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Abstract The brain is the most advanced organ with various complex structural and functional micro-

regions. It is often challenging to understand what and where the molecular events would occur for a

given drug treatment in the brain. Herein, a temporo-spatial pharmacometabolomics method was pro-

posed based on ambient mass spectrometry imaging and was applied to evaluate the microregional effect

of olanzapine (OLZ) on brain tissue and demonstrate its effectiveness in characterizing the microregio-

nal pharmacokinetics and pharmacodynamics of OLZ for improved understanding of the molecular

mechanism of drugs acting on the microregions of the brain. It accurately and simultaneously illustrated

the levels dynamics and microregional distribution of various substances, including exogenous drugs

and its metabolites, as well as endogenous functional metabolites from complicated brain tissue. The

targeted imaging analysis of the prototype drug and its metabolites presented the absorption, distribu-

tion, metabolism, and excretion characteristics of the drug itself. Moreover, the endogenous functional

metabolites were identified along with the associated therapeutic and adverse effects of the drug, which

can reflect the pharmacodynamics effect on the microregional brain. Therefore, this method is
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significant in elucidating and understanding the molecular mechanism of central nervous system drugs

at the temporo and spatial metabolic level of system biology.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The central nervous system (CNS) has an intricate and fragile
structure with high interconnectivity and interaction among
numerous microregions of the brain. The brain has the most
complicated and finest structure and function, which regulates all
aspects of behavior, language, thinking, memory, movement, and
emotions1. Based on the neural structure, chemical characteristics,
and connectivity, it can be subdivided into numerous micro-
regions, such as the cerebral cortex, midbrain, pons, medulla
oblongata, hippocampus, and hypothalamus2. The functional dif-
ferences in metabolic enzymes, receptors, ligands, transporters,
and blood flow in the brain microregions3 cause differences in
spatial distribution and efficacy of drugs. Additionally, the brain
contains a variety of endogenous functional metabolites that are
unevenly distributed in the different microregions4. Therefore, it is
very challenging to develop CNS drugs and elucidate what and
where the molecular events would occur for a given drug treat-
ment, as most CNS drugs exert effects only after entering the
brain. For drug development, it is crucial to understand the
pharmacokinetics (absorption, distribution, metabolism, and
excretion) and pharmacodynamics of the drug5. Developing novel
technologies may provide new opportunities and promote the
research of innovative drugs6,7.

In the recent years, liquid chromatography mass spectrometry
(LC‒MS) based pharmacometabolomics has been proven to be a
powerful tool in identifying an organism’s metabolic response
following drug administration through an investigation of the
overall changes of metabolites in the body. LC‒MS can provide
information on drug metabolism, drug action-associated alteration
in the endogenous metabolic pathway, and can correlate drug
pharmacokinetics, pharmacodynamics, and in vivo effects to
elucidate the molecular mechanisms of drug effects and
toxicity8e10. LC‒MS-based pharmacometabolomics analyzes body
fluids, such as blood and urine, and reflects the average metabolic
level of various tissues and organs in the body. Tissues and organs
are the focal site of most diseases as well as drug action, with the
brain being the target site for CNS diseases. Thus, information
about the in situ distribution of drugs in the brain is significant to
evaluate drug efficacy, toxicology, and pharmacokinetics11.

At present, the common techniques used to study the brain include
several types of functional brain imaging, such as functionalmagnetic
resonance imaging (fMRI)12 and positron emission tomography
(PET)13,14, and structural brain imaging such as magnetic resonance
imaging (MRI)15, computerized tomography (CT)16, single photon
emission computed tomography (SPECT)17, and other CT technol-
ogies. Although structural and functional imaging technology plays
an increasingly important role in disease research and CNS drug
development, these technologies only provide images of the structure
of brain tissue without analysis at the molecular level18, with low
spatial resolution and with limited types of substances that can be
monitored19. On the other hand, intracerebral drug analysis often uses
tissue homogenates or microdialysis sampling based high-
performance liquid chromatography mass spectrometry (HPLC‒
MS) technology. The pre-processing of tissue sample is invasive and
can damage the brain tissue microregions. The obtained results thus
reflect only the average metabolic level of the sampled micro-
region20,21 with no information on the spatial distribution of the
molecule throughout the brain.

Mass spectrometry imaging (MSI) has received great attention
and has been rapidly developed in recent years. Compared with
other imaging technologies (histochemical labeling, immunoflu-
orescence, MRI, PET, whole body autoradiography, etc.), it is a
molecular imaging technology and does not require complicated
pre-processing and specific chemical labeling22e25. MSI has
become a powerful tool with high-throughput, high-sensitivity,
and high-resolution that detects the qualitative and spatial distri-
bution information of known or unknown molecules including
peptides, proteins, endogenous metabolites, or exogenous
drugs26e28. MSI has been applied to reveal asymmetrical spatial
distribution of lipid metabolites from bisphenol S induced neph-
rotoxicity29, aristolochic acid-induced nephrotoxicity, tissue-
specific metabolic reprogramming in diabetic nephropathy30,31,
to determine glucose metabolism in different regions of the
brain32, and to reveal the biologically relevant correlation between
cholesterol and other metabolites in the brain33. In particular, we
developed air flow-assisted desorption electrospray ionization
(AFADESI)-MSI technology with high sensitivity, wide metabo-
lites coverage, which can map thousands of structure-specific and
functional metabolites in an untargeted analysis34. This technol-
ogy is applied in many areas, such as in situ biomarker discovery
for cancer diagnosis35, tumor metabolism research36, and eluci-
dating mechanism of drug action37. A series of MSI techniques
such as matrix-assisted laser desorption ionization (MALDI)
MSI38,39, liquid extraction surface analysis tandem mass spec-
trometry (LESA‒MS/MS)40, and desorption electrospray ioniza-
tion (DESI) MS41 have been reported to quantify OLZ from bio-
tissue. There is still an urgent need for an imaging application
method that can simultaneously characterize the pharmacokinetics
and pharmacodynamics of brain microregions to facilitate CNS
drug development.

Herein, we developed a temporo-spatial pharmacometabolo-
mics method, based on the air flow-assisted desorption electrospray
ionization mass spectrometry imaging (AFADESI-MSI) system
coupled with a high-resolution mass spectrometer, which can pro-
vide high-coverage molecular profile and microregional distribu-
tion information. The research strategy is shown in Scheme 1. This
method was validated with a case study on the temporo-spatial
changing of the levels of olanzapine (OLZ), a CNS drug used in
clinical practice, and the endogenous metabolites in the rat brain
over the period of administration and the analysis of pharmacoki-
netics and pharmacodynamics of the drug in the brainmicroregions.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Scheme 1 Strategy and workflow of the proposed temporo-spatial pharmacometabolomics method to characterize the microregional phar-

macokinetics and pharmacodynamics of CNS drugs in the brain.
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Overall, this method was successful at demonstrating the temporo-
spatial characteristics of OLZ and its action-related metabolites and
provided new insights into the molecular mechanism of action of
CNS drugs.
2. Materials and methods

2.1. Chemicals and reagents

HPLC-grade acetonitrile was purchased from Merck (Darmstadt,
Germany). Purified water was obtained from Wahaha (Hangzhou,
China). Formic acid was provided by Millipore (Merck, Darm-
stadt, Germany), and olanzapine (OLZ) bulk drug powder
(Supporting Information Fig. S1) was purchased from Shanghai
Yuan Ye Biotechnology Co., Ltd., China.
2.2. Animal experiments

The animal experiments were conducted with the approval of the
Animal Ethical Committee at the Institute of Materia Medical,
Chinese Academy of Medical Science, and Peking Union Medical
College (Beijing, China). Male SpragueeDawley rats (weighing
180e200 g) were purchased from Vital River Laboratory Animal
Technology Company (Beijing, China). The animals were main-
tained for a week with unlimited standard food and water at a
constant room temperature of 22 � 2 �C and 45%e55% humidity
under a 12 h light/dark cycle. The rats were randomly divided into
two groups: treatment group and control group. The treatment group
was further divided into 4 groups of 3 animals each, which were
orally administered OLZ solutions (50 mg/mL) prepared by mixing
OLZ powder with saline. Rats were euthanized with high concen-
trations of ether at 20 min, 50 min, 3 h, and 12 h after administration



Figure 1 Imaging results for exogenous drug and endogenous metabolites obtained using AFADESI-MSI from brain tissue section. The

representative mass spectra acquired using AFADESI-MSI from treatment (A) and control groups (B) brain tissue section in positive ion mode. C1

and D1 are experimental mass spectra of olanzapine (OLZ) and its metabolite, 2-hydroxymethyl OLZ, respectively. C2 and D2 are the calculated

isotopic peaks of OLZ and 2-hydroxymethyl OLZ, respectively. (E) represents the hematoxylin-eosin (H&E) staining of sections of the brain.

Scale bar Z 2 mm. (F1)e(F5) show ion images of OLZ, g-aminobutyric acid (GABA), Creatine, LysoPC (16:0), PC (32:0), respectively.
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(nZ 3 at each time point). The control group (nZ 3) were given an
equal volume of saline by the gavage route. The whole brain of each
animal was collected and stored at �80 �C until sectioning. The
general brain perfusion with saline for blood‒brain barrier (BBB)
permeable drugs was not performed to keep the original metabolic
status for metabolic analysis and to avoid the loss of unstable
endogenous metabolites, such as neurotransmitters (NTs).

2.3. Preparation of brain tissue sections

The brain tissue sections were sliced to consecutive sagittal slices of
15 mm using a Leica CM1860 Cryostat Microtome (Leica Micro-
system Ltd., Germany) at �20 �C, and the tissue sections were
thaw-mounted on positively charged desorption plates (Thermo
Scientific, CA, USA) and stored in closed slice boxes at �80 �C
until further analysis. The frozen slices were dried in a vacuum
desiccator at �20 �C for 1 h and then kept at room temperature for
another 1 h before AFADESI-MSI analysis. Meanwhile, the serial
brain tissue sections were fixed with 4% paraformaldehyde and
subjected to hematoxylin‒eosin (H&E) staining.

2.4. AFADESI-MSI analysis

The MSI experiments were performed using an AFADESI-MSI
platform, which consisted of a home-built ambient AFADESI ion
source and a QOrbitrapMass Analyzer (Q Exactive, Thermo Fisher
Scientific, CA, USA)42,43. The key parameters included spray
voltage, ion transfer tube voltage, solvent flow rate, and transporting
gas flow rate. The SC100 Series Stepper Motor (Beijing Optical
Century Instrument Co., Beijing, China) was used to control the
movement of the brain tissue sections. The parameters were set in
the self-designed control platform program. The experiments were
achieved by continuously scanning the brain tissue surface in the x
direction at a constant velocity of 160 mm/s, with a vertical step
separation of 200 mm between adjacent lines in the y direction. A
mixed solution of acetonitrile:water (8:2, v/v) was used as the
optimized spray solvent with a flow rate of 5 mL/min. The MSI
analysis was performed in positive and negative ion modes on a Q-
Exactive mass spectrometer. A detailed parameter setting is shown
in Supporting Information Table S1.

2.5. Data processing and statistical analysis

The raw data from the AFADESI-MS analysis was converted to cdf
format files using Xcalibur 2.3 (Thermo Scientific, USA) and then
imported into the custom-developed graphical software MassIm-
ager (Version 1.0, Chemmind Technologies Co., Ltd., Beijing,
China) for ion image reconstruction44. After background subtrac-
tion, each section was normalized to the sample total ion chro-
matograms (TIC) value using MassImager, and the ion images were
finally presented using the TIC normalized intensity threshold. MS
profiles from the microregions of brain were precisely extracted
from the MSI data by matching ion images with high-spatial res-
olution H&E staining images of the adjacent brain section, and each
brain microregion profile was delineated and calculated 3 times
from the subregions to reduce error. The average ion intensity of the
microregion was calculated to generate separated two-dimensional
data matrixes (m/z, ion intensity) in the.txt format. The mass
tolerance for peak pick and background subtraction was set to
0.005 Da, and the proportional coefficient k was set to 1. Thereafter,
the.txt file was imported into Markerview 1.2.1 (AB SCIEX, USA)
for peak alignment and isotope ion deletion. Multivariate statistical
analysis was carried out using SIMCA-P 14.0 (Umetrics AB,
Umeå, Sweden), which included principal component analysis
(PCA) and orthogonal partial least squares discriminant analysis
(OPLS-DA). The metabolic profiles of the control and treatment
groups were compared by performing supervised multivariate
OPLS-DA to achieve the maximal separation. The variable
importance in projection (VIP) value was calculated for each ion to
indicate their contribution to the OPLS-DA model. Analysis of
variance (ANOVA) was used to compare the differences between
the control and treatment groups. P < 0.05 indicates a significant
difference relative to the control group. Therefore, variables, which
satisfied the following conditions, were considered to be potential
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metabolites: variables with a VIP value � 1.0 and P < 0.05 in
independent t-test. Finally, the isotope and adduct ions were deleted
according to the corresponding extracted ion chromatograms
(XICs). The area under the curve (AUC) was calculated using
GraphPad Prism 6.0. software.

2.6. Analyte identification

The adducted ions of potential biomarkers were compared with
the public databases including the Human Metabolome Database
(www.hmdb.ca), Metlin (https://metlin.scripps.edu), MassBank
(http://www.massbank.jp/), and LIPID MAPS (www.lipidmaps.
org), using exact molecular weights with a mass error of less
than 5 ppm and isotope patterns, combined with the isotopic
Figure 2 Temporo-spatial alteration of OLZ and 2-hydroxymethyl OLZ

OLZ in brain tissue section acquired using AFADESI-MSI. (B1, B2) The pe

microregions. (C1, C2) The relative intensity changes of OLZ and 2-hydro

are presented as means � standard deviation (SD), nZ 3. CP: caudate puta

thalamus, CBC: cerebellar cortex, CM: cerebellar medulla, MD: medulla,

piriform cortex, OB: olfactory bulb, and CC: corpus callosum.
abundance of high-resolution mass spectra that provide the
elemental composition and likelihood list of the endogenous
metabolites45. Then, the high-resolution MS/MS spectra were
used for further identification. The high-resolution tandem MS
experiments were performed on an orbitrap mass spectrometer (Q
Exactive, Thermo Scientific, Bremen, Germany) and conducted
directly from brain sections to obtain structural information
based on the interpretation of the metabolites’ fragmentation
patterns and database searches. For in situ AFADESI-MS/MS
analysis, the resolution of the MS/MS acquisition was set to
70,000 with an AGC value of 5e6 and a maximum injection time
of 200 ms. The ions of interest were considered as targets, and
the NCE values were set to 25%, 35%, and 45% in the targeted
MS2 scan mode.
in brain microregions. (A) MS images of OLZ and 2-hydroxymethyl

rcentage of AUC in OLZ and 2-hydroxymethyl OLZ in different brain

xymethyl OLZ in the different brain microregions with the time. Data

men, CTX: cerebral cortex, HP: hippocampus, HY: hypothalamus, TH:

PN: pons, CA: cerebral aqueduct, MB: middle brain, FN: fornix, PC:

http://www.hmdb.ca
https://metlin.scripps.edu
http://www.massbank.jp/
http://www.lipidmaps.org
http://www.lipidmaps.org
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3. Results and discussion

3.1. Mapping the drug and endogenous metabolites in the rat
brain

AFADESI-MSI is a powerful imaging tool used to map the
exogenous compounds and endogenous metabolites from the brain
Figure 3 Drug effect on the distribution and AUC change ratio for NT

followed by the distribution of NTs in the brain acquired by AFADESI-MS

(AUC after drug‒AUC before drug)/AUC before drug. AUC change ratio

down-regulated status. The larger absolute values of the AUC change ratio

or effect.
tissue section. The representative mass spectra acquired using
AFADESI-MSI from treatment and control groups brain tissue
sections in positive ion mode is shown in Fig. 1A, B and that in
negative ion mode is shown in Fig. S1A and B. The average mass
spectrum showed that the endogenous metabolite ions detected in
different brain microregions are diverse and the intensities differed
greatly. In the low mass range of 100e500 Da, amino acids,
s in brain. (A) represents the images of H&E-stained brain sections

I. (B1eB7) show the AUC change ratio of NTs. AUC change ratio Z
>0 indicates an up-regulated status. AUC change ratio <0 indicates a

represent greater up-regulation or down-regulation with the drug action
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nucleosides, nucleotides, small molecular organic acids, and some
background ions could be detected; in the high mass range of
500e1000 Da, some lipid components, including sphingomyelin
(SM), phosphatidylethanolamine (PE), phosphatidylcholine (PC),
and some lysophosphatidylcholine (LysoPC) were detected.
Components such as g-aminobutyric acid (GABA, m/z 104. 0706),
creatine (m/z 132.0765), carnitine (m/z 162.1120), acetylcarnitine
(m/z 204.1231), and phosphatidylcholine (m/z 786.5258) were
detected in the positive ion mode, while glutamic acid (Glu, m/z
146.0461), fatty acid (18:1) (m/z 281.2486), fatty acid (20:4) (m/z
303.2330), ascorbic acid (m/z 175.0276), and phosphatidylinositol
(PI, m/z 885.5502) were detected in the negative ion mode. Ion
images of these metabolites could be observed visually with their
uneven microregional distribution information and the prominent
structural profile of brain tissue (Fig. 1F1eF5, Fig. S1D1eS1D5)
was characterized. The prototype drug OLZ and its metabolite 2-
hydroxymethyl OLZ were detected in the positive ion mode,
which was confirmed by their accurate mass assignment and
identical isotopic peak shape. The results are shown in Fig. 1C1
and D1, and the theoretical matching isotopic peak is shown in
Fig. 1C2 and D2. These results indicated that this non-targeted
MSI method can simultaneously map the exogenous drugs and
endogenous metabolites in a single experiment and can obtain
their spatial distribution characteristics and microregional abun-
dance variation.

3.2. Temporo-spatial changes in OLZ and its metabolite in the
brain

OLZ is a drug used to treat schizophrenia, with the brain being its
main target organ. To explore the distribution of drugs in various
functional microregions of the brain over the time of administra-
tion, the rat brain tissues of the treatment and control rats were
collected at 20 min, 50 min, 3 h, and 12 h after drug adminis-
tration for MSI analysis. As shown in Fig. 2A, 15 microregions of
interests were focused on the caudate putamen (CP), cerebral
cortex (CTX), hippocampus (HP), hypothalamus (HY), thalamus
(TH), cerebellar cortex (CBC), cerebellar medulla (CM), medulla
(MD), pons (PN), cerebral aqueduct (CA), middle brain (MB),
fornix (FN), piriform cortex (PC), olfactory bulb (OB), and corpus
callosum (CC). The microstructure of the rat brain samples is
shown in Supporting Information Fig. S2.

From the MS images of the brain sections (Fig. 2A), the spatial
distributions of the prototype drug OLZ and its metabolite
2-hydroxymethyl OLZ were detected. These results showed that
OLZ can readily penetrate the BBB, largely dispersed in the
ventricles and brain parenchymal tissue but not uniformly
distributed in all microregions of the brain, to act on the CNS. It
was found that OLZ is distributed mainly in the CTX 20 min after
administration. After 50 min, the levels of OLZ increased
significantly. With the progression of time, the drug signal in the
brain quickly dropped below the imaging detection limit. Simul-
taneously, it was found that 2-hydroxymethyl OLZ, mainly
distributed in the FN, had a different distribution pattern in the
various microregions than that of OLZ. There was a significant
increase in abundance of 2-hydroxymethyl OLZ 20 min after
administration, and the metabolite was still present in high con-
centrations after 12 h of administration. Furthermore, the per-
centage of AUC of OLZ (Fig. 2B1) was similar in different
microregions of the brain, except in CBC that was smaller, which
indicates that the degree of drug absorption is similar in brain
microregions, and less in the CBC. The percentage of AUC of
2-hydroxymethyl OLZ (Fig. 2B2) in FN was the largest, indi-
cating that the exposure was the largest in the FN microregion.
The metabolic exposure was similar in the other microregions.
Additionally, the changes in relative intensity of OLZ in the
different brain microregions with time (Fig. 2C1 and Supporting
Information Fig. S3A) showed that in the CBC, CM, MD, PN,
CA, MB, PC, OB, and CC, the highest level of OLZ was reached
at 20 min after administration and then gradually decreased, while
in the CP, CTX, HP, HY, TH, and FN, OLZ reached the highest
level at 50 min after administration. Fig. 2C2 and Fig. S3B show
that the level of 2-hydroxymethyl OLZ increased with time lapsed
after administration in 12 of the microregions of the brain and
increased dramatically in the PN.

These results indicated that the rate of drug absorption, dis-
tribution, and metabolism differ in various microregions of the
brain, suggesting microregional effects on pharmacokinetics. It
also demonstrated that the proposed temporo-spatial pharmaco-
metabolomics method based on AFADESI-MSI has the ability to
simultaneously illustrate changes in the levels of and spatial dis-
tribution of drugs and their metabolites in the complicated
microregions of the brain.

3.3. Microregional regulation of NTs by OLZ

OLZ is a first-line drug used in the clinical setting to treat
schizophrenia. It acts mainly by regulating NTs. The known
mechanism of action is by blocking the dopamine D2 receptor or
the serotonin 2A receptor46,47. However, the microregional effect
and the molecular mechanism of action of OLZ are still unclear.
Therefore, we further analyzed the temporo-spatial changes of
NTs that are closely related to the physiological activity of OLZ.
As shown in Fig. 3A, a variety of NTs, such as GABA, Glu,
glutamine (Gln), and adenosine, were detected. The AUC change
ratio of NTs is shown in Fig. 3B1‒B7. Supporting Information
Figs. S4‒S10 reflects the relative intensity changes of NTs in
the different brain microregions with time. This mode of targeted
analysis of functional metabolites from the non-targeted metabolic
data has the advantage of not requiring predetermined parameters
for the detection of metabolites.

GABA is a NT in the CNS that inhibits the nerve center, in-
duces sleep, calmness, and prevents elevated body temperature by
reducing neuronal activity to produce anti-anxiety effects48. The
ion image showed that GABA (m/z 104.0706) was mainly
distributed in the HY and was down-regulated after drug inter-
vention. In the HY, the level of GABA decreased 20 min from
drug administration and increased after 20 min up to 3 h. After 3 h
from administration, the level of GABA gradually decreased
(Fig. S4). The changed AUC ratio in the HY was �0.03-fold
(Fig. 3B1). The minor variation in ratio indicates that GABA
was lightly regulated after drug intervention in the HY. However,
simultaneously, significant upregulation after drug intervention
was observed in OB and PC, combined with the AUC changed
ratio. Glu, a major neurotransmitter in the CNS, has an excitatory
effect on nerve cells and can excite cells to death49. The temporal
and spatial dynamic patterns of Glu and its metabolite, Gln, pre-
sent a relatively consistent change trend in microregions after drug
intervention (Figs. S5 and S6). Adenosine is widely distributed in
the CNS and is considered to be an excitatory and inhibitory
neurotransmitter in the brain50,51. It was unevenly distributed in
various microregions, and the high levels of adenosine in the HP
and HY increased significantly after 3 h from administration
(Fig. S7), indicating that the up-regulation of adenosine would be



Figure 4 Hierarchical cluster analysis (HCA) of identified differential metabolites in control and treatment groups. The row on the right lists

the metabolites, the column on the top indicates class (green: treatment groups and red: control groups), and the column on the bottom indicates

sample ID (T: treatment groups sample and C: control groups sample). The metabolites were clustered, and shades of red and blue represent high

expression levels and low expression levels, respectively.
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more obvious when the drug accumulates. Histamine, as a central
neurotransmitter, participates in the regulation of cognitive
memory, sleep and wakefulness, diet, and other functions52,53. It
was specifically distributed in the CP, CTX, HY, and TH and was
up-regulated during drug action (Fig. S8). The effect of acetyl-
choline (Ach) on central neurons is mainly through the excitement
and activation of brain nerve conduction function to enhance the
brain’s memory capacity54. Ach is highly distributed in the CTX
and tends to increase with a prolonged administration (Fig. S9).
Taurine promotes the growth and development of the nervous
system and cell proliferation and differentiation55. It was observed
that the levels of taurine increased after OLZ intervention
(Fig. S10).

The results of the targeted imaging analysis of the above-
mentioned NTs demonstrated that this method can detect the
spatial distribution and variation in an abundance of prototype
drugs, their metabolites, and endogenous metabolites related to
the mechanism of action of CNS drugs. This is significant in
elucidating the mechanism of action of CNS drugs and under-
standing schizophrenia and related diseases.

3.4. Microregional metabolic regulation with drug intervention
by OLZ

Endogenous metabolic changes in tissues and organs can reflect
the effect of drug stimulation. To explore the microregional
metabolic effects after drug intervention, the molecular profile of
endogenous metabolites and the distribution information of their
dynamic changes were investigated with pharmacometabolomic
testing in various brain microregions. Three brain tissue samples
from each group of treatment and control rats taken 50 min after
OLZ and saline administration, respectively, were selected for
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microregional analysis. In order to verify the stability of the
AFADESI-MSI analysis system, the blank area of the slice was
selected as quality control, and data were analyzed by unsuper-
vised PCA (Supporting Informaion Fig. S11A and S11B) and
linear score graph (Fig. S11C‒S11F). The samples were in the
95% confidence interval, and the relative deviation was in the
range of 2SD. Thereafter, OPLS-DA analysis was performed to
observe the changes in the overall microregional metabolic pro-
files of brain metabolites in the control and treatment groups. The
OPLS-DA results indicated that the control and treatment groups
were clearly separated based on quantitative analysis in the brain
microregions in positive and negative ion mode, respectively. The
results are shown in Supporting Information Figs. S12 and S13.
Discriminated metabolites were screened with variable impor-
tance for the projection (VIP) value � 1, P < 0.05 in Student’s t-
tests, and further validated by the method described in section 2.6.
A total of 90 differential endogenous metabolites were screened
and identified to contribute greatly as drug action-associated
Figure 5 Temporo-spatial distribution of metabolites of the alanine, aspa

changes of metabolites involved in the alanine, aspartate, and glutamate m

groups. (B) MS images of metabolites of the alanine, aspartate, and glu

AFADESI-MSI. Statistical analysis of the metabolome data extracted from

(means � SD), n Z 3. *P < 0.05, **P < 0.01 and ***P < 0.001. The re

0 when the fold change of metabolite before and after administration is 1

greater than 1 (FC > 1) and indicates this metabolite with up-regulation aft

circle represents the fold change less than 1 (FC < 1) and indicates t

microregion. The distance of the radius of the sector from the red circle rep

of the sector represents more pronounced up-regulation, and within the red

regulation. The size of the rounding angle represents the relative abundan

relative abundance.
effectors in the brain microregions (Supporting Information Table
S2). Among them, 81 analytes were identified by MS2, while nine
were identified by isotope pattern.

There were many types of differential metabolites including
amino acids, fatty acids, glycerophospholipids, organic acids,
polyamine, and acyl carnitines. First, hierarchical clustering
analysis (HCA, Fig. 4) and correlation analysis (Supporting
Information Fig. S14) were performed to visualize the change
trend and association of different metabolites between the two
groups using the MetaboAnalyst 5.0 (https://www.metaboanalyst.
ca/). The results indicated that the different metabolites have
obvious clustering and grouping trends in the brain in the control
and treatment groups.

Then, the discriminating metabolites were imported into
MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/) and com-
bined with Kyoto Encyclopedia of Genes and Genomes
PATHWAY Database (https://www.genome.jp/kegg/pathway.html)
to perform metabolic pathway matching analysis, facilitating the
rtate, and glutamate metabolism pathway. (A) Spatial distribution and

etabolism pathway in the treatment (50 min after dosing) and control

tamate metabolism pathways in brain tissue section acquired using

control and treatment groups (50 min) in different brain microregions.

d circle in the pie chart represents the conversion of log2 (1) equal to

(FC Z 1). The sector outside the red circle represents the fold change

er drug intervention in this microregion, while the sector inside the red

his metabolite with down-regulation after drug intervention in this

resents the degree of fold change. Outside the red circle, a larger radius

circle, a smaller radius of the sector represents more significant down-

ce in the microregion; the larger the rounding angle, the greater the

https://www.metaboanalyst.ca/
https://www.metaboanalyst.ca/
https://www.metaboanalyst.ca/
https://www.genome.jp/kegg/pathway.html


Figure 6 Temporo-spatial distribution of metabolites of the glycerophospholipid metabolism pathway. (A) Spatial distribution and changes of

metabolites involved in the glycerophospholipid metabolism pathway in the treatment (50 min after dosing) and control groups. (B) MS images of

metabolites of the glycerophospholipid metabolism pathway in brain tissue section acquired using AFADESI-MSI. Statistical analysis was

performed using Student’s t-test. *P < 0.05, **P < 0.01 and ***P < 0.001.
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discovery of altered metabolic pathways56. This analysis sug-
gested that multiple metabolic pathways were significantly dys-
regulated (Supporting Information Fig. S15 and Table S3). The
impact-value threshold calculated from the pathway topology
analysis was set to 0.10. Seven metabolic pathways significantly
perturbed between treatment and control groups were identified,
which included alanine, aspartate and glutamate metabolism, D-
glutamine and D-glutamate metabolism, taurine and hypotaurine
metabolism, starch and sucrose metabolism, glycerophospholipid
metabolism, arginine and proline metabolism, arginine biosyn-
thesis, purine metabolism, and citrate cycle (TCA cycle). To more
accurately explore the changes in metabolic levels associated with
the mechanism of action of OLZ, we focused on the abnormal
metabolic pathways of alanine, aspartate, glutamate, and glycer-
ophospholipid metabolism with parameters of large pathway
impact (PI) and small Raw P.
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3.4.1. Disturbance in alanine, aspartate, and glutamate
metabolism
Glu is synthesized from Gln by glutamine synthetase (GLS). Its
clearance can prevent neuronal excitotoxicity caused by excessive
activation of glutamate receptors57. Gln can generate Glu through
GLS and enter the tricarboxylic acid (TCA) cycle to provide en-
ergy for cell life activities58. An abnormal GlueGln cycle plays an
important role in the pathophysiological process of schizo-
phrenia59. The temporo-spatial distributions of metabolites of the
alanine, aspartate, and glutamate metabolism pathway are shown
in Fig. 5. The AUC change ratio of metabolites is shown in
Supporting Information Fig. S16. From the spatial distribution
maps along with drug intervention, it was observed that the pro-
portion of the key metabolites varied in different microregions of
the brain and their fold change after drug intervention showed
trends of up-regulation or down-regulation. Among them, citric
acid was evenly distributed in most of the microregions of the
brain; the level was significantly increased compared with those in
control. It is well known that citric acid is an intermediate of the
TCA cycle, which is the final metabolic pathway for the complete
oxidation of sugar, fat, and protein in the body and is the main
way for the body to obtain energy60,61. This result suggested that
the level of citric acid was up-regulated after drug intervention,
indicating that drug intervention accelerated the metabolism of
TCA cycle and provided more energy to the body. Glu was also
evenly distributed in various microregions, showing a down-
regulation after drug intervention. Its metabolism produced Gln
and GABA, which were up-regulated mainly in the HY and in
multiple microregions of the brain, respectively.

According to the above pathway analysis and the metabolic
glutamate decarboxylase (GAD) enzyme reaction, it could be
speculated that OLZ directly activated GAD to promote the syn-
thesis of GABA62. GABA increases the activity of hexokinase in
glycolysis, thereby accelerating the metabolism of glucose,
increasing the supply of blood and oxygen to the brain, and pro-
moting sleep63e65. The distribution of glucose in brain is pre-
sented in Supporting Information Fig. S17. The spatial distribution
shows that glucose is distributed in all microregions of the brain
but primarily in the OB and PC after administration. There was a
significant increase in glucose levels 20 min after administration.

3.4.2. Disturbance of the glycerophospholipid metabolism
pathway
Lipids have a variety of biological functions, including material
transportation, energy metabolism, information recognition and
transmission, cell development, differentiation, and apoptosis66.
Glycerophospholipids help to control liver lipidmetabolism, promote
memory, enhance immunity, and delay aging67. Lipids may partici-
pate in the regulation of schizophrenia by regulating the integrity of
the myelin sheath and neuronal function68. Lipid metabolism is
associated with brain cognitive function69. Several studies have
confirmed that independent phospholipase A2b (iPLA2b) is a novel
ferroptosis regulator, and the associatedmutationsmay be involved in
the pathological process of Parkinson’s disease, which is mainly
related to the insufficient repair of oxidized phospholipids70,71. The
temporo-spatial distribution of metabolites of the glycer-
ophospholipid metabolism pathway is shown in Fig. 6. The AUC
change ratio of metabolites is shown in Supporting Information
Fig. S18. The highest levels of phosphorylcholine were seen in the
CC and were significantly upregulated. PS (38:4) was significantly
downregulated in the CP and upregulated in the CM, MB, and MD.
Glycerophosphocholine showed an up-regulation in the CBC.
Upregulated PE (40:6) was observed in the CP. Phosphatidyletha-
nolamine was significantly downregulated in the CP, and the levels
were the highest in the CM. Glycerylphosphorylethanolamine
showed an upregulation in most microregions. The results of this
study showed that after the administration of OLZ, most of the lipids
showed an up-regulation in majority of the microregions. OLZ has
metabolic side effects in clinical applications, such as weight gain,
dyslipidemia, hypertriglyceridemia, and insulin resistance. These
experimental results proved that the upregulation of lipidmetabolism
may contribute to these side effects during treatment with OLZ, and
further confirmation is needed about the biological significance of
more lipid substances.

These results demonstrated that the temporo-spatial pharma-
cometabolomics method was effective in identifying the endoge-
nous molecular effectors associated with drug action. The data
revealed targeted and non-targeted metabolic alterations with
variation in their abundance while also illustrating their spatial
distribution information to show the precise location in the
microregions targeted by the drug. This method is, therefore,
significant in understanding the pharmacodynamics of CNS drugs.

4. Conclusions

We developed a temporo-spatial pharmacometabolomics method
to characterize the pharmacokinetics and pharmacodynamics of
CNS drugs in the brain using ambient MSI. Compared with
LC‒MS based pharmacometabolomics, AFADESI-MSI based
temporo-spatial pharmacometabolomics has the advantage of
detecting the static level changes of endogenous and exogenous
substances and providing dynamic time-dependency trends and
spatial distribution information in the different microregions of the
brain, accurately presenting in situ and microregional molecular
events. Therefore, correlation of pharmacokinetics and pharma-
codynamics with metabolic pathways at the level of systems
biology is conducive for obtaining critical information for deeper
understanding of the molecular mechanisms of drug action.

The temporo-spatial pharmacometabolomics method devel-
oped in this study was applied to evaluate the microregional effect
of OLZ on brain tissue and demonstrate its effectiveness in
characterizing the microregional pharmacokinetics and pharma-
codynamics of CNS drugs crossing the bloodebrain-barrier. This
method clearly presented the pharmacokinetics of the prototype
drug and its metabolite 2-hydroxymethyl OLZ in different
microregions of the rat brain. Moreover, the microregional phar-
macodynamics of OLZ was illustrated through mapping metabolic
pathways. It was found that some NTs, including GABA, aden-
osine, and histamine, displayed multiple metabolic pathways
related to drug intervention. Furthermore, the regulation of
aspartate, glutamate, and the glycerophospholipid metabolism
pathway could be associated with the therapeutic and adverse
effects observed with the clinical usage of OLZ, which provides
critical information for understanding the molecular mechanism
of its action.

In summary, the temporo-spatial pharmacometabolomics
method provided a comprehensive and effective tool for eluci-
dating the in situ pharmacokinetics and pharmacodynamics of
CNS drugs.
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