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Abstract

Rationale Basic and clinical studies have reported rapid and long-lasting antidepressant effects of ketamine. Although previous
studies have proposed several mechanisms underlying the antidepressant effects of ketamine, these mechanisms have not been
completely elucidated.

Objectives The present study evaluated the effects of systemically administered ketamine treatment in a lipopolysaccharide
(LPS)-induced mouse model of depression.

Methods Non-targeted metabolomics, western blotting, and behavioral tests (locomotion, tail suspension, and forced swimming
tests) were performed.

Result Ketamine significantly attenuated the abnormally increased immobility time in a lipopolysaccharide (LPS)-induced
mouse model of depression. Aminomalonic acid, glutaraldehyde, glycine, histidine, N-methyl-L-glutamic acid, and ribose levels
in skeletal muscle were altered following ketamine administration. Furthermore, ketamine significantly decreased the LPS-
induced increase in glycine receptor Al (GlyAl) levels. However, the glycine receptor antagonist strychnine did not elicit any
pharmacological effects on ketamine-induced alterations in behaviors or muscular GlyA1 levels. Exogenous glycine and L-serine
significantly improved depression-like symptoms in LPS-induced mice.

Conclusions Our findings suggest that skeletal muscular glycine contributes to the antidepressant effects of ketamine in inflam-
mation. Effective strategies for improving skeletal muscular glycine levels may be a novel approach to depression treatment.
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Physical exercise is beneficial for recovery from depression
(Archer et al. 2014). A meta-analysis including 23 random-
ized controlled trials and 977 participants showed that physi-
cal exercise is an effective therapeutic alternative for pharma-
ceutical approaches to depression treatment (Kvam et al.
2016). Improvements in the peroxisome proliferator-
activated receptor y coactivator & (PGC-1x)-dependent
kynurenine metabolism contribute to the resilience of stress-
induced depression (Agudelo et al. 2014). Furthermore, we
have previously reported that the upregulation of the PGC-
1 a-fibronectin type 11l domain-containing protein 5—brain-de-
rived neurotrophic factor (BDNF) signaling pathway in skel-
etal muscles is associated with stress resilience in mice sub-
jected to chronic social defeat (Zhan et al. 2018). These find-
ings suggest that depression onset is associated with the deg-
radation of muscle function and that improvements of this
function may alleviate depression.

Glycine confers important physiological effects, particular-
ly in the muscle and brain tissues (Ito 2016; Koopman et al.
2017). The present study employed metabolomics and se-
quencing analysis in LPS-induced mouse models of depres-
sion to investigate the contribution of the skeletal muscular
glycine signaling in antidepressant effects of ketamine. We
hypothesized that skeletal muscular glycine levels can be a
novel target for depression treatment and that ketamine can
serve as a novel antidepressant.

Materials and methods
Animals

Male C57BL/6 mice (age, 2 months; body weight, 20-25 g)
were used. All animals were obtained from the Animal Center
of Tongji Hospital (Wuhan, China). Animals were housed in
polypropylene cages under a 12/12 h light/dark cycle at
24 °C-26 °C. Food and water were provided ad libitum.
Experimental protocols and animal handing conformed to
the Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 80-23, revised in 1996), and the study was
approved by the Experimental Animal Committee of Tongji
Hospital, Tongji Medical College, Huazhong University of
Science and Technology.

Drugs and treatment

Ketamine hydrochloride (Cat No. 1707032) was purchased
from Fujian Gutian Pharmaceutical Co., Ltd. (Fujian,
China). Glycine was purchased from Guangzhou Saiguo
Biotech Co., Ltd. (Berlin, Germany). L-serine was purchased
from Sigma-Aldrich Co., Ltd. (St. Louis, MO, USA).
Strychnine was purchased from Shanghai Research &
Development Co., Ltd. (Shanghai, China). Strychnine
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(1.0 ng/kg) or equal volume of vehicle was intravenously
(i.v.) administrated after 55 min of intraperitoneal (i.p.) lipo-
polysaccharide (LPS) (0.5 mg/kg, Sigma-Aldrich Co., St
Louis, MO, USA) administration. Ketamine (10 mg/kg, i.p.),
glycine (120 mg/kg, i.p.), L-serine (168 mg/kg, i.p.), or equal
volume of vehicle was singly administered after 1 h of LPS
(0.5 mg/kg, i.p.) administration. Behavioral assessments, in-
cluding the locomotion test (LMT) (24 h after LPS adminis-
tration), tail suspension test (TST) (26 h after LPS administra-
tion), and forced swimming test (FST) (2 h after TST or 24 h
after LPS administration), were performed. Body weight of
each mouse was measured at the baseline and immediately
after behavioral tests. Tissue samples were collected immedi-
ately after the mice were sacrificed.

Behavioral tests

LMT

The locomotor ability of each mouse was measured using YH-
OF-M/R, which is an animal behavior analysis system
(Yihong Co., Ltd., Wuhan, China), as previously described
(Huang et al. 2019). The animals were placed in polypropyl-
ene cages (1000 x 1000 x 45 mm?) for 5 min. Behavioral
traces and data were recorded.

TST

TST is an animal test for the efficacy of antidepressant treat-
ment (Yang et al. 2017). The mice were suspended on a hook
using a piece of adhesive tape. The duration of mouse immo-
bility was measured during a 10-min period. The mouse was
considered immobile while hanging passively and completely
motionless (Cryan et al. 2005).

FST

FST was assessed using the automated forced swim apparatus
YH-FST (Yihong Co., Ltd., Wuhan, China), as previously
described (Huang et al. 2019). The mice were placed in an
open cylinder (25 x 35 cm?) filled with water (depth, 20 cm) at
23 °C=1 °C, and the mouse immobility time was recorded
during a 5-min period.

Nontargeted metabolomics tests
Samples preparation

After the mice were deeply anesthetized with 10% chloral
hydrate, the right hindlimb muscle was collected from the
control, LPS + vehicle, and LPS + ketamine groups (n =8
for each group). Approximately 30 mg of muscle samples
was harvested and placed into 1.5-mL Eppendorf tubes. A
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few small metal beads were added to the tube. Internal stan-
dard (2-chloro-1-phenylalanine in methanol, 20 pL; 0.3 mg/
mL) and extraction solvent with methanol/water (viv=4:1)
(600 pL) were added to the samples. Samples were homoge-
nized at 60 Hz for 2 min, and 120 uL of chloroform was
added. The samples were vortexed thoroughly, subjected to
ultrasound-associated extraction for 10 min in ice water,
stored at —20 °C for 10 min, and centrifuged (12,000 rpm
for 10 min) at 4 °C. The supernatant was transferred to
Eppendorf tubes. Quality control (QC) samples were prepared
by mixing 75-uL aliquots of each biological sample. Finally,
the samples were analyzed via gas chromatography—mass
spectrometry (GC-MS), as previously described (Li et al.
2017).

Metabolomics

Raw data in .D format were converted to .CDF format
using ChemStation (version E.02.02.1431, Agilent,
USA). The .CDF data were processed using ChromaTOF
(version 4.34, LECO, St. Joseph, MI, USA) to obtain
sample information, peak names (retention times and
m/z), and peak intensities. Metabolites were annotated
using the Fiehn (Kind et al. 2009) or National Institute
of Standards and Technology (Halket et al. 1999) data-
base. Internal standards, pseudo-positive peaks due to
noise, column bleed, and derivatization procedure were
removed, and multiple peaks from a single metabolite
were combined to generate a final dataset for statistical
analysis. All data were transformed by the LOG2 function
in Excel 2007 (Microsoft, USA) prior to statistical analy-
sis, and the data matrix was imported into the SIMCA
software package (14.0, Umetrics, Umed, Sweden). Data
were analyzed using multivariate and univariate methods.
First, the clustering of QC samples was examined by un-
supervised principal component analysis (PCA).
Thereafter, orthogonal partial least squares discriminant
analysis (OPLS-DA) (Li et al. 2017) was performed to
assess metabolic differences between the treatment
groups. In the OPLS-DA model, variable importance in
projection (VIP) scores were used to estimate the differ-
ence between individual metabolites. Two criteria were
used to identify the significantly altered metabolites
among the three groups: (1) A VIP score >1.0 in the
OPLS-DA model and (2) a P value <0.05 and false dis-
covery rate < 0.05 between two treatment groups.

Western blotting

After tissue collection, metal beads and RIPA buffer were
added to the samples, and the samples were homogenized
by sonication. The samples were centrifuged (12,000 rpm
for 15 min) at 4 °C, and the supernatant was transferred to

Eppendorf tubes. Protein concentration in the supernatant
was detected using a BCA protein assay kit (Boster,
Wuhan, China). Each sample was separated using 10%
sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis, and bands were transferred to a PVDF membrane. All
membranes were blocked with 5% milk in 0.1% Tween-
20 in Tris-buffered saline (TBST) for 2 h at room temper-
ature. After blocking, membranes were incubated with
rabbit anti-GlyAl (1:1000, 17951-1-AP, Proteintech
Goup, Inc., Wuhan, China), rabbit anti-GlyB (1:1000,
15371-1-AP, Proteintech Goup, Inc., Wuhan, China), or
rabbit anti-GAPDH (1:1000, #AF7021, Affinity,
Cincinnati, USA) primary antibodies overnight at 4 °C.
All membranes were washed with TBST and then incu-
bated with goat anti-rabbit IgG horseradish peroxidase
(1:5000, Promoter, Wuhan, China) secondary antibody
for 2 h at room temperature. The membranes were then
washed with TBST and imaged with enhanced chemilu-
minescence reagents (Qidongzi, Wuhan, China) using
Chemi-Doc-XRS system (Bio-Rad, Hercules, USA).

Statistical analysis

Data are shown as mean and standard error. Analyses were
performed using GraphPad Prism 7.0 (GraphPad Software,
CA, USA). Results were analyzed by one-way analysis of
variance (ANOVA), followed by Tukey’s post hoc test.
Body weight was analyzed by two-way ANOVA. P<0.05
was considered statistically significant.

Results

Behavioral effects of ketamine in the LPS-induced
mouse model of depression

Ketamine (10 mg/kg) was administered to each mouse 1 h
after LPS (0.5 mg/kg) administration (Fig. 1a). There were
no significant differences in locomotion scores among the
groups (Fig. 1b). However, ketamine significantly decreased
the LPS-induced increase in FST immobility time (s. 1c).
Furthermore, there were no significant changes in body
weight before or after the behavioral tests across the three
groups (Fig. 1d).

Global metabolite profiles among the groups

In PCA, the dissimilarity dots among the three groups were far
away from each other, suggesting that the composition of
metabolites in skeletal muscle were distinct among the groups
(Fig. 2a—c, Table 1). PLS-DA and OPLS-DA demonstrated
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Fig. 1 Behavioral effects of ketamine in the LPS-induced mouse model
of depression. (a) Experimental schedule: Ketamine (10 mg/kg, i.p.) was
injected 1 h after LPS (0.5 mg/kg, i.p.) administration. LMT and FST
were conducted 23 and 25 h after LPS administration, respectively. Body
weight was measured before and after the behavioral tests, and the tissues
were collected. b Locomotion [treatment, F, »;,=1.003, P>0.05]. ¢

differential profiles of metabolites in the skeletal muscles of
each group (Fig. 2d—i and Table 1).

Differential levels of metabolites in skeletal muscles

Heatmaps showed that metabolite levels in skeletal muscle
were significantly different between the groups (Fig. 3a, b).
LPS administration significantly decreased aminomalonic ac-
id, glutaraldehyde, glycine, N-methyl-L-glutamic acid, and ri-
bose levels and significantly increased histidine levels. These
alterations were significantly attenuated following ketamine
treatment (Table 2).

Effects of ketamine on GlyA1 and GlyB levels
in the brain and skeletal muscles of the LPS-induced
mouse model of depression

No significant difference was observed in GlyAl and
GlyB levels in the medial prefrontal cortex (mPFC) or
hippocampus among the groups (Fig. 4a and D).
However, in skeletal muscles, LPS significantly increased
GlyAl levels, and ketamine attenuated the increase in
GlyAl levels. However, there were no significant
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Immobility time [treatment, F(, 2;)=35.05, P<0.001]. d Body weight
[Group, F(1, 42,=0.1123, P> 0.05; Column, F» 45,=0.03743, P>0.05;
Interaction, F(y, 4)=0.262, P>0.05]. “P<0.01 or"""P<0.001. CONT,
control group; FST, forced swimming test; i.p., intraperitoneal injection;
i.v., intravenous injection; Ket, ketamine; LMT, locomotion test; LPS,
lipopolysaccharide; N.S., not significant; Veh, vehicle

differences in skeletal muscle GlyB levels among the
treatment groups (Fig. 4c).

Strychnine did not affect the antidepressant effects
of ketamine or GlyA1 and GlyB levels

Strychnine was administered (i.v.) 5 min before ketamine ad-
ministration to the LPS-induced mouse model of depression
(Fig. 5a). Strychnine did not affect the ketamine-induced
changes in TST and FST immobility times (Fig. 5b, c).
Moreover, strychnine did not affect the protein levels of
GlyAl and GlyB induced by ketamine in mPFC, hippocam-
pus, and skeletal muscles (Fig. 5d—f).

Effects of glycine and L-serine on FST immobility time
in the LPS-induced mouse model of depression

Glycine or L-serine was administered 1 h after LPS adminis-
tration (Fig. 6a). LPS administration significantly increased
FST immobility time, whereas glycine and L-serine adminis-
tration significantly decreased FST immobility time; these re-
sults indicate the antidepressant effects of glycine and L-serine
possess.
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Fig. 2 Global metabolic profiles in the three groups. a PCA (All). b PCA
(Control versus LPS + Saline). ¢ PCA (LPS + Saline versus LPS +
ketamine). d PLS-DA (Control versus LPS + Saline). e PLS-DA (LPS
+ Saline versus LPS + ketamine). f OPLS (Control versus LPS + Saline).
g OPLS (LPS + Saline versus LPS + ketamine). h OPLS-DA with

Table1  General information of the parameters for evaluating modeling
quality

Groups  Type A N R*X(cum)  Q*cum)
All PCA-X 4 27 0531 0.257
b-a PCA-X 2 16 046 0.236
c-b PCA-X 3 16 0529 0.133
b-a PLS-DA 3 16 0521 0.939
c-b PLS-DA 3 16 0462 0.842
b-a OPLS-DA 1+5+0 16 0.685 0.86

cb OPLS-DA 1+4+0 16 0.601 0.738

A number of principal component, a control group, b LPS + Vehicle
group, ¢ LPS + Ketamine group, N number of samples, OPLS-DA or-
thogonal partial least-squares-discriminant analysis, PCA-X principal
component analysis, PLS-DA partial least-squares-discriminant analysis,
0’ cumulative predicted variation, R’ X cumulative modeled variation in
X matrix

permutation 200 (Control versus LPS + Saline). i OPLS-DA with permu-
tation 200 (LPS + Saline versus LPS + ketamine). OPLS, optimized
potentials for liquid simulations; OPLS-DA, orthogonal partial least
square-discriminate analysis; PCA, principal component analysis; PLS-
DA, partial least squares discriminant analysis

Discussion

Ketamine produces rapid and long-lasting antidepressant ef-
fects (Huang et al. 2019; Li et al. 2010a; Yang et al. 2018a;
Yang et al. 2017; Yang et al. 2015). Moreover, ketamine sig-
nificantly improved depression-like symptoms in LPS-
induced inflammation (Huang et al. 2019), chronic social de-
feat stress (Yang et al. 2018b), and learned helplessness
(Shirayama and Hashimoto 2017). In the present study, we
demonstrated beneficial effects of ketamine in the LPS-
induced mouse model of depression and revealed that the
mechanism underlying these therapeutic effects may be relat-
ed to alterations in glycine metabolism in skeletal muscles.
These findings suggest that skeletal muscles play pivotal roles
in rapid antidepressant effects of ketamine in LPS-induced
inflammation models. To the best of our knowledge, this
may be the first study demonstrating roles of skeletal muscular
glycine in the antidepressant effects of ketamine.

An imbalance in the inflammatory response plays a critical
role in the mechanisms of depression (Dantzer et al. 2008).
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Fig. 3 Heatmaps with hierarchical cluster analysis of metabolomics in
skeletal muscle. a LPS + Veh group versus CONT group. b LPS + Ket
group versus LPS + Veh group. The green rectangles represent a
significant decrease in metabolite levels, and the red rectangles
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Patients with chronic inflammation are prone to develop de-
pression. In addition, the activation of pro-inflammatory re-
sponses may increase the risk of depression (Dantzer et al.
2008). Abnormalities in the metabolism of peripheral blood
(Li et al. 2010b) and brain tissues (Ni et al. 2008), such as
cerebral cortex, hippocampus, and thalamus, have been
observed in individuals with depression. Wu et al. (2017b)
have indicated that metabolic dysfunctions of amino acids
and purines in the hypothalamus might underlie the mecha-
nisms of inflammation-induced depression. Collectively,
these findings suggest that there is a causal link between de-
pression, inflammation, and metabolism, although the precise
mechanisms remain ambiguous.

Metabolomics is a method for quantitatively analyzing all
metabolites in living organisms to investigate the association
between metabolites and physiological and/or pathological
alterations (Bujak et al. 2015). The dissimilarity dots among
the three groups in PCA, PLS, and OPLS were far away from

and GlyB [Group: F (5, |5,=3.413, P>0.05]. " P<0.05. CONT, control;
Ket, ketamine; LPS, lipopolysaccharide; mPFC, medial prefrontal cortex;
N.S., not significant; Veh, vehicle

each other, indicating that the composition of skeletal muscle
metabolites was rather distinct among the groups.
Furthermore, these results suggest that skeletal muscle func-
tion plays a critical role in the pathogenesis of depression as
well as in mechanisms underlying the antidepressant effects of
ketamine. A cross-sectional study of 1046 elderly patients
with depression demonstrated that muscle mass and strength
are both negatively correlated with depressive symptoms in
the Chinese population (Wu et al. 2017a). Previous studies
have shown that BDNF downregulation in skeletal muscle
promotes depression onset (Heyman et al. 2012; Zhan et al.
2018). On the contrary, physical exercise is an effective treat-
ment strategy for depression and could be prescribed in a
clinical setting as an adjunct treatment with antidepressants
(Danielsson et al. 2013). These results regarding physical ex-
ercise further support our findings that the antidepressant ef-
fects of ketamine are associated with skeletal muscle
improvements.
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Fig. 5 Effects of strychnine on behavior and GlyAl and GlyB levels. a
Experimental protocol: a single dose of strychnine (1.0 ug/kg, i.v.) was
injected 5 min before ketamine treatment. Behavioral tests, including TST
and FST, were conducted 24 and 26 h after LPS administration,
respectively. The tissues were collected immediately after behavioral
tests. b TST [F(}Y 20) = ]367, P<0001] ¢ FST [F(3, 20)27.906,
P<0.01]. d mPFC: GlyAl [Fg, 29)=0.2326, P>0.05] and GlyB [F,
20y=0.2057, P>0.05]. e Hippocampus: GlyAl [F, 29)=0.5996,

An increasing number of studies have suggested that gly-
cine supplementation effectively improves muscle mass and
function in models of cancer cachexia, sepsis, and reduced
caloric intake (Koopman et al. 2017). In this study, we found
that skeletal muscular glycine was significantly decreased in
the depression-like phenotype, whereas ketamine attenuated
these decreased glycine levels. This finding suggests that de-
creased skeletal muscular glycine levels can serve as a predis-
posing factor for depression onset and that the rapid antide-
pressant effects of ketamine are associated with increased
skeletal muscular glycine levels. Although the exact mecha-
nism of action of skeletal muscular glycine in the antidepres-
sant effects of ketamine remains unclear, GLY X-13, which is
an NMDAR glycine-site partial agonist, has been reported to
produce antidepressant effects (Burgdorf et al. 2015).
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LPS LPS

P>0.05] and GlyB [F3, 29)=1.06, P>0.05]. f Muscle: GlyAl [F,
20y=3.873, P<0.05] and GlyB [F(3, 20)=1.426, P>0.05].
*P<0.05, #*P<0.01 or ***P<0.001. CONT, control group; FST,
forced swimming test; i.p., intraperitoneal injection; i.v., intravenous
injection; Ket, ketamine; LPS, lipopolysaccharide; mPFC, the medial
prefrontal cortex; N.S., not significant; Str, strychnine; TST, tail
suspension test; Veh, vehicle

Collectively, these findings suggest that the skeletal muscular
NMDAR glycine-binding site is a target in the antidepressant
effects of ketamine.

The glycine receptor (GlyR) is an important inhibitory re-
ceptor in the central nervous system. GlyR is a CI -based
selective channel protein, a member of the ligand-gated ion
channel superfamily (Lynch et al. 2017), and comprises « and
{3 subunits (Lynch 2004). We found that skeletal muscular
GlyAl levels were significantly increased after LPS exposure,
whereas ketamine attenuated this change. These findings in-
dicate that a nonisomorphic glycine—GlyR signaling pathway
in skeletal muscles may be involved in the antidepressant
effects of ketamine. What causes glycine levels to increase
and the GlyR expression to decrease? This phenomenon
may arise because the major binding site for glycine is not
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Fig. 6 Effects of glycine or L-serine on FST immobility time in the LPS-
induced mouse model of depression. a Experimental schedule: a single
dose of glycine (120 mg/kg, i.p.) or L-serine (168 mg/kg, i.p.) was
injected 1 h after LPS (0.5 mg/kg, i.p.) administration. FST was tested
23 h after LPS injection. b Glycine: FST [F,, 15, =14.08, P<0.001]. ¢ L-

located on GlyRs but on NMDARs (Nong et al. 2003; Zhang
et al. 2014), which are also the primary binding targets for the
antidepressant effects of ketamine (Chaki 2017; Wohleb et al.
2017).

Strychnine is a specific antagonist of GlyR, which selec-
tively excites the spinal cord, enhances the tension of skeletal
muscle, and is clinically used for the treatment of palsy or
amblyopia (Dutertre et al. 2012). In the present study, we
evaluated the pharmacological impact of strychnine on the
antidepressant effects of ketamine and observed no significant
changes. Therefore, the antidepressant effect of ketamine is
presumably related to glycine but not strychnine-sensitive
GlyR in skeletal muscle. Glycine is localized to the
strychnine-insensitive site associated with NMDARs (Nong
et al. 2003; Zhang et al. 2014). However, the involvement of
skeletal muscular glycine-NMDAR signaling in the antide-
pressant effects of ketamine requires further validation.

We found that glycine administration significantly im-
proved depressive behaviors in LPS-induced mouse models.
Interestingly, glycine and L-serine are reversibly metabolized
by the enzyme serine hydroxymethyltransferase 1 (Shmtl)
(Hashimoto 2014). Accordingly, we observed that L-serine
administration alone exerted rapid antidepressant effects in
the LPS-induced mouse model of depression. Although we

23 h

(2]

200 |

150 -

100 -

Immobility time (sec)
[44]
o

o

CONT Veh L-serine
LPS

serine: FST [F(5, 15=9.237, P<0.01]. "P<0.05, “"P<0.01, or
P <0.001. CONT, control; FST, forced swimming test; i.p., intraperi-
toneal injection; Ket, ketamine; LPS, lipopolysaccharide; N.S., not sig-
nificant; Veh, vehicle

did not conduct a thorough investigation of the antidepressant
effects of D-serine, we infer that GlyR does not play a critical
role in the antidepressant effects of ketamine via the activation
of downstream effectors L-serine or D-serine and is physiolog-
ically bound to NMDAR.

In conclusion, rapid antidepressant effects of ketamine are
likely related to increased glycine levels in skeletal muscles
but not in brain tissues. Treatment strategies for increasing
skeletal muscular glycine levels are a viable target for the
research and development of rapid-onset antidepressants.
Further studies of the mechanisms underlying the antidepres-
sant effects of ketamine are warranted.
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