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Background: Emergence agitation (EA) is a conscious disturbance after general
anesthesia in adult patients that can lead to severe respiratory or circulatory
complications and serious physical injury to patients and caregivers. However, the
pathophysiological mechanisms underlying EA remain unclear. The present study aimed
to identify serum metabolites with significant alterations in EA patients after general
anesthesia and enable inferences on their associations with EA.

Methods: EA patients were identified by Richmond Agitation-Sedation Scale
(RASS) > + 2 among a cohort of adult patients who received elective surgery under
general anesthesia in Peking University Third Hospital between 01 June 2020 and 30
December 2020. We further selected sex-, age-, and surgery type-matched non-EA
control patients at a 1:1.5 ratio. Postoperative serum samples were collected from both
groups of patients. An untargeted metabolic method was used to identify differences in
serum metabolomic profiles between the EA patients and the non-EA patients.

Results: A total of 19 EA patients and 32 matched non-EA patients were included
in the study. After screening and mapping with a database, 12 metabolites showed
significant postoperative alterations in EA patients compared with non-EA patients,
and were mainly involved in lipid, fatty acid and amino acid metabolism pathways.
Receiver operating characteristic curve analyses indicated that vanillic acid, candoxatril,
tiglylglycine, 5-methoxysalicylic acid, decanoylcarnitine, and 24-epibrassinolide may be
involved in EA pathogenesis after general anesthesia.

Conclusion: In this study, we found differences in the serum levels of
vanillic acid, candoxatril, tiglylglycine, 5-methoxysalicylic acid, decanoylcarnitine, and
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24-epibrassinolide involved in fatty acid metabolism, lipid metabolism, and amino acid
metabolism pathways in EA patients compared with non-EA patients, which may
demonstrate an EA pathogenesis-associated molecular pattern and contribute toward
better understanding of EA occurrence.

Keywords:
decanoylcarnitine

INTRODUCTION

Emergence agitation (EA) is an acute complication after general
anesthesia characterized by restlessness, confusion, and possible
combative or violent actions that occur as manifestations of
conscious disturbance before patients totally come around and
may have several adverse consequences (1). The incidence of
EA can vary widely, depending on age, surgery type, anesthetic
drugs used, assessment tools, and research methods (2-5).
The reported incidence of EA is 4.7-22.2% in adults (6) and
10-80% in children (7). EA is a self-limited state with varying
duration that shows spontaneous remission after patients become
totally awake. The clinical manifestations of EA include physical
and mental symptoms, such as rough actions and violent or
agitated emotions. Although the symptoms are self-limited,
the accompanying tachycardia, hypertension, and violent body
movements, possibly with unintended extubation or accidental
removal of catheters or drains during agitation, can cause severe
respiratory or circulatory complications and serious physical
injury (8). Therefore, it is necessary to reduce the incidence of
EA and to recognize its occurrence in a timely manner to provide
relevant protections if necessary. Existing studies on EA have
mainly focused on pediatric patients, and there are few studies on
adult patients. The limited available data suggest that male sex,
smoking, urinary catheter, and postoperative pain are risk factors
for EA, while age, inhalational anesthesia, history of substance
misuse, and use of benzodiazepines during surgery are possible
risk factors for EA (8). However, the pathogenesis of adult EA
remains unclear, and clarification of its underlying mechanisms
will be of benefit for the management of these patients.
Metabolomics is defined as a comprehensive analysis that can
detect small molecular metabolites in biological samples under
specific conditions with high sensitivity and good reproducibility.
It is widely used to examine metabolites in studies that
aim to identify biomarkers and provide possible molecular
mechanisms for particular diseases, such as cancers, diabetes,
neurodegenerative diseases, and perioperative neurocognitive
disorders (9-13). Nevertheless, few studies have employed
metabolomics analyses to examine EA in adult patients after
general anesthesia. We had previously performed a metabolomic
study to explore the correlation between the preoperative
serum level of metabolites and postoperative EA (14). Several
altered metabolites in serum before surgery may have predictive
value for EA diagnosis. In this series study, we applied
metabolomics methods based on liquid-phase chromatography-
mass spectrometry (LC-MS) to determine the differences in
postoperative serum metabolites between EA and non-EA
patients, with the aim of identifying serum biomarkers associated

emergence agitation,

serum-matched metabolomics, general anesthesia, pathogenesis,

with EA occurrence and clarifying the possible pathogenesis of
EA after general anesthesia.

MATERIALS AND METHODS

Ethics Approval and Clinical Registration
This retrospective nested case-control study was approved by
the Peking University Third Hospital Medical Science Research
Ethics Committee (Approval No. 2020-189-02) and registered
at the Chinese Clinical Trial Registry (ChiCTR2000033911).
All patients provided informed consent for the collection and
analysis of their clinical data and serum samples.

Study Population

The study was conducted at Peking University Third Hospital
between 01 June 2020 and 30 December 2020. Eligible patients
were > 18 years of age, had American Society of Anesthesiologists
(ASA) physical class of I-III, received elective surgery under
general anesthesia with radial artery catheterized pre-anesthesia
for constant monitoring of arterial blood pressure, and were
transferred to the postanesthesia care unit (PACU) after surgery,
which shared the same population as previously described (14).
A total of 6,476 patients were admitted to the PACU with
radial artery catheterization during the study period, of whom
24 patients developed EA evaluated by Richmond Agitation-
Sedation Scale (RASS) > + 2. An individual-matching approach
was then used to identify sex-, age-, and surgery type-matched
control patients in a 1:1.5 ratio among the 6,452 patients who
did not develop EA, and 36 patients were selected as the non-
EA group. Patients were excluded if they: (1) had unplanned
transfer to the ICU; (2) refused to participate; and (3) had invalid
postoperative blood samples. Finally, 19 EA patients and 32
matched non-EA patients with valid postoperative blood samples
were used for the analysis. The selection process is shown in
Figure 1.

Emergence Agitation Evaluation and

Treatment

Patients were transferred to the PACU after surgery and assessed
by a specified nurse anesthetist who was well-trained in use
of the RAAS (Table 1) and identification of EA. Patients were
diagnosed with EA if they had RASS > + 2 (15, 16). All EA
patients received appropriate treatment after being diagnosed.
Specifically, if patients were recognized to have respiratory
obstruction, hypoxia, or unstable hemodynamics, they were
given relevant treatment as soon as possible. Activity was

Frontiers in Medicine | www.frontiersin.org

March 2022 | Volume 9 | Article 828867


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles

Mi et al.

Metabolomics in Emergence Agitation

6476 Screend
6476 cases admitted to PACU with radial artery catheterization

6452 patients
did not developed EA

\4

24 patients developed EA

A4
| 36 matched non-EA patients |

_| -1 Unplanned transfer to ICU
| -2 Refused to participate

—>| -1 Refused to participate |

\ 4
21 EA patients

\ 4
| 35 non-EA patients |

\ 4

-2 No valid postoperative blood sample

-3 No valid postoperative blood sample |«

A 4

Y

19 EA patients
with valid postoperative blood sample

32 non-EA patients
with valid postoperative blood sample

FIGURE 1 | Flow chart of the research design. 6,476 patients were screened for emergency agitation, and 24 patients developed EA. 36 non-EA patients were
matched with a ratio of 1:1.5 according to gender, age, BSA, and surgery types. Finally, 19 valid preoperative blood samples in the EA group and 32 valid
preoperative blood samples in the non-EA group were collected for further analyses.

limited to prevent accidental injury or falling from the bed.
Patients with slight agitation were called by their name to
help them come around, asked if they felt uncomfortable, and
given corresponding treatment or verbal consolation. Patients
with severe agitation were administered low-dose propofol
or sufentanil for rapid sedation and repeat treatment was
permissible if necessary until their agitation ceased. All EA
patients were returned to the ward after they became fully awake
and were assessed to meet the discharge criteria.

Clinical Characteristics Collection

The general clinical characteristics of the eligible patients (age,
sex, height, weight, diagnosis, complications, surgery type,
ASA physical class, preanesthetic medication, surgery duration,
anesthesia duration, bleeding volume, blood transfusion,
analgesic strategy, PACU residence duration) were collected
from their medical records.

Sample Collection

All patients underwent radial artery catheter placement under
local anesthesia with 2% lidocaine before general anesthesia was
conducted. For the EA patients, 2-mL arterial blood samples were
collected during agitation. For the non-EA patients, 2-mL arterial
blood samples were collected after they became totally awake
and before they returned to the ward. All blood samples were
centrifuged at 3,000 rpm (1,000 X g) for 10 min at 4°C to prepare

TABLE 1 | Richmond agitation and sedation scale (RAAS).

Score Term Description

+4 Combative Overtly combative or violent; immediate danger
to staff

+3 Very agitated Pulls on or removes tube(s) or catheter(s) or has
aggressive behavior

+2 Agitated Frequent non-purposeful movement or
patient-ventilator dyssynchrony

+1 Restless Anxious or apprehensive but movements not
aggressive or vigorous

0 Alert and calm

-1 Drowsy Not fully alert, but has sustained (> 10 s)
awakening

-2 Light sedation Briefly (<10 s) awakens with eye contact to
voice

-3 Moderate sedation Any movement (but no eye contact) to voice

-4 Deep sedation No response to voice, but any movement to
physical stimulation

-5 Unarousable No response to voice or physical stimulation

serum samples according to the instructions. The serum samples
were labeled and stored at —-80°C until further analysis.

Metabolites Extraction
Based on previous studies (17, 18), a 100-uL aliquot of each
serum sample was added to 400 L of extract solution (methanol
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TABLE 2 | Patients characteristics and surgery types of the EA
and Non-EA groups.

Characteristic EA group (n = 19) Non-EA group (n = 32) P-value
RASS scores + 3 (+2, +4) 0(0,0) <0.001
Age (yr) 64.2 £16.8 60.3 £10.3 0.293
Male/Female 15/4 24/8 0.748
BMI (kg/m?) 241 4+2.9 240+ 4.5 0.899
Surgery type 0.179
General 5 11

Neurosurgical 4 1

Thoracic 3 8

Gynecologic 0 4

Orthopedic 4 5

Urologic 3 3

RASS, Richmond Agitation Sedation Scale; BMI, Body Mass Index.

and acetonitrile mixture at a volume ratio of 1:1) containing an
isotopically labeled internal standard substance. The mixtures
were then vortexed for 30 s, sonicated for 10 min in an ice-
water bath, and incubated for 1 h at —-40°C to precipitate the
proteins. After centrifugation at 12,000 rpm for 15 min at 4°C,
equal aliquots of all supernatants were mixed to prepare a quality
control sample for the analysis.

Metabolic Profiling Analysis

MA, United States) with a UPLC BEH Amide column
(21 mm x 100 mm x 1.7 pm) coupled with a QExactive
HFX mass spectrometer (Orbitrap MS; Thermo Scientific)
(19). The mobile phase consisted of phase A (aqueous phase;
mixture of 25 mmol/L ammonium acetate and 25 mmol/L
ammonia hydroxide with pH 9.75) and phase B (acetonitrile).
The elution gradient procedure was as follows: 0-0.5 min, 95%
B; 0.5-7.0 min, 95-65% B; 7.0-8.0 min, 65-40% B; 8.0-9.0 min,
40% B; 9.0-9.1 min, 40-95% B; 9.1-12.0 min, 95% B. The
flow velocity of the mobile phase was set at 0.5 mL/min. The
column temperature was 30°C. The auto-sampler temperature
was 4°C, and the injection volume was 3 pL. The QExactive
HFX mass spectrometer was used to acquire MS/MS spectra
in the information-dependent acquisition (IDA) mode and to
continuously evaluate the full-scan MS spectrum under control
of the acquisition software (Xcalibur; Thermo Fisher Scientific).
The ESI source conditions were as follows: sheath gas flow rate,
50 Arb; Aux gas flow rate, 10 Arb; capillary temperature, 320°C;
full MS resolution, 60,000; MS/MS resolution, 7,500; collision
energy, 10/30/60 in NCE mode; spray voltage, 3.5 kV (positive)
or -3.2 kV (negative). The raw data from the LC-MS/MS analysis
were converted to the mzXML format using ProteoWizard
software.! Next, an R program (R Foundation for Statistical
Computing, Vienna, Austria) based on XCMS was used for peak
detection, extraction, alignment, and integration. Finally, an
in-house MS2 database named BiotreeDB (v2.1) was applied

LC-MS/MS  analysis was performed using a UHPLC
system (Vanquish; Thermo Fisher Scientific, Waltham, !http:/proteowizard.sourceforge.net/
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FIGURE 2 | Multivariable analysis and selection of discriminant variables with both positive and negative ion modes between the EA group and the non-EA group.
(A,C) Revealed the OPLS-DA score plots with further permutation tests (B) in the positive mode and (D) in the negative mode] between the two groups.
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were marked as red and blue, respectively.

FIGURE 3 | Volcano plots of differential features of metabolites between the EA group and the non-EA group. 428 features in the negative mode (A) and 363
features in the positive mode (B) were selected using the criteria of VIP > 1 and p < 0.05. As shown in the volcano plots, the increased and decreased features

I
log: Fold Change

TABLE 3 | Differentially expressed metabolites in the serum of EA and non-EA patients under general anesthesia.

Metabolites ESI* Super class VIP FC P-value Trend
Dibutyl phthalate - Benzenoids 1.50 8.10 0.001 Up
5-Methoxysalicylic acid - Benzenoids 2.17 5.31 0.025 Up
Vanillic acid - Benzenoids 2.58 3.57 0.002 Up
Tiglylglycine - Organic acids and derivatives 2.67 2.31 0.017 Up
Perfluorooctanesulfonic acid - Organohalogen compounds 1.78 2.21 0.008 Up
24-Epibrassinolide - Lipids and lipid-like molecules 2.14 2.00 0.004 up
Gamma-Linolenic acid - Lipids and lipid-like molecules 1.74 0.48 0.028 Down
Phenylbutazone - Benzenoids 2.50 0.27 0.001 Down
L-alpha-Aspartyl-L-hydroxyproline + Organic acids and derivatives 2.16 2.16 0.020 Up
Decanoylcarnitine + Lipids and lipid-like molecules 2.57 214 0.015 Up
Taurochenodeoxycholate-7-sulfate + Lipids and lipid-like molecules 2.06 0.50 0.028 Up
Candoxatril + Benzenoids 2.78 0.13 0.001 Up

ESI, electrospray ionization; VIR, variable importance in the projection; FC, fold change.

for metabolite annotation, with the cutoff for annotation set
at 0.3 (20).

Statistical Analysis

The data were presented as mean =+ standard deviation (SD),
proportion, and frequency. The Kolmogorov-Smirnov method
was used to test the normality of the variables. Continuous
variables with a normal distribution and skewed distribution
were presented as mean =+ SD and interquartile range,
respectively. Categorical variables were expressed as frequency
and proportion. Normally distributed categorical variables were
analyzed using a two-independent-sample ¢-test and skewedly
distributed categorical variables were analyzed using the Mann-
Whitney U-test. The chi-square test was used to analyze
categorical variables. SPSS software (v27.0; IBM Corp., Armonk,
NY, United States) was used for these data analyses.

SIMCA-P software (v15.0.2; Sartorius Stedim Data Analytics
AB, Umea, Sweden) was used for analyses of the multivariate data
for the serum metabolites. An orthogonal partial least-squares
discriminant analysis (OPLS-DA) model was used to evaluate the
differences between the two groups. A permutation test was used

to verify the overfitting of the model and two parameters were
determined to reveal the quality of the model. Specifically, R2
and Q2 indicated the interpretation rate and predictive ability
of the model, respectively. Metabolites with variable importance
in projection (VIP) > 1 and p < 0.05 (Student’s ¢-test) were
considered to show significant changes. Commercial databases,
including KEGG* and MetaboAnalyst,> were used for pathway
enrichment analysis.

RESULTS

Demographic and Clinical
Characteristics of the Emergence
Agitation and Non-emergence Agitation

Patients
A total of 52 patients were included in the study. Nineteen
serum samples were collected from patients who developed EA

Zhttp://www.genome.jp/keg
3http://www.metaboanalyst.ca/
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and 32 matched serum samples were collected from patients
without EA. There were no significant differences in age, sex,
body mass index, ASA physical class, anesthesia duration,
surgery duration, and surgery type between the EA and non-EA
groups (Table 2).

Distinct Clustering of Metabolites in the
Emergence Agitation Group vs. the

Non-emergence Agitation Group

We utilized LC-MS/MS analysis to explore the serum metabolites
that differed between the EA and non-EA patients. OPLS-DA
score plots showed clear and distinctive clusters in the serum
samples from the two groups in both the negative and positive
ion modes (Figures 2A,C), indicating that metabolic differences
existed between the groups. In the permutation analysis,
permuted R2Y was 0.84 in the negative ion mode and 0.79
in the positive ion mode, while permuted Q2 was -0.71 in

the negative ion mode and -0.66 in the positive ion mode
(Figures 2B,D), indicating that the model fitting and prediction
were valid.

Differentially Expressed Metabolites
Between the Emergence Agitation Group

and the Non-emergence Agitation Group
Based on the VIP values of the metabolites in the OPLS-
DA model and the t-test for discrimination (VIP > 1 and
p < 0.05), we screened 428 metabolites in the negative mode
and 363 metabolites in the positive mode that were differentially
expressed between the EA group and the non-EA group. The
between-group differences in the metabolites in the negative and
positive ion modes were plotted as volcano maps (Figures 3A,B),
in which red dots represented up-regulated metabolites and blue
dots represented down-regulated metabolites. The sizes of the
dots represented their VIP values.
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A total of 74 differentially expressed metabolites were
identified in the serum samples from the EA and non-EA groups
(Supplementary Table 1). Specifically, 61 metabolites (24 in the
positive mode and 37 in the negative mode) were up-regulated
and 13 metabolites (8 in the positive mode and 5 in the negative
mode) were down-regulated in the EA group compared with
the non-EA group.

After peak alignment with the MS database and screening,
a total of 12 metabolites were identified to be differentially
expressed between the EA and non-EA groups (Table 3).
The 12 metabolites belonged to the benzenoids (5), lipids
and lipid-like molecules (4), organic acids and derivatives
(2), and organohalogen compounds (1). The differentially
expressed metabolites were mainly involved in fatty acid
metabolism, lipid metabolism, and amino acid metabolism
pathways according to the KEGG and MetaboAnalyst databases.
The pathway enrichment of the 12 significantly altered

metabolites was further analyzed and 10 KEGG pathways
were identified, of which the metabolic pathways are shown
in Figure 4.

Evaluation of Potential Biomarkers
Related to Emergence Agitation in

Serum

After correlation analyses (Figure 5), decanoylcarnitine,
tiglylglycine, and vanillic acid were found to be closely related
to other metabolites. The metabolites screened in Table 3
were examined by receiver operating characteristic (ROC)
curve analyses and the six metabolites with the highest area
under the curve (AUC) values were vanillic acid, candoxatril,
tiglylglycine, 5-methoxysalicylic acid, decanoylcarnitine, and
24-epibrassinolide (Figure 6). Among them, vanillic acid,
candoxatril, and tiglylglycine had AUC values of > 0.8,
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FIGURE 6 | ROC analyses of selected differential metabolites in EA.

suggesting that these metabolites play important roles in the
mechanism of EA after general anesthesia.

DISCUSSION

EA can lead to clinically significant consequences. However,
its mechanisms remain unclear. It has been hypothesized that
age, male sex, surgery type, long surgery duration, perioperative
medications, postoperative pain, and presence of invasive
monitors may contribute to EA (21). The underlying mechanisms
for EA may be associated with various internal (e.g., nervous
tension, anxiety) or external (e.g., surgical pain) stimuli that
activate the underblunted sympathetic activity as consciousness
gradually returns (1). However, a deeper understanding of the
pivotal signaling molecules in EA remains in its infancy. The
focus of the present study was to identify serum metabolite
profiles associated with EA and to explore the mechanisms for
EA pathogenesis and development.

LC-MS has obvious advantages for repeatability, sensitivity,
and metabolite coverage, and has become the most commonly
used method for high-throughput metabolic analyses (17,
22). Therefore, in the present study, we employed LC-
MS to determine the different metabolite patterns in serum
samples from EA patients and non-EA patients, with the aim
of identifying differentially expressed serological metabolites
associated with EA and further exploring EA pathogenesis.

We identified a total of 12 metabolites that were differentially
expressed between the EA and non-EA groups with AUC values
of > 0.7 in the ROC analyses, and were mainly involved
in fatty acid metabolism, lipid metabolism, and amino acid
metabolism pathways. These altered metabolites suggest that
perturbed metabolic processes may underlie the pathology of EA,
but may also contribute to prevention of EA and reduction of
perioperative complications.

Decanoylcarnitine  belongs to  the  medium-chain
acylcarnitines that play important roles in long-chain fatty
acid metabolism by serving as carriers that transport activated
long-chain fatty acids into mitochondria and transport
coenzyme-A across the inner mitochondrial membrane for
B-oxidation to provide energy for cellular functions (23-25).
Besides fatty acid metabolism, acylcarnitines are also thought
to be involved in other essential physiological processes such
as cholinergic transmission because of their comparable
chemical structures to acetylcholine (26). In the present
study, we found that decanoylcarnitine was increased in the
serum samples from EA patients, indicating that fatty acid
metabolism pathways involved with energy bioenergetics
and cholinergic pathways participate in the mechanism
of EA. Previous metabolomics analyses on patients with
Alzheimer’s disease and schizophrenia also found changes
in acylcarnitines in their serum and brain samples (23, 27-
29). Because acylcarnitines can be transported through the
blood-brain barrier (26), it is supposed that changes in the serum
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decanoylcarnitine level could be responsible for the neurological
symptoms of EA.

Tiglylglycine is a byproduct of the isoleucine degradation
pathway. During the degradation of isoleucine, tiglylglycine
is formed by the mitochondrial complex-1 enzyme. Another
degradation product of isoleucine is acetyl-CoA, a branched-
chain amino acid that ultimately feeds into the tricarboxylic
acid cycle, suggesting the probable of TCA and glycolysis
pathway involving in the mechanism of EA (30, 31). In
the present study, we newly found that tiglylglycine was
increased in the serum of EA patients during agitation, which
has rarely been found in neurological diseases before. The
observed increase is indicative of complex-1 dysfunction because
isoleucine is not fully broken down to acetyl-CoA and instead
converted to tiglylglycine (32). The increase in tiglylglycine
revealed in this study highlights a potential mechanism for EA
involving mitochondrial dysfunction and energy metabolism-
related pathways.

Vanillic acid is a benzoic acid derivative, and can be converted
from vanillylmandelic acid or homovanillic acid associated with
the catecholamine pathway. Vanillic acid was reported to have
antioxidant, anti-inflammatory, and neuroprotective effects in
rodent brains (33, 34). Although the specific mechanism for how
vanillic acid becomes increased in the serum of EA patients
was not explored in the present study, a previous metabolomics
analysis similarly found that the serum concentration of vanillic
acid could be used to discriminate between patients with
Parkinson’s disease and control patients (35). The possibility that
occurrence of EA may be associated with preoperative existing
Parkinson’s disease needs further research.

Candoxatril, a neutral endopeptidase inhibitor, is often used to
treat cardiovascular diseases because it exerts a blood pressure-
lowering effect. A study found that candoxatril was related
to decreased plasma triglyceride and insulin levels, indicating
that candoxatril was involved in some metabolic dysfunction
(36). The present study found that candoxatril was increased in
the serum of EA patients, suggesting that low blood pressure
during surgery and triglyceride-related metabolic dysfunction
may be relevant to EA.

The differentially expressed metabolites between EA and
non-EA patients identified in the present study participate
in fatty acid metabolism, lipid metabolism, and amino
acid metabolism pathways, indicating that complicated
molecular mechanisms underlie EA, including cholinergic
system dysfunction, mitochondrial abnormality, and energy
metabolic dysfunction, as well as probable oxidative stress and
neuroinflammatory mechanisms. The identified metabolites were
also found to be differentially expressed in neurodegenerative
diseases such as Parkinson’s disease, dementia, cognitive decline,
and mental disorders including schizophrenia and depression
(37), as mentioned above, suggesting that similar metabolic
patterns exist among these diseases and EA. The possibility that
preoperative existing clinical or subclinical neurodegenerative
diseases and mental disorders may be associated with EA
occurrence remains to be investigated.

Although this study identified differentially expressed
metabolites in EA patients and predicted their possible roles

in EA, there are also some limitations. First, the sample size
was not sufficiently large because of the low incidence rate
of EA in adults. A larger sample size should be investigated
to consolidate the conclusions reached in the present
study. Second, additional verification and functional studies
should be performed after the untargeted metabolomics
analyses, and the potential mechanism of EA should be
further elucidated.

CONCLUSION

In conclusion, we performed a nested case-control study
using a metabolomics method based on LC-MS/MS to
reveal the metabolite differences in EA and established a
different postoperative serum metabolite pattern in EA patients
compared with non-EA patients. Specifically, we found different
serum levels of vanillic acid, candoxatril, tiglylglycine, 5-
methoxysalicylic acid, decanoylcarnitine, and 24-epibrassinolide
involved in fatty acid metabolism, lipid metabolism, and
amino acid metabolism pathways, suggesting that cholinergic
system dysfunction, mitochondrial abnormality, and energy
metabolic dysfunction, as well as probable oxidative stress
and neuroinflammatory mechanisms, may play a part in EA
pathogenesis. Analyses of ROC curves for several metabolites
were employed to further evaluate their importance and
reliability in EA pathogenesis. Verification of the molecular
biology and metabolic function of the altered metabolites should
be undertaken in future studies to deepen the understanding
of how EA occurs.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found below: Metabolights,
MTBLS4227.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Peking University Third Hospital Medical
Science Research Ethics Committee (Approval No. 2020-189-
02). The patients/participants provided their written informed
consent to participate in this study.

AUTHOR CONTRIBUTIONS

DH and YuL: conceptualization and writing—review
and editing. XM and JH: data curation. ZL, TL, QW,
JZ, and YiL: investigation. XW and YY: methodology.
YZ and XG: project administration. NY and YH:
resources. DH: supervision. XM: writing—original draft.
All authors contributed to the article and approved the
submitted version.

Frontiers in Medicine | www.frontiersin.org

March 2022 | Volume 9 | Article 828867


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles

Mi et al.

Metabolomics in Emergence Agitation

FUNDING

This work was financially supported in part by the National

Natural Science Foundation of China (Nos.

81971012,

81901095, and 82071189).

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

Tolly B, Waly A, Peterson G, Erbes CR, Prielipp RC, Apostolidou I. Adult
emergence agitation: a veteran-focused narrative review. Anesth Analg. (2021)
132:353-64. doi: 10.1213/ane.0000000000005211

. Yu D, Chai W, Sun X, Yao L. Emergence agitation in adults: risk factors

in 2,000 patients. Can J Anaesth. (2010) 57:843-8. doi: 10.1007/s12630-010-
9338-9

. Choi GJ, Baek CW, Kang H, Park YH, Yang SY, Shin HY, et al. Emergence

agitation after orthognathic surgery: a randomised controlled comparison
between sevoflurane and desflurane. Acta Anaesthesiol Scand. (2015) 59:224—
31. doi: 10.1111/aas.12435

. Fields A, Huang J, Schroeder D, Sprung J, Weingarten T. Agitation in adults

in the post-anaesthesia care unit after general anaesthesia. Br ] Anaesth. (2018)
121:1052-8. doi: 10.1016/j.bja.2018.07.017

. Lee §J, Sung TY, Cho CK. Comparison of emergence agitation between

succinylcholine and rocuronium-sugammadex in adults following
closed reduction of a nasal bone fracture: a prospective randomized
controlled trial. BMC Anesthesiol. (2019) 19:228. doi: 10.1186/s12871-019-
0907-3

. Munk L, Andersen G, Moller AM. Post-anaesthetic emergence delirium

in adults: incidence, predictors and consequences. Acta Anaesthesiol Scand.
(2016) 60:1059-66. doi: 10.1111/aas.12717

. Moore AD, Anghelescu DL. Emergence delirium in pediatric anesthesia.

Paediatr Drugs. (2017) 19:11-20. doi: 10.1007/s40272-016-0201-5

. Wei B, Feng Y, Chen W, Ren D, Xiao D, Chen B. Risk factors for

emergence agitation in adults after general anesthesia: a systematic review and
meta-analysis. Acta Anaesthesiol Scand. (2021) 65:719-29. doi: 10.1111/aas.
13774

. Gowda GA, Zhang S, Gu H, Asiago V, Shanaiah N, Raftery D. Metabolomics-

based methods for early disease diagnostics. Expert Rev Mol Diagn. (2008)
8:617-33. doi: 10.1586/14737159.8.5.617

Wang D-C, Sun C-H, Liu L-Y, Sun X-H, Jin X-W, Song W-L, et al. Serum
fatty acid profiles using GC-MS and multivariate statistical analysis: potential
biomarkers of Alzheimer’s disease. Neurobiol Aging. (2012) 33:1057-66. doi:
10.1016/j.neurobiolaging.2010.09.013

Huang J-H, Xie H-L, Yan ], Cao D-S, Lu H-M, Xu Q-S, et al. Interpretation
of type 2 diabetes mellitus relevant GC-MS metabolomics fingerprints by
using random forests. Anal Methods. (2013) 5:4883-9. doi: 10.1039/C3AY
40379C

Han Y, Chen W, Song Y, Yuan Y, Li Z, Zhou Y, et al. Proteomic analysis
of preoperative CSF reveals risk biomarkers of postoperative delirium. Front
Psychiatry. (2020) 11:170. doi: 10.3389/fpsyt.2020.00170

Lv J, Wang J, Shen X, Liu J, Zhao D, Wei M, et al. A serum metabolomics
analysis reveals a panel of screening metabolic biomarkers for esophageal
squamous cell carcinoma. Clin Transl Med. (2021) 11:e419. doi: 10.1002/ctm2.
419

Wang Q, Zhou J, Liu T, Yang N, Mi X, Han D, et al. Predictive value of
preoperative profiling of serum metabolites for emergence agitation after
general anesthesia in adult patients. Front Mol Biosci. (2021) 8:739227. doi:
10.3389/fmolb.2021.739227

Card E, Pandharipande P, Tomes C, Lee C, Wood ], Nelson D, et al.
Emergence from general anaesthesia and evolution of delirium signs in the
post-anaesthesia care unit. Br | Anaesth. (2015) 115:411-7. doi: 10.1093/bja/
aeud42

Read MD, Maani CV, Blackwell S. Dexmedetomidine as a rescue therapy for
emergence delirium in adults: a case series. A A Case Rep. (2017) 9:20-3.
doi: 10.1213/xaa.0000000000000510

Want EJ. LC-MS untargeted analysis. Methods Mol Biol. (2018) 1738:99-116.
doi: 10.1007/978-1-4939-7643-0_7

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found

online at:

https://www.frontiersin.org/articles/10.3389/fmed.

2022.828867/full#supplementary- material

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Zhang S, Lu X, Hu C, Li Y, Yang H, Yan H, et al. Serum metabolomics
for biomarker screening of esophageal squamous cell carcinoma
and esophageal squamous dysplasia using gas chromatography-mass
spectrometry. ACS Omega. (2020) 5:26402-12. doi: 10.1021/acsomega.0c
02600

Dunn WB, Broadhurst D, Begley P, Zelena E, Francis-McIntyre S, Anderson
N, et al. Procedures for large-scale metabolic profiling of serum and
plasma using gas chromatography and liquid chromatography coupled to
mass spectrometry. Nat Protoc. (2011) 6:1060-83. doi: 10.1038/nprot.20
11.335

Smith CA, Want EJ, O’Maille G, Abagyan R, Siuzdak G. XCMS: processing
mass spectrometry data for metabolite profiling using nonlinear peak
alignment, matching, and identification. Anal Chem. (2006) 78:779-87. doi:
10.1021/ac051437y

Lee SJ, Sung TY. Emergence agitation: current knowledge and unresolved
questions. Korean ] Anesthesiol. (2020) 73:471-85. doi: 10.4097/kja.20097

Lin CN, Huang CC, Huang KL, Lin KJ, Yen TC, Kuo HC. A metabolomic
approach to identifying biomarkers in blood of Alzheimer’s disease. Ann Clin
Transl Neurol. (2019) 6:537-45. doi: 10.1002/acn3.726

Ciavardelli D, Piras F, Consalvo A, Rossi C, Zucchelli M, Di Ilio C, et al.
Medium-chain plasma acylcarnitines, ketone levels, cognition, and gray matter
volumes in healthy elderly, mildly cognitively impaired, or Alzheimer’s disease
subjects. Neurobiol Aging. (2016) 43:1-12. doi: 10.1016/j.neurobiolaging.2016.
03.005

Longo N, Frigeni M, Pasquali M. Carnitine transport and fatty acid oxidation.
Biochimic Biophys Acta. (2016) 1863:2422-35. doi: 10.1016/j.bbamcr.2016.01.
023

Huo Z, Yu L, Yang ], Zhu Y, Bennett DA, Zhao J. Brain and blood metabolome
for Alzheimer’s dementia: findings from a targeted metabolomics analysis.
Neurobiol Aging. (2020) 86:123-33. doi: 10.1016/j.neurobiolaging.2019.
10.014

Jones LL, McDonald DA, Borum PR. Acylcarnitines: role in brain. Prog Lipid
Res. (2010) 49:61-75. doi: 10.1016/j.plipres.2009.08.004
Gonzélez-Dominguez R, Garcia A, Garcia-Barrera T, Barbas C, Gémez-
Ariza JL. Metabolomic profiling of serum in the progression of Alzheimer’s
disease by capillary electrophoresis-mass spectrometry. Electrophoresis. (2014)
35:3321-30. doi: 10.1002/elps.201400196

Cristofano A, Sapere N, La Marca G, Angiolillo A, Vitale M, Corbi G,
et al. Serum levels of acyl-carnitines along the continuum from normal to
Alzheimer’s dementia. PLoS One. (2016) 11:¢0155694. doi: 10.1371/journal.
pone.0155694

Cao B, Wang D, Pan Z, Brietzke E, McIntyre RS, Musial N, et al. Characterizing
acyl-carnitine biosignatures for schizophrenia: a longitudinal pre- and post-
treatment study. Transl Psychiatry. (2019) 9):19. doi: 10.1038/s41398-018-
0353-x

Shaw W. Elevated urinary glyphosate and Clostridia metabolites with altered
dopamine metabolism in triplets with autistic spectrum disorder or suspected
seizure disorder: a case study. Integr Med (Encinitas). (2017) 16:50-7.
Semeraro M, Boenzi S, Carrozzo R, Diodato D, Martinelli D, Olivieri G, et al.
The urinary organic acids profile in single large-scale mitochondrial DNA
deletion disorders. Clin Chim Acta. (2018) 481:156-60. doi: 10.1016/j.cca.2018.
03.002

Goudarzi M, Weber W, Mak TD, Chung ], Doyle-Eisele M, Melo D, et al.
Development of urinary biomarkers for internal exposure by cesium-137 using
a metabolomics approach in mice. Radiat Res. (2014) 181:54-64. doi: 10.1667/
rr13479.1

Ullah R, Ikram M, Park TJ, Ahmad R, Saeed K, Alam SI, et al. Vanillic acid,
a bioactive phenolic compound, counteracts LPS-induced neurotoxicity by
regulating c-jun N-terminal kinase in mouse brain. Int ] Mol Sci. (2020) 22:361.
doi: 10.3390/ijms22010361

Frontiers in Medicine | www.frontiersin.org

March 2022 | Volume 9 | Article 828867


https://www.frontiersin.org/articles/10.3389/fmed.2022.828867/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2022.828867/full#supplementary-material
https://doi.org/10.1213/ane.0000000000005211
https://doi.org/10.1007/s12630-010-9338-9
https://doi.org/10.1007/s12630-010-9338-9
https://doi.org/10.1111/aas.12435
https://doi.org/10.1016/j.bja.2018.07.017
https://doi.org/10.1186/s12871-019-0907-3
https://doi.org/10.1186/s12871-019-0907-3
https://doi.org/10.1111/aas.12717
https://doi.org/10.1007/s40272-016-0201-5
https://doi.org/10.1111/aas.13774
https://doi.org/10.1111/aas.13774
https://doi.org/10.1586/14737159.8.5.617
https://doi.org/10.1016/j.neurobiolaging.2010.09.013
https://doi.org/10.1016/j.neurobiolaging.2010.09.013
https://doi.org/10.1039/C3AY40379C
https://doi.org/10.1039/C3AY40379C
https://doi.org/10.3389/fpsyt.2020.00170
https://doi.org/10.1002/ctm2.419
https://doi.org/10.1002/ctm2.419
https://doi.org/10.3389/fmolb.2021.739227
https://doi.org/10.3389/fmolb.2021.739227
https://doi.org/10.1093/bja/aeu442
https://doi.org/10.1093/bja/aeu442
https://doi.org/10.1213/xaa.0000000000000510
https://doi.org/10.1007/978-1-4939-7643-0_7
https://doi.org/10.1021/acsomega.0c02600
https://doi.org/10.1021/acsomega.0c02600
https://doi.org/10.1038/nprot.2011.335
https://doi.org/10.1038/nprot.2011.335
https://doi.org/10.1021/ac051437y
https://doi.org/10.1021/ac051437y
https://doi.org/10.4097/kja.20097
https://doi.org/10.1002/acn3.726
https://doi.org/10.1016/j.neurobiolaging.2016.03.005
https://doi.org/10.1016/j.neurobiolaging.2016.03.005
https://doi.org/10.1016/j.bbamcr.2016.01.023
https://doi.org/10.1016/j.bbamcr.2016.01.023
https://doi.org/10.1016/j.neurobiolaging.2019.10.014
https://doi.org/10.1016/j.neurobiolaging.2019.10.014
https://doi.org/10.1016/j.plipres.2009.08.004
https://doi.org/10.1002/elps.201400196
https://doi.org/10.1371/journal.pone.0155694
https://doi.org/10.1371/journal.pone.0155694
https://doi.org/10.1038/s41398-018-0353-x
https://doi.org/10.1038/s41398-018-0353-x
https://doi.org/10.1016/j.cca.2018.03.002
https://doi.org/10.1016/j.cca.2018.03.002
https://doi.org/10.1667/rr13479.1
https://doi.org/10.1667/rr13479.1
https://doi.org/10.3390/ijms22010361
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles

Mi et al.

Metabolomics in Emergence Agitation

34.

35.

36.

37.

Ahmadi N, Safari S, Mirazi N, Karimi SA, Komaki A. Effects of vanillic acid on
AB(1-40)-induced oxidative stress and learning and memory deficit in male
rats. Brain Res Bull. (2021) 170:264-73. doi: 10.1016/j.brainresbull.2021.02.
024

Han W, Sapkota S, Camicioli R, Dixon RA, Li L. Profiling novel
metabolic  biomarkers for  Parkinson’s disease using in-depth
metabolomic analysis. Mov Disord. (2017) 32:1720-8. doi: 10.1002/mds.
27173

Eizenberg Y, Grossman E, Peleg E, Shabtai Z, Sharabi Y. Neutral endopeptidase
inhibitor versus angiotensin converting enzyme inhibitor in a rat model of the
metabolic syndrome. ] Am Soc Hypertens. (2014) 8:227-31. doi: 10.1016/j.jash.
2014.01.006

Zacharias H, Hertel ], Johar H, Pietzner M, Lukaschek K, Atasoy S,
et al. A metabolome-wide association study in the general population
reveals decreased levels of serum laurylcarnitine in people with
depression. Mol Psychiatry. (2021) 26:7372-83. doi: 10.1038/s41380-021-
01176-0

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Mi, Hong, Li, Liu, Wang, Zhou, Li, Wang, Yuan, Yang, Han,
Zhou, Guo, Li and Han. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org

11

March 2022 | Volume 9 | Article 828867


https://doi.org/10.1016/j.brainresbull.2021.02.024
https://doi.org/10.1016/j.brainresbull.2021.02.024
https://doi.org/10.1002/mds.27173
https://doi.org/10.1002/mds.27173
https://doi.org/10.1016/j.jash.2014.01.006
https://doi.org/10.1016/j.jash.2014.01.006
https://doi.org/10.1038/s41380-021-01176-0
https://doi.org/10.1038/s41380-021-01176-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles

	Identification of Serum Biomarkers Associated With Emergence Agitation After General Anesthesia in Adult Patients: A Metabolomics Analysis
	Introduction
	Materials and Methods
	Ethics Approval and Clinical Registration
	Study Population
	Emergence Agitation Evaluation and Treatment
	Clinical Characteristics Collection
	Sample Collection
	Metabolites Extraction
	Metabolic Profiling Analysis
	Statistical Analysis

	Results
	Demographic and Clinical Characteristics of the Emergence Agitation and Non-emergence Agitation Patients
	Distinct Clustering of Metabolites in the Emergence Agitation Group vs. the Non-emergence Agitation Group
	Differentially Expressed Metabolites Between the Emergence Agitation Group and the Non-emergence Agitation Group
	Evaluation of Potential Biomarkers Related to Emergence Agitation in Serum

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


