antidepressant effects.
Understanding such interconnections may be important for
improving our understanding of the pathophysiology of depres-
sion as well as for refining new therapeutic strategies. Never-
theless, it should be noted that several aspects were consistent
between the human metabolome in plasma and CSF and the
mouse arm of the study; these include the potential roles of LAT1,
IDO1, NAD+, the NO signaling pathway, and sphingolipid rheostat
in the mechanisms underlying ketamine’s and/or (2 R,6 R)-HNK’s
mechanism of action (Fig. 3). Future studies may wish to explore
the role of LAT1 inhibitors, IDO1 inhibitors, and NAMPT inhibitors
on the effects of ketamine and/or (2 R,6 R)-HNK.
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