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BACKGROUND AND PURPOSE
(R,S)-ketamine produces rapid and significant antidepressant effects in approximately 65% of patients suffering from
treatment-resistant bipolar depression (BD). The genetic, pharmacological and biochemical differences between ketamine
responders and non-responders have not been identified. The purpose of this study was to employ a metabolomics approach,
a global, non-targeted determination of endogenous metabolic patterns, to identify potential markers of ketamine response
and non-response.

EXPERIMENTAL APPROACH
Plasma samples from 22 BD patients were analyzed to produce metabolomic patterns. The patients had received ketamine in
a placebo-controlled crossover study and the samples were obtained 230 min post-administration at which time the patients
were categorized as responders or non-responders. Matching plasma samples from the placebo arm of the study were also
analysed. During the study, the patients were maintained on either lithium or valproate.

KEY RESULTS
The metabolomic patterns were significantly different between the patients maintained on lithium and those maintained on
valproate, irrespective of response to ketamine. In the patients maintained on lithium, 18 biomarkers were identified. In
responders, lysophosphatidylethanolamines (4) and lysophosphatidylcholines (9) were increased relative to non-responders.

CONCLUSIONS AND IMPLICATIONS
The results indicate that the differences between patients who respond to ketamine and those who do not are due to
alterations in the mitochondrial β-oxidation of fatty acids. These differences were not produced by ketamine administration.
The data indicate that pretreatment metabolomics screening may be a guide to the prediction of response and a potential
approach to the individualization of ketamine therapy.
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LINKED ARTICLES
This article is part of a themed issue on Mitochondrial Pharmacology: Energy, Injury & Beyond. To view the other articles in
this issue visit http://dx.doi.org/10.1111/bph.2014.171.issue-8

Abbreviations
5-HT, 5-hydroxytryptamine; BD, bipolar depression; LC-QTOF-MS, liquid chromatography coupled to QTOF-MS; LPC,
lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; MADRS, Montgomery Åsberg Depression Rating Scale;
MDD, major depressive disorder; MFE, molecular feature extraction algorithm; MG, monoglycerides; NR,
non-responder; OPLS-DA, orthogonal partial least square discriminant analysis; PCA, principal component analysis;
PLA, phenyl lactic acid; PLS-DA, partial least square discriminant analysis; PTSD, post-traumatic stress disorder; Q2,
prediction power score; QC, quality control; QTOF, quadrupole time-of-flight mass spectrometer; R, responder; R2Y,
classification score; SAM, S-adenosyl-methionine; SNRI, serotonin-noradrenaline reuptake inhibitors; SSRI, selective
5-HT reuptake inhibitors; TML, N6,N6,N6-trimethyl-L-lysine.

Introduction
The majority of the mood stabilizers and antidepressants
used to treat bipolar depression (BD) target the 5-
hydroxytryptaminergic and noradrenergic systems
(Machado-Vieira et al., 2008). These drugs are associated with
a considerable lag in the onset of antidepressant action, high
inter-individual variability in response and many ‘treatment-
resistant’ patients (Machado-Vieira et al., 2008). However,
recent data have indicated that there is an alternative
approach to the treatment of BD based upon the targeting of
the glutamatergic system using antagonists of the NMDA
receptor (Zarate et al., 2006; 2012). A number of these studies
have utilized a subanesthetic dose of the NMDA receptor
antagonist (R,S)-ketamine and observed a rapid (within 4 h),
and significant antidepressant effect in approximately 65% of
previously treatment-resistant BD patients (Zarate et al.,
2006, 2012; Dolgin, 2013). The genetic, pharmacological and
biochemical differences between ketamine-responders (Rs)
and non-responders (NRs) have not been identified. The
objective of this pilot study is to employ a metabolomics
approach to identify potential markers of ketamine response
and non-response.

Metabolomics, a global, non-targeted approach to the
study of biochemical processes and metabolic networks
(Kaddurah-Daouk et al., 2008), has been used to identify
disease-specific metabolic profiles and biomarkers of CNS
disorders, including major depressive disorder (MDD)
(Schwarz and Bahn, 2008; Kaddurah-Daouk and Krishnan,
2009; Quinones and Kaddurah-Daouk, 2009). Recent studies
in MDD patients have also investigated changes in metabo-
lomic patterns produced by administration of selective
5-hydroxytryptamine (5-HT) reuptake inhibitors (SSRI) and
pharmacogenetic analysis to identify glycine and glycine
dehydrogenase as citalopram/escitalopram response makers
(Ji et al., 2011; Abo et al., 2012). Metabolomic studies have
demonstrated that fatty acid metabolism is significantly
lower and shifted from β-oxidation to ω-oxidation in
depressed patients, compared with non-depressed controls
(Maes et al., 1996; Paige et al., 2007; Steffens et al., 2010),
indicating that mitochondrial function may be associated
with the disease state. These results are consistent with the

association of mitochondrial function with depression and
anxiety (Burroughs and French, 2007) and with MDD and
BD-related changes in phospholipid metabolism (Modica-
Napolitano and Renshaw, 2004). In addition, stress-induced
changes in mitochondria membrane potential have been
suggested as a mechanism for hippocampus atrophy in
posttraumatic stress disorder (PTSD) (Zhang et al., 2006).
Postmortem studies in patients with PTSD identified 119 dys-
regulated genes, a number of these genes are associated with
mitochondrial dysfunction and oxidative phosphorylation
(Su et al., 2008).

In the current pilot study, a metabolomic analysis was
performed using plasma samples obtained from 22
treatment-resistant patients with BD who had received keta-
mine in a placebo-controlled crossover study (Diazgranados
et al., 2010; Zarate et al., 2012). The samples were obtained
230 min post-ketamine administration, at which time the
patients were categorized as Rs or NRs. Metabolomic global
profiling was also performed in 17 patients using matching
plasma samples from the placebo arm of the study. During
the study, the patients were maintained on either lithium or
valproate. The effects of these mood stabilizers on ketamine
response patterns were also examined as previous studies of
post mortem brain tissues from BD patients and rat studies
have indicated that lithium and valproate have different
effects on the levels of excitatory/inhibitory neurotransmit-
ters (Lan et al., 2009).

The results demonstrate that the metabolomic patterns
observed in the patients receiving lithium (lithium-subgroup)
were significantly different from those obtained with the
valproate-subgroup, irrespective of the response to ketamine.
Within the lithium-subgroup, 18 compounds were found to
be significantly different between patients who responded to
ketamine ( Rs ) and non-responders (NRs), with 16 of the 18
associated with the metabolism of fatty acids. Relative
increases or decreases were observed in lysophosphatidylcho-
lines (9 compounds), lysophosphatidylethanolamines (4),
monoglycerides (2) and the carnitine precursor N6,N6,N6-
trimethyl-L-lysine. Thus, the data suggest that key factors in
the clinical response or non-response to ketamine in BD
patients are differences in mitochondrial function reflected in
fatty acid metabolism.
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Methods

Patient selection and ketamine
administration
The Combined Neuroscience Institutional Review Board of
the National Institutes of Health approved the study. All
subjects provided written informed consent and were studied
as inpatients at the National Institute of Mental Health Clini-
cal Research Center, Mood Disorders Research Unit in
Bethesda, Maryland. Plasma samples were obtained from 22
BD patients enrolled in a placebo-controlled study of the
effect of ketamine on depression (Diazgranados et al., 2010).
At the time of the study, the patients were experiencing a
major depressive episode without psychotic features and had
been maintained on a mood stabilizer either lithium or val-
proate for 4 weeks before the trial and during the ketamine
infusion. Lithium and valproate were administered twice a
day (morning and evening) and the blood levels of the
agents were within therapeutic range, serum lithium, 0.6–
1.2 mEq·L−1, serum valproate 50–125 μg·mL−1, throughout
the study. No other psychotropic medications were permitted
in the 2 weeks before and during the study.

The patients received a single i.v. infusion of 0.5 mg·kg−1

of ketamine hydrochloride over the course of 40 min, and
symptoms, including Montgomery Åsberg Depression Rating
Scale (MADRS) scores and blood samples, were collected into
heparinized tubes at 40 min (the end of the infusion), 80, 110
and 230 min post-infusion, and at day 1. The differential in
MADRS scores from 0 to 230 min were used to delineate Rs
and NRs with a relative improvement of ≥50% in MADRS
score signifying a response to ketamine.

Metabolomics assay of plasma samples
using LC-QTOF-MS
The experimental procedures utilized in the metabolomics
study involved the sequential statistical treatment of
data obtained from the analysis of the experimental and
control samples. The samples were analyzed using liquid
chromatography coupled to a quadrupole time-of-flight
mass spectrometer (LC-QTOF-MS), which initiated the
detection, quantitation and identification of the unique bio-
chemicals associated with the observed clinical response
(Figure 1).

In the initial step, a frozen plasma sample was thawed on
ice, 3 volumes of ice-cold methanol : ethanol (1:1, v/v) was
added to 1 volume of plasma, the mixture vortexed for 1 min,
placed on ice for 5 min and then centrifuged at 15 700 g for
20 min at 4°C. The supernatant was collected and filtered
through a 0.22 μm nylon filter. Quality Control (QC) samples
were prepared by pooling an aliquot of each of the filtered
supernatant. The samples were analysed by liquid chroma-
tography following a previously described approach
(Ciborowski et al., 2012). All chromatographic separations
were performed using a 1200 series HPLC (Agilent Technolo-
gies, Waldbronn, Germany), Supelco Discovery HS C18 ana-
lytical column (15 cm × 2.1 mm, 3 μm) and guard column
(2 cm × 2.1 mm, 3 μm; Sigma Aldrich, Steinheim, Germany),
the autosampler and columns were maintained at 4 and
40°C, respectively, and the injection volume was set to 10 μL.
Data were collected in positive electrospray ionization mode

in separate runs on a QTOF (Agilent 6520) operated in full
scan mode from 100 to 1000 m/z. During the analysis, two
reference masses: 121.0509 m/z (C5H4N4) and 922.0098 m/z
(C18H18O6N3P3F24), were continuously measured to allow con-
stant mass correction. The capillary voltage was 3000 V with
a scan rate of 1.02 scan per second and the nebulizer gas flow
rate was 10.5 L·min−1. LC-MS grade acetonitrile, methanol,
ethanol, formic acid and standards used were purchased from
Sigma-Aldrich. Ultra-pure water Milli-Q Water System (Milli-
pore, Billerica, MA, USA) was used for mobile phase and all
standard solutions.

LC-QTOF-MS data processing and analysis
Data were re-processed using molecular feature extraction
(MFE) tool using the Mass Hunter Qualitative Analysis soft-
ware B.04.00 (Agilent Technologies) which allowed subtrac-
tion of background noise and data reduction. The MFE file
gave a list of each mass and retention time pairs with associ-
ated intensities for all detected peaks. Alignment and filtering
of the primary data were performed on Mass Profiler Profes-
sional B.02.00 (Agilent Technologies) software. Masses in the
samples that were not present in 100% of participants in at
least one group and that had a coefficient of variation above
35% in QC samples were filtered out.

Biomarker discovery
The masses were exported to SIMCA-P+ 12.0 (Umetrics,
Umeå, Sweden) for multivariate statistical analysis. Principal
component analysis (PCA), partial least square discriminant
analysis (PLS-DA) and orthogonal PLS-DA (OPLS-DA) models
were used to discriminate the samples. Potential biomarkers
were selected through an OPLS-DA model. Differences in
metabolites were assessed through the loading column plot
where an error bar (jack-knife) was calculated for each vari-
able. Variables with a 95% jack-knife confidence level were
selected for further identification.

An external cross-validation test was used to verify the
predictability of the PLS-DA model and avoid the risk of
overfitting (Rubingh et al., 2006). The sample set was rand-
omized and split in three groups. In each prediction set, one
group was excluded and predicted by the remaining groups.
The procedure was repeated until the three groups were pre-
dicted and the global percentage of samples classified cor-
rectly was calculated.

Compound identification
The databases METLIN, LIPID MAPS, MASSTRIX and HMDB
were searched for hits against the identified discriminant
accurate masses. For each hit, the proposed formula was com-
pared with the experimental isotopic pattern distribution. To
confirm the identity of statistically significant compounds,
LC-MS/MS analyses were performed on a QTOF (model 6520,
Agilent Technologies) using the initial chromatographic con-
ditions. Ions were targeted based on previously determined
mass and retention time, nitrogen was used as the collision
gas, and collision energy was adjustable with slope of 3.6 V/
100 Da and offset 4.8 V for fragmentation. Compound iden-
tification was performed as previously described (Lin et al.,
2010) – in brief, the corresponding molecular ion (m/z) was
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searched as extracted ion chromatogram and according to its
retention time. Elemental composition of the peak (chemical
formula) based on the exact mass and isotope pattern recog-
nition was compared with the database hit considering the
probability score. If available, the MS/MS spectra were com-
pared with spectra in the MS/MS spectra library (METLIN).
For compounds whose fragmentation pattern was not present
in METLIN database, the patterns were predicted using ACD/
ChemSketch software v.12.01 (ACD/Labs, Toronto, ON,
Canada). When possible, the identity of the compound was
confirmed using a commercially available reagent.

Results

Demographics and treatment characteristics
of the patient population
The patient samples (n = 22) analysed in the study were
obtained at 230 min post-initiation of ketamine or placebo
infusion (Diazgranados et al., 2010). The MADRS score at
230 min was compared with the pre-infusion scores and
patients with a ≥50% reduction were classified as Rs, and,
using the criteria, this study included 13 Rs (67 ± 12% reduc-

Figure 1
Analysis of metabolomics data from plasma samples. A schematic representation of the sample analysis including detection, quantitation and
identification of the unique biochemicals associated with response/non-response to ketamine therapy in bipolar depression.
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tion) and 9 NRs (13 ± 13% reduction). Sixteen of the
patients were maintained on lithium and 6 on valproate
(Table 1).

Global pharmacometabolomic profiles
Chromatograms from the analysis of the samples obtained
from 22 patients post- ketamine infusion and 6 QC samples
were multi-aligned and data were filtered to remove noise.
The quality of the global profiling analysis was evaluated
using PCA method. The results indicated that the QCs clus-
tered tightly (Figure 2A), suggesting that the dataset can be
used for further statistical analysis (Milne et al., 2006).
Samples were categorized as coming from R or NRs as
described above. The dataset was analysed by PLS-DA and
OPLS-DA. Modelling the whole dataset presented both rea-
sonable and poor predictive power (Q2 > 0.4 and 0.2 respec-
tively; data not shown). The t-test analysis indicated that 75
metabolites were statistically significant (P < 0.05). Using
these metabolites, an OPLS-DA model was generated. The
OPLS-DA was jack-knifed (Figure 2B) and the result suggests
that the 52 masses that were selected predicted the meta-
bolic variability observed between the Rs and NRs groups.
Putative metabolite identification indicated that 11 metabo-
lites were up-/down-regulated in NRs, with the majority of
the compounds identified as lipids and fatty acid acyl
derivatives (Table 2). Global profiling was also performed on
17 plasma samples obtained from the placebo arm of the
study. The placebo samples were classified as obtained from
Rs (n = 10) or NRs (n = 7) based on the observed response
in the ketamine arm of the study. Multivariate analysis of
the placebo samples did not show any model fitting.
However, univariate analysis revealed that in the patients
categorized as NRs, octanoyl- and decanoylcarnitines were
increased while carnitine and two glycerophospholipids
(16:1 and 19:1) were decreased (Supporting Information
Table S1).

Influence of lithium and valproate on global
pharmacometabolomic profiles
In order to determine the influence of mood stabilizer on the
response to ketamine therapy, the Rs and NRs within lithium
and valproate subgroups were compared independently by
univariate t-test analysis. Significant masses from this analysis
were compared with masses identified from t-test analysis of
the combined (lithium + valproate) group. The results indi-
cate that in the ketamine arm of the study, 28 metabolites
were significantly different between patients taking lithium
and those receiving valproate (Supporting Information
Table S2). Statistically significant masses (P < 0.05) from each
of the comparison are displayed in a Venn diagram
(Figure 2C). Only two masses were common between the
lithium- and the valproate-subgroups, and only one mass was
common among the three comparisons, suggesting that the
mood stabilizers influenced the metabolomic patterns. These
differences were also observed in the samples obtained from
the placebo arm of the study (Supporting Information
Table S3), indicating that the differences in the metabolomic
patterns were associated with the administration of valproate
and lithium rather than ketamine. In both the ketamine and
placebo arms of the study, the concentrations of acyl-
carnitines, octenoic acid and its analogue metabolites were
increased in the valproate-subgroup relative to the lithium-
subgroup. In addition, there were relative increases in phe-
nylalanine and tryptophan in the lithium-subgroup, which
appears to be due to the action of ketamine, independent of
patient response. R2Y and Q2 parameters for these models
showed high-quality sample classification and good predic-
tive power (Supporting Information Figure S1).

Metabolomic profile of patients taking
lithium as the mood stabilizer
The initial objective of the study was to determine the
global metabolomic markers associated with the clinical

Table 1
Clinical characteristics and demographics of the BD patients included in this study

Characteristics

Combined Patients taking lithium Patients taking valproate

Responders Non-responders Responders Non-responders Responders Non-responders

Sample size (N) 13 9 9 7 4 2

Age (years)
mean ± SD

42.3 ± 10.6 50.9 ± 10.2 40.6 ± 11.1 50.6 ± 10.2 46.3 ± 9.5 52 ± 14.1

Gender
(% female)

69.2 66.7 77.8 57.1 50 100

Race
(% Caucasian)

100 88.9 100 85.7 100 100

MADRS score at 230 min
mean ± SD

11 ± 4 29 ± 7 12 ± 4 28 ± 7 8 ± 5 32 ± 1

Percentage reduction in
MADRS

mean ± SD

67 ± 12 13 ± 13 64 ± 11 14 ± 15 75 ± 13 9

BD, bipolar depression; MADRS, Montgomery Åsberg Depression Rating Scale.
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Figure 2
Statistical analysis of global profiles derived from bipolar patients treated with ketamine or placebo. (A) PCA model of LC-MS dataset after filtration
(970 out of 18926 features) from 22 patients with BD after 230 min post-infusion of ketamine showing the clustering of QC samples (shown in
the gray oval) [R2Y = 0.34; Q2 = 0.09]. (B) Covariance plot from OPLS-DA model for metabolites different between Rs and NRs after t-test including
jack-knife (confidence interval >95%) [R2Y = 0.98; Q2 = 0.85; n = 75 features]. (C) Venn diagram displaying overlapping metabolites after t-test
for the comparison of Rs versus NRs to ketamine therapy in lithium and valproate subgroups individually and when combined together. (D) PLS-DA
plot of plasma samples in patients taking lithium in the ketamine arm of the therapy, Rs (n = 9) against NRs (n = 7) using the filtered dataset
[R2Y = 0.997; Q2 = 0.672; n = 885 features]. (E) OPLS-DA cross-validated plot of plasma samples in patients taking lithium in the ketamine arm
of the therapy, Rs (n = 9) against NRs (n = 7) using the filtered dataset [R2Y = 1.000; Q2 = 0.779; n = 885 features]. (F) PLS-DA model of Rs
(n = 8) against NRs (n = 5) from patients taking lithium in the placebo arm [R2Y = 0.949; Q2 = 0.0.539; n = 1325 features]. UV scaling was used
for modelling.

BJPMetabolomics of ketamine response in depression

British Journal of Pharmacology (2014) 171 2230–2242 2235



Ta
b

le
2

Te
nt

at
iv

e
id

en
tifi

ca
tio

n
of

si
gn

ifi
ca

nt
m

et
ab

ol
ite

s
in

p
at

ie
nt

s
un

de
rg

oi
ng

ke
ta

m
in

e
tr

ea
tm

en
t

C
o

m
p

o
u

n
d

R
T

(m
in

)
M

ea
su

re
d

m
as

s
(D

a)
M

as
s

er
ro

r
(p

.p
.m

.)
M

o
le

cu
la

r
fo

rm
u

la
FC

(%
)

in
N

R
s

P
va

lu
e

C
V

(%
)

fo
r

Q
C

s
B

io
ch

em
ic

al
ca

te
g

o
ry

Su
b

ca
te

g
o

ry

1
Ph

en
yl

la
ct

ic
ac

id
§

13
.5

8
16

6.
06

24
−3

.5
C

9H
10

O
3

62
.7

0.
04

9
5.

58
Ph

en
ol

ic
,

be
nz

oy
l,

an
d

p
he

ny
ld

er
iv

at
iv

es
–

2
Ph

en
yl

va
le

ric
ac

id
10

.7
8

17
8.

09
88

−3
.3

C
11

H
14

O
2

70
.6

0.
01

5
3.

53
Ph

en
ol

ic
,

be
nz

oy
l,

an
d

p
he

ny
ld

er
iv

at
iv

es
–

3
LP

C
(1

6:
1)

§
16

.9
3

49
3.

31
62

−1
.3

C
24

H
48

N
O

7P
−2

1.
2

0.
04

8
5.

51
G

ly
ce

ro
p

ho
s-

p
ho

lip
id

s
M

on
oa

cy
l-g

ly
ce

ro
p

ho
s-

p
ho

ch
ol

in
es

4
D

eo
xy

te
tr

ad
ec

as
p

hi
ng

en
in

e
21

.8
1

22
7.

22
40

−4
.0

C
14

H
29

N
O

−3
8.

0
0.

02
2

1.
53

Sp
hi

ng
ol

ip
id

s
Sp

hi
ng

oi
d

ba
se

5
D

eo
xy

te
tr

ad
ec

as
p

hi
ng

an
in

e
11

.2
7

22
9.

23
94

−5
.1

C
14

H
31

N
O

17
.4

0.
02

9
7.

99
Sp

hi
ng

ol
ip

id
s

Sp
hi

ng
oi

d
ba

se

6
D

ec
an

am
id

e
9.

23
17

1.
16

13
−5

.9
C

10
H

21
N

O
−4

6.
3

0.
04

5
2.

20
Fa

tt
y

ac
yl

s
Pr

im
ar

y
am

id
es

7
Pe

nt
ad

ec
at

et
ra

en
al

5.
65

21
8.

16
63

−3
.5

C
15

H
22

O
−4

2.
1

0.
02

1
14

.8
0

Fa
tt

y
ac

yl
s

Fa
tt

y
al

de
hy

de
s

8
D

im
et

hy
ld

io
xo

do
de

ca
tr

ie
na

l
24

.4
5

23
4.

12
69

5.
6

C
14

H
18

O
3

33
.8

0.
05

8
9.

12
Fa

tt
y

ac
yl

s
Fa

tt
y

al
de

hy
de

s

9
H

ex
ad

ie
no

ic
ac

id
8.

82
11

2.
05

23
−1

.1
C

6H
8O

2
14

3.
4

0.
03

0
8.

37
Fa

tt
y

ac
yl

s
U

ns
at

ur
at

ed
FA

s

H
ex

en
ed

ia
l

C
6H

8O
2

Fa
tt

y
ac

yl
s

Fa
tt

y
al

de
hy

de
s

O
xo

he
xe

na
l

C
6H

8O
2

Fa
tt

y
ac

yl
s

Fa
tt

y
al

de
hy

de
s

H
yd

ro
xy

-h
ex

ad
ie

na
l

C
6H

8O
2

Fa
tt

y
ac

yl
s

Fa
tt

y
al

de
hy

de
s

D
ih

yd
ro

be
nz

en
ed

io
l

C
6H

8O
2

Ph
en

ol
ic

,
be

nz
oy

l,
an

d
p

he
ny

ld
er

iv
at

iv
es

10
H

ex
ad

ie
no

ic
ac

id
9.

22
11

2.
05

23
−1

.1
C

6H
8O

2
14

5.
1

0.
02

9
7.

69
Fa

tt
y

ac
yl

s
U

ns
at

ur
at

ed
FA

s

H
ex

en
ed

ia
l

C
6H

8O
2

Fa
tt

y
ac

yl
s

Fa
tt

y
al

de
hy

de
s

O
xo

he
xe

na
l

C
6H

8O
2

Fa
tt

y
ac

yl
s

Fa
tt

y
al

de
hy

de
s

H
yd

ro
xy

-h
ex

ad
ie

na
l

C
6H

8O
2

Fa
tt

y
ac

yl
s

Fa
tt

y
al

de
hy

de
s

D
ih

yd
ro

be
nz

en
ed

io
l

C
6H

8O
2

Ph
en

ol
ic

,
be

nz
oy

l,
an

d
p

he
ny

ld
er

iv
at

iv
es

–

11
U

nk
no

w
n§

7.
35

16
2.

10
38

C
11

H
14

O
53

.9
0.

02
4

4.
47

–

Te
nt

at
iv

e
id

en
tifi

ca
tio

n
of

m
et

ab
ol

ite
s

si
gn

ifi
ca

nt
ly

as
so

ci
at

ed
w

ith
re

sp
on

se
to

ke
ta

m
in

e
tr

ea
tm

en
t

in
22

BD
p

at
ie

nt
s

ta
ki

ng
ei

th
er

lit
hi

um
or

VP
A

.
N

ot
e:

Fo
r

p
ut

at
iv

e
id

en
tifi

ca
tio

n,
al

lt
he

co
m

p
ou

nd
s

w
ith

a
sc

or
e

>8
0%

w
er

e
fir

st
fo

rm
ul

a
m

at
ch

ed
w

ith
th

e
ex

p
er

im
en

ta
li

so
to

p
ic

p
at

te
rn

di
st

rib
ut

io
n

on
M

as
s

H
un

te
r

so
ft

w
ar

e.
§F

ou
nd

in
th

e
co

m
p

ar
is

on
of

Rs
an

d
N

Rs
fo

r
lit

hi
um

-s
ub

gr
ou

p
in

th
e

sa
m

e
di

re
ct

io
n.

FC
,

fo
ld

ch
an

ge
;

FC
w

as
ca

lc
ul

at
ed

as
fo

llo
w

s:
(A

ve
ra

ge
[N

Rs
]

–
Av

er
ag

e
[R

s]
)/

Av
er

ag
e

[R
s]

×
10

0)
.

+/
–

,
in

cr
ea

se
/d

ec
re

as
e

in
N

Rs
w

he
n

co
m

p
ar

ed
w

ith
Rs

.
LP

C
,l

ys
op

ho
sp

ha
tid

yl
ch

ol
in

e;
th

is
en

tit
y

ha
s

be
en

na
m

ed
w

ith
th

e
nu

m
be

ro
fc

ar
bo

n
of

th
e

fa
tt

y
ac

id
at

ta
ch

ed
to

th
e

ba
ck

bo
ne

an
d

th
e

nu
m

be
ro

fu
ns

at
ur

at
io

n,
fo

re
xa

m
p

le
,L

PC
(1

6:
1)

.
BD

,
bi

p
ol

ar
de

p
re

ss
io

n;
KE

T,
ke

ta
m

in
e;

Li
,

lit
hi

um
;

N
R,

no
n-

re
sp

on
de

rs
;

R,
re

sp
on

de
rs

;
VP

A
,

va
lp

ro
at

e.

BJP A Villaseñor et al.

2236 British Journal of Pharmacology (2014) 171 2230–2242



response of patients with BD to treatment with ketamine.
Thus, all of the patients were included in the analysis irre-
spective of the administered mood stabilizer. However, the
presence of large differences in the pharmacometabolomic
profiles associated with the valproate-subgroup and lithium-
subgroup required an independent analysis of the two sub-
groups. Unfortunately, the number of patients in the
valproate-subgroup (n = 6) was not large enough to achieve a
significant statistical analysis of the data and only the data
from the lithium-subgroup (n = 16) were re-analysed. There-
fore, the chromatograms from the lithium-subgroup and QCs
were re-aligned and filtered. A PLS-DA model was able to
effectively (99.7%) classify the samples from the ketamine
arm of the study with a prediction capacity of over 60%
(Figure 2D). This indicated that there was an inherent meta-
bolic change between Rs and NRs, which was not observed
when the valproate-subgroup was included in the analysis.
This model was subjected to an external cross-validation test
that demonstrated that 87.5% of the samples were classified
correctly.

The OPLS-DA model from Rs and NRs was used to select
the statistically significant (jack-knife P < 0.05) biomarkers
(Figure 2E) and 165 biomarker candidates were selected for

further analysis. The identification process included total ion
chromatogram, extracted ion chromatogram with retention
time, MS/MS experimental spectrum and, when available,
MS/MS spectrum of commercial analytical standard. An
example of biomarker identification is presented using
phenyl lactic acid (PLA), Figure 3. This process identified 18
compounds, 6 of which were increased and 12 were decreased
in NRs relative to Rs. The identified metabolites are summa-
rized in Table 3. Of these metabolites, lysophospholipids were
confirmed through their characteristic fragments as described
in the literature (Milne et al., 2006). For lysophosphatidyl-
cholines (LPCs), fragments 184.07, 104.11 and 86.1 m/z, and
for lysophosphatidylethanolamines (LPEs), a fragment of ([M
+ H]-141.02 m/z) were observed. N6,N6,N6-trimethyl-L-lysine
(TML) and a majority of the LPCs (7/9) and LPEs (3/4) were
decreased in NRs, relative to Rs, while monoglycerides (MG)
and PLA were increased.

A good sample separation was obtained with plasma
samples from the lithium-subgroup from the placebo arm of
the study using the PLS-DA model (Figure 2F, Table 4). The
comparison of the data from Rs and NRs in the placebo arm
indicated that the same acyl-carnitines and glycerophospho-
lipid compounds were significantly different and followed

Figure 3
Identification of a selected biomarker using the example of PLA. (A) Total ion chromatogram from plasma sample of a BD patient was selected.
(B) Extracted ion chromatogram of 167.0696 (m/z), retention time of 13.6 min. (C) MS/MS experimental spectrum from the ion [167.0696 (m/z),
RT = 13.6 min]. (D) MS/MS spectrum of commercial analytical standard PLA reagent (collision energy = 175 V) was also compared with the
experimental fragmentation.
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the same pattern as observed in the combined (lithium +
valproate) placebo group. The metabolites from placebo and
ketamine arms did not match, suggesting that the metabo-
lites identified in Table 3 are associated with response to
ketamine therapy in the lithium-subgroup.

Discussion

Over the past five decades, a considerable number of antide-
pressants have been developed, representing a wide range of
molecular and therapeutic classes. The primary pharmaco-
logical activities associated with these agents are either based
on 5-HT (SSRI) or on noradrenaline (5-HT-noradrenaline
reuptake inhibitors;SNRI). However, there are a substantial
number of patients with major depression who do not
respond to current antidepressant therapy and none of these
agents have demonstrated a significant advantage in terms of
clinical efficacy. In addition, there is a considerable latency in
the onset of antidepressant effects, which typically take 6
weeks or more. Due to these limitations, new therapeutic
targets are being explored, with the hopes of developing more
effective and rapidly acting treatments. A primary focus in
this effort is the development of glutamatergic modulators,
particularly those acting at the NMDA receptor.

Ketamine, an NMDA receptor modulator, is currently
under investigation for use in the treatment of depression
and neuropathic pain. We have demonstrated that a suban-
esthetic dose of ketamine produces rapid antidepressant
effects in patients diagnosed with BD (Diazgranados et al.,
2010) and MDD (Zarate et al., 2006), and these effects can last
up to 7 days (Zarate et al., 2012). A simultaneous population
pharmacokinetic model for ketamine and three of its major
metabolites in BD patients has been developed, utilizing
plasma samples collected up to 3 days after ketamine admin-
istration (Zhao et al., 2012), and a pharmacodynamic study in
a combined cohort of patients with MDD (n = 45) and BD
(n = 22) has also been conducted (Zarate et al., 2012). The data
from these studies indicate that at 230 min after infusion, the
clinical effect of ketamine robustly separates from placebo
(Zarate et al., 2006; 2012; Diazgranados et al., 2010). In addi-
tion, 76% (25/33) of Rs at 230 min continued to meet
response criteria at day 1 and only 10% (5/50) of NRs at
230 min were classified as Rs at a later time point. Based upon
these data, the 230 min time point was chosen as the sam-
pling point to capture clinical response and non-response.
Thus, the preliminary metabolomic comparison of ketamine
Rs and NRs in the treatment of BD was limited to the analysis
of the 230 min plasma samples.

The initial analysis of 22 BD patients included in the
study indicated that there were response-related differences
in metabolomic patterns (Table 2), which was confirmed by
PLS-DA and OPLS-DA models. After compound selection
(Figure 2B) and database identification, 11 compounds were
increased or decreased in Rs relative to NRs. A majority of the
compounds were from the fatty acyl family. The observation
of differences in fatty acyl metabolism between ketamine Rs
and NRs was supported by analysis of plasma samples from
the placebo arm in which acyl-carnitines were increased and
L-carnitine decreased in NRs compared with Rs (Supporting
Information Table S1).Ta
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While the differences between NRs and Rs were statisti-
cally significant in univariate analysis, in multivatiare analy-
sis the differences were small and the quality of the models
poor. A potential source of this result was the lack of homo-
geneity within the BD cohort produced by maintenance on
either lithium or valproate. Therefore, the plasma samples
from the ketamine arm of the study were divided into lithium
– and valproate-subgroups based upon the mood stabilizers
administered to the BD patients. The metabolomic pattern of
each subgroup was determined and then compared in a Venn
diagram, with the data from the analysis of the combined
(lithium + valproate) group (Table 1). The patterns were sig-
nificantly different with only two common compounds
(Figure 2C). A similar result was obtained from the analysis of
the samples from the placebo arm of the study, in which
there was a greater than twofold increase in acyl-carnitines in
the valproate-subgroup compared with lithium-subgroup
(Supporting Information Table S3). This result is consistent
with valproate-associated depletion of free carnitine due to
formation of valproyl carnitine and decreased tubular reab-
sorption of acetylcarnitine (Lheureux and Hantson, 2009)
and with the observations that valproate affects mitochon-
drial fatty acid oxidation (Silva et al., 2008).

In the ketamine arm of the study, the relative concentra-
tions of phenylalanine, tryptophan and bilirubin were
increased in the lithium-subgroup and amino-octanoic acid,
and arachidonoyl-serine was increased in the valproate-
subgroup, independent of response to treatment with keta-
mine. Increased plasma levels of phenylalanine have been
previously observed in heart failure patients diagnosed
with MDD, relative to matched controls, suggesting a poten-
tial alteration in the phenylalanine metabolic pathway
(Steffens et al., 2010); and tyrosine plasma concentrations,
a product of another metabolic pathway of phenylalanine,
are also affected in the depressed patients (Nordin, 1988;
Kaddurah-Daouk et al., 2012). In addition, data from a proton
nuclear magnetic resonance spectroscopy-based metabolon-
mic analysis using post mortem brain tissue from patients with
a history of BD and rat brains obtained after chronic treat-
ment with lithium or valproate indicate that valproate treat-
ment increased glutamate levels and decreased glutamate/
glutamine ratios, while lithium treatment increased GABA
levels (Lan et al., 2009). The results indicate that even though
the concomitant administration of lithium or valproate does
not produce a difference in the clinical response to ketamine
therapy, it does produce a difference in the background
metabolomic patterns. Based upon these differences, the
analysis of the combined subgroups was not continued and
only the plasma samples from the lithium-subgroup were
subjected to additional analysis. It is important to note that
these differences do not negate the use of a pretreatment
metabolomics screen, but only highlights the challenges in
application.

The metabolomic patterns in BD patients maintained on
lithium were significantly different between Rs and NRs
(Figure 2D and E). Eighteen of the 165 biomarker candidates
selected for further analysis were identified, and the majority
(15/18) of these were LPEs (4), LPCs (9) and MGs (2). The
signals associated with 3/4 LPEs and 7/9 LPCs were increased
in Rs relative to NRs, while the signals associated with both of
the identified MGs were decreased in Rs (Table 2). The data

indicate that there are differences in mitochondrial fatty acid
metabolism between the two groups.

The analysis of the plasma samples also revealed that TML
was increased in Rs, compared with levels in NRs. TML is a
precursor of L-carnitine, a key factor in the mitochondrial
β-oxidation of fatty acids. The differences in TML plasma
level in Rs and NRs are consistent with the dissimilarities in
fatty acid metabolism between the two groups. In addition,
in the samples from the placebo arm of the study, octanoyl-
and decanoyl-carnitines were up-regulated in NRs compared
with Rs. While acyl-carnitines have antidepressant effects in
elderly (Pettegrew et al., 2000; 2002) and mice (Di Cesare
Mannelli et al., 2011), increased concentrations in NRs may
reflect a dysfunction in signalling of the mitochondrial acyl-
carnitine receptor. It is of interest to note that TML is syn-
thesized from lysine by S-adenosyl-methionine (SAM)
catalyzed N-methylation and that SAM is in turn synthesized
from L-methionine. Higher levels of methionine were
observed in MDD patients who were in remission
(Kaddurah-Daouk et al., 2012), which may reflect an altera-
tion in the conversion of methionine to SAM affecting LPC
synthesis.

In contrast to the increased levels of LPCs, LPEs and TML,
the signals associated with PLA were decreased in Rs, com-
pared with NRs. PLA is a product of the NADH-mediated
reduction of phenylpyruvate and an indication of a disrup-
tion in phenylalanine metabolism. The potential alteration
in phenylalanine metabolic pathways is in accord with pre-
vious observations that phenylalanine plasma levels are
higher in heart failure patients diagnosed with MDD, relative
to matched controls (Steffens et al., 2010) and that the tyros-
ine pathway is compromised in depressed patients (Nordin,
1988; Kaddurah-Daouk et al., 2012). Tyrosine is produced by
the phenylalanine metabolic pathway. Moreover PLA and
LPC (16:1) followed similar pattern of changes observed in
plasma samples obtained from the combined group (lithium
+ valproate), suggesting that the differences in fatty acid
metabolism and phenylalanine pathway were involved in the
response or /non-response to ketamine, independent of the
co-medication.

The results of this study indicate that in BD patients an
underlying basis for a positive response or a non-response to
treatment with ketamine is a difference in the mitochondrial
metabolism of fatty acids. While the experimental approach
used in this study, metabolomics, relies on an unbiased analy-
sis of data, the identification of markers associated with mito-
chondrial function is not surprising. Mitochondrial function
or dysfunction has been associated with mood disorders
including BD (Horrobin and Bennett, 1999; Hroudova and
Fisar, 2012; Tang and Wang, 2012). In a recent review of data
from brain imaging studies and mitochondrial functional
studies, the authors concluded that the results support the
hypothesis of mitochondrial dysfunction in BD and suggest
that BD is associated with decreased energy production and a
shift towards anaerobic glycolysis (Minuzzi et al., 2011). A key
marker of changes in disease-related mitochondrial function
is fatty acid and phospholipid metabolism (Horrobin and
Bennett, 1999) and metabolomic studies have demonstrated
that fatty acid metabolism is significantly lower and shifted
from β-oxidation to ω-oxidation in depressed patients, com-
pared with that in non-depressed controls (Maes et al., 1996;
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Paige et al., 2007; Steffens et al., 2010) and BD-related
changes in phospholipid metabolism (Modica-Napolitano
and Renshaw, 2004).

In summary, this is the first study of the plasma metabo-
lomic patterns in patients receiving ketamine for the treat-
ment of BD. The results indicate that there are distinct
biochemical differences between patients who respond to
treatment (Rs) and those who do not (NRs), and that the
differences appear to be due to alterations in the mitochon-
drial metabolism of fatty acids. The major observation is that
the differences in the metabolomics patterns observed
between R and NRs were not produced by ketamine admin-
istration. Instead, they appear to set up the biochemical
basis for the pharmacological response to ketamine. Thus,
pretreatment metabolomics screening may be a guide to the
prediction of response and a potential approach to the indi-
vidualization of ketamine therapy in BD. In addition, these
differences appear to be associated with disease-related dys-
regulation of mitochondrial function and networks. While
the source of these differences is not clear, previous studies
have identified genetic links between BD and variants
in mitochondrial DNA (Hroudova and Fisar, 2012). Addi-
tional prospective studies will be required to better under-
stand these observations.
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Figure S1 Statistical analysis of global profiles of patients
taking lithium or valproate with ketamine /placebo. (A)
PLS-DA and (B) OPLS-DA cross-validated plot of lithium
(n = 10) versus valproate (n = 6) in ketamine arm of the
therapy (Rs and NRs are combined within each group) [for
(A), R2Y = 0.99; Q2 = 0.51 and for (B), R2Y = 1.00; Q2 = 0.80;
n = 1080 features]. (C) PLS-DA and (D) OPLS-DA cross-
validated plot of lithium (n = 7) versus valproate (n = 4) in
placebo arm of the therapy (Rs and NRs were classified
according to their response to ketamine therapy [for (A),
R2Y = 0.99; Q2 = 0.85 and for (B), R2Y = 1.00; Q2 = 0.81;
n = 1325 features]. Key: – Li, – VPA; UV scaling was used
for modelling.
Table S1 Tentative identification of metabolites in the
placebo arm of the study after global profiling of the entire
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