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Metabolite signature in acute ischemic stroke thrombi: A
systematic review

Santhosh Arul, Ph.D.12#" Sherief Ghozy, M.D.1.2# Oana Madalina Mereuta, M.D., Ph.D.2,
Yigit Can Senol, M.D.1, Atakan Orscelik, M.D.2, Hassan Kobeissi, B.S.2, Rishabh Gupta,
B.A.2, Waleed Brinjikji, M.D.1:2, David F Kallmes, M.D.2, Ramanathan Kadirvel, Ph.D.12

1Department of Neurologic Surgery, Mayo Clinic, Rochester, MN, USA
?Department of Radiology, Mayo Clinic, Rochester, MN, USA

Abstract

Background and Purpose: Metabolites are reliable biomarkers for many diseases. However,
their role in acute ischemic stroke (AIS) pathogenesis is not well understood. The objective of this
systematic review is to evaluate the current literature on the presence of metabolites in thrombi
retrieved by mechanical thrombectomy from AIS patients.

Methods: Following the Preferred Reporting Items for Systematic Reviews and Meta-analyses
(PRISMA) 2020 guidelines, we searched OVID Medline, PubMed, OVID Embase, Scopus, and
Web of Science until July 13, 2022. Metabolites lists were extracted, and pathway analysis was
performed in MetaboAnalyst database.

Results: Four articles listing metabolites were included in this systematic review. D-Glucose,
diacylglycerol, phytosphingosine, galabiosylceramide, glucosylceramide and 4-hydroxynonenal
were reported to be associated with clots. Metabolomics data analysis showed that glycolysis,
lactose, and sphingolipid metabolism pathways were enriched.

Conclusion: Results of the present study show that the thrombi niche has a glycolytic
phenotype. Future studies should work to better understand the metabolic properties of AIS
thrombi.

Keywords
Stroke; metabolite; signature; systematic review

Introduction

Effective interventions for the treatment of acute ischemic stroke (AlS) require the
identification of potential therapeutic targets that can improve the response to thrombolysis
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and mechanical thrombectomy (MT). In this context, the use of metabolomics may help to
determine the etiology of stroke and design specific treatment strategies.

Conventional histological and immunohistochemical approaches have provided valuable
insights into the cellular components of stroke clots. However, our current understanding of
the metabolic composition of the clots retrieved by MT from AIS patients remains limited.
Although several key biomarkers of stroke have been investigated [1], recent evidence
suggest that changes in the total omics profile remodel the clots [2] and alterations in
metabolites can influence thrombus formation and indicate cellular activity [3].

This systematic review aimed to evaluate the existing literature on the presence of
metabolites in AIS thrombi that serve as key signatures for stroke etiology and pathogenesis.

Systematic Review

Preferred Reporting Items for Systematic Reviews and meta-Analysis (PRISMA) 2020
guidelines were followed to carry out this systematic review. A search was performed in the
databases on reports of clots or thrombi retrieved from patients with large vessel occlusion.

Literature Search

The literature search was performed by an experienced research librarian on July 11-13,
2022, in Medline, PubMed, Embase, Scopus, and Web of Science databases using Medical
Subject Headings (MeSH) and keywords such as “blood coagulation”, “stroke”, “metaboli,
thrombus”, “clot”, “emboli”, and “clot composition”. No date limits or other limitations

were applied.

Study Selection Criteria

The current study considered original research articles, reports, cohorts, and progressive
studies reporting metabolites from the stroke clot or thrombi. Liquid chromatography with
mass spectrometry method was found to be relevant and included. Review articles and
articles from animal studies or in vitro clot analogs were excluded from the study.

Data Extraction and Synthesis

Information such as author name, publication year, type of study, types of clots, sample
size, quantitative and qualitative information on clot composition were retrieved. Due to
heterogeneity in the outcome, conducting a meta-analysis was not feasible. Therefore, a
systematic review and narration with synthesized metabolites is summarized and presented.

After data extraction, enrichment analysis was performed using MetaboAnalyst to predict
possible pathways.

J Thromb Thrombolysis. Author manuscript; available in PMC 2024 November 01.
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Search Outcome and Study Summary

The study selection and its outcome are shown in the flow chart (Figure 1). A total of 1214
results were retrieved, and the final total after deduplication was 1013 results. Following
screening, four studies which reported the metabolites in clots retrieved by MT were
included. The sample size and the metabolomics technique used in each study are presented
in Table 1. The results section is divided in two parts, including the summary of the main
findings of the studies included in the present review and the pathway analysis that was
performed in MetaboAnalyst.

Overview of Metabolites Associated with Clots

The list of metabolites identified in the clots is shown in Table 2. The metabolites

from this table were further used for downstream analysis. D-glucose is a carbohydrate
involved in glycolysis providing energy needed for the cell. Diacylglycerol (DG) is a fatty
acid with glycerol moiety involved in triglycerol metabolic pathways and cell signalling.
Phytosphingosine is a sphingolipid metabolite involved in various cellular signalling and
metabolic pathways of fatty acid synthesis. Galabiosylceramide is a type of sphingolipid
with carbohydrate moieties a cellular component present in epithelial and neuronal cell
types. 4-hydroxynonenal (4-HNE) is a cytotoxic product resulted from the peroxidation of
lipids.

Doche et al. performed liquid chromatography-mass spectrometry (LC-MS) to study
glycolytic metabolites in AIS thrombi. The authors showed that high glucose levels in the
clots were associated with excellent prognosis whereas the admission hyperglycemia had
poor prognosis. This finding suggests that entrapped glucose in the core may provide ATP
which is beneficial for the stroke outcome. On contrary, the supply of glucose by collaterals
in the penumbra can be deleterious [4].

Li et al. analyzed 48 AIS thrombi using ultra-high performance liquid chromatography-
quadrupole time-of-flight mass spectrometry (UHPLC/Q-TOF-MS) and found increased
levels of 88 and 55 metabolites in large artery atherosclerosis (LAA) and cardioembolic
(CE) clots, respectively. Furthermore, different metabolic pathways were enriched in the
two types of thrombi. Six metabolites could clearly differentiate between the two etiologies:
diglyceride (DG) (18:3/24:0), DG (22:0/24:0), phytosphingosine and galabiosylceramide
(18:1/24:1) for LAA origin; triglyceride (TG) (15:0/16:1/0-18:0) and glucosylceramide
(18:1/24:0) for CE origin [5].

Suissa et al. identified 2456 proteins and 5019 molecular profiles in 41 thrombi (34 CE

and 7 LAA) analyzed by untargeted proteomics and metabolomic techniques, respectively.
The untargeted proteomic approach revealed numerous proteins associated with the immune
cells: CKLF-like MARVEL transmembrane domain-containing protein 5 (basophils,
neutrophils), azurocidin (neutrophils, monocytes), epoxide hydrolase 1 (monocytes) isoform
2 of cell surface glycoprotein MUC18 (mucosa-associated invariant T - MAIT cells) and
guanine nucleotide-binding protein subunit a-11 (neutrophils). This underlines the important
role of inflammatory cells in thrombus formation. Additionally, the authors quantitatively
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assessed by targeted proteomics several protein biomarkers previously identified by
immunohistochemistry (IHC) and found a higher abundance of glycophorin A (a marker

of red blood cells, RBCs) and fibrinogen a, B, y in the CE thrombi compared to LAA

clots suggesting a RBCs/fibrin-rich composition of the formers. Furthermore, the combined
untargeted proteomics and metabolomic analysis showed different omic signatures for

CE vs LAA thrombi: ubiquitin-conjugating enzyme E2D3, azurocidin and ubiquitin-like-
conjugating enzyme ATG3 for CE origin; aspartate aminotransferase, collagen type IV

a, cell surface glycoprotein MUC18, CD99 antigen and epoxide hydrolase 1 for LAA
origin. Therefore, the combination of proteomics and metabolomics may help to identify the
etiology of AIS [6].

4-HNE is involved in angiogenesis and platelet aggregation in the atherosclerotic lesions.
Osakada et al. explored the expression of 4-HNE by IHC in 52 AIS thrombi. LAA clots
displayed a localized expression corresponding to the core of the plaque [7].

The studies included in this systematic review highlights the use of advanced technologies
such as MS-based metabolomics in addition to conventional histology and IHC for the
detection of novel biomarkers of AlS etiology and pathogenesis.

Metabolite Analysis

Metabolite Set Enrichment Analysis (MSEA) was performed using the MetaboAnalyst 5.0.
The metabolites extracted from the four articles were fed into the system and the results

are shown in Figure 2. Interestingly, both the sphingolipid metabolism and glycolysis/
gluconeogenesis were revealed together with other relevant pathways such as lactose
degradation and synthesis, and the Warburg effect, a marker of ischemia. Further connecting
these pathways reveals three distinct pathways: glycolysis metabolism, lactose metabolism
and sphingolipid metabolism. These pathways are not connected, and there are missing
nodes that should be identified in future studies.

Further pathway analysis showed that sphingolipid metabolism pathway had the highest
log(p) value (p <0.001) and impact value with a false discovery rate of 0.001772 which
implies that sphingolipid metabolism is a key contributor to thrombus formation (Figure 2).
In addition, glycolysis and gluconeogenesis pathway exhibited with a lower impact and a p
value of 0.081.

Metabolite enrichment analysis

The overview of enriched metabolite set is shown in Figure 3. Sphingolipid metabolism
emerged as the top candidate confirming the results from the pathway analysis. The
glycolysis metabolism was also predicted in the metabolite enrichment overview. In
addition, lactose degradation, glucose-alanine cycle, lactose synthesis, acetyl group transfer
to mitochondria, gluconeogenesis galactose metabolism and the Warburg effect featured in
the enriched list.

J Thromb Thrombolysis. Author manuscript; available in PMC 2024 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Arul et al.

Page 5

The three distinct pathways

Network view of the associated pathways further confirmed three distinct pathways
associated with the metabolites (Figure 4).

1 Glycolysis: This pathway prediction connects gluconeogenesis and Warburg
effect with further nodes leading to acetyl group transfer to mitochondria and
glucose-alanine cycle. The presence of D-glucose may explain the association of
all 3 nodes.

2. Lactose degradation: Lactose degradation could possibly lead to lactose
synthesis and galactose metabolism as shown from the nodes.

3. Sphingolipid metabolism: The association of D-Glucose with glucosylceramide
leads to a separate pathway involving sphingolipid metabolism. This is a
standalone pathway and does not have any further nodes.

Discussion

Recently, multi-omics approaches, including metabolomics, have emerged as valuable tools
for reliable detection of disease biomarkers. In this systematic review, we report the
presence of several metabolites in AIS thrombi that may represent specific metabolomic
signatures related to stroke etiology and prognosis. Our analysis based on these metabolites
revealed the glycolytic phenotype of the clot and identified three major enriched pathways:
glycolysis, lactose, and sphingolipid metabolism.

Recent studies have investigated the potential role of glycolysis, lactose and sphingolipid
metabolism in AlS. [8-11]. Glycolysis metabolites, such as lactate and pyruvate, have
been found to be elevated in both plasma and cerebrospinal fluid (CSF) of AIS patients,
suggesting presence of anaerobic glycolysis [12]. Changes in plasma ceramide levels were
also associated with AlS, indicating the involvement of sphingolipid metabolism in the
AIS pathogenesis [13]. Moreover, lactosylceramide, a sphingolipid metabolite, has been
identified as a potential biomarker for AIS [14]. These findings highlight the potential of
metabolomic analysis to provide more accurate and reliable biomarkers for AIS diagnosis
and prognosis.

The observed association of thrombi with glycolysis, lactose, and sphingolipid metabolism,
which is in agreement with previous studies reporting high levels of metabolites such

as lactate in serum, plasma or CSF of AIS patients[15]. Moreover, the Warburg effect
emerged as one of the predicted pathways, confirming the ischemic nature of the niche

and potentially serving as a key signature. Further, a recent study has provided evidence
demonstrating the existence of an outer shell layer composed of dense fibrin, von Willebrand
factor, and aggregated platelets that covers the AIS clot, impeding the process of fibrinolysis
[16]. The outer shell surrounding the clot can impact the flow of blood and other metabolites
to and from the inner region of the clot. The modified metabolic pathways within the clot
may affect the post-translational modifications of key protein components within the clot.
These modifications could potentially contribute to the clot’s resistance to thrombolysis.

J Thromb Thrombolysis. Author manuscript; available in PMC 2024 November 01.
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Despite the rigorous methodology employed in our systematic review, there were
limitations. Firstly, we identified a limited number of studies that specifically investigated
metabolites in blood clots of AIS patients. This highlights a need for more research in

this area to better understand the metabolic changes occurring in stroke pathophysiology.
Additionally, the pathways involved in clot formation and dissolution are complex and

not yet fully elucidated, further complicating the identification of clot-specific metabolites.
Secondly, due to the technical challenge of isolating clot-specific metabolites, we were
unable to exclude plasma metabolites entirely, which may have influenced our results.
Future studies employing more sensitive and specific techniques for metabolite isolation
could provide greater insights into clot-specific metabolic changes in AlS.

Metabolomic signatures are valuable tools in stroke management, offering unique insights
into the intricate metabolic alterations that accompany stroke. The identification of specific
metabolites as potential biomarkers holds promise for stroke diagnosis, prognosis, and
treatment monitoring. Moreover, metabolomic profiling enables the prediction of stroke
outcomes, elucidates underlying mechanisms, facilitates personalized treatment approaches,
and contributes to the discovery of novel therapeutic targets. Integrating metabolomics

into stroke research has the potential to revolutionize diagnostic and prognostic practices,
optimize treatment strategies, and ultimately enhance patient outcomes.

Conclusion

The systematic review provides a compressive overview of metabolite composition of AIS
thrombi and the possible pathways associated with stroke. Our findings underscore the
importance of conducting detailed studies on the metabolic alterations underlying AIS
pathophysiology with the ultimate goal of developing targeted interventions to improve
outcomes for stroke patients.
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Metabolite Sets Enrichment Overview
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Figure 3.
Overview of the metabolite sets enrichment.
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Figure 4.
Metabolite sets enrichment network map showing three distinct networks: 1) glycolysis 2)

lactose degradation and 3) sphingolipid metabolism,
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Table 1.

Summary of the studies included in the present systematic review.

STUDY SAMPLE SIZE METHODOLOGY
DOCHE ET AL. 2022 69 LC-MS
LI ET AL. 2022 48 UHPLC/Q-TOF-MS
SUISSA ET AL. 2021 41 LC-MS
OSAKADA ET AL. 2021 52 IHC

LC-MS: Liquid chromatography-mass spectrometry; UHPLC/Q-TOF-MS: ultra-high performance liquid chromatography-quadrupole time-of-
flight mass spectrometry; IHC: Immunohistochemistry.
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Page 13

Arul et al.

(Teoz ; A -
“|2 12 EpEYEsO) [BUBUOUAXOIPAH- 0(0=2/2=0/)292000 VN vvEEsZS  Z9EP000SANH TYNINONAXOHAAH-Y
0(0022222222022/9=0/)[H@ ©®2]
(z2oz “[e 18 180) apIweIgd|As0on|9 (o(o(o(0o(to)[H@2D2)[H@INIHE®®2]T[H®D]0D) 06TT0D  2/9//v€S  0FT00009ANH IAINVYEID TASOON 1D
[H®®2IN(0=)200022220222202222222220
( ) (0=) omowoﬁowuﬁo nw/ouﬁo )HO©OD[H@2]) ( )
. T1:81-Z6/T:8TP 12222222(0=)2N(0(0(0(0(0(02EO)H@IDIHD®D T:8T-Z6/T'8TP
(€z0z "eB M) pessojAsoigeres [HO2D[HO®2]2[HB®2I0(00(TO)[HOIDIHD]) 921900 €L2lS00c  c€BYO00AAWH 54 nyy337ASOIEY VO
[H@2D[HE®®2IT[H®2]02)2)2\0=2/2222222222200
(z2oz “[e 18 180) aursobulydsolfyd 0(0(N(0D)[H®DD[H®IDH®D]102220022020222 {2474 B YA K44 0T970009ANH INISOONIHASOLAHd
. S 0000222222222(0=)20(02) (0:0/0:¥T/0:¥T)Da
(c20z "1e 19 1an) (0:0/0:¥T/0:¥T)OQ [HD3190(0=)999999395939930 1999TD  89T69E0T  800L000EANH TONFOAID TADVIA
(zeoz
«oog 10ensqy
2202 D0S3.) 2202 8500N19-a o(o(o(o(o(to)o)H@INHE®®IDIH@2ITIH® ®2])D 122000 €615 22100009ANH 3500N719-a
‘le 18 ayd20Q
(aawH)
S90U0 BBY R W SERITNS 993) weudand gt TS
uewnH

Author Manuscript

‘¢ slqeL

Author Manuscript

"IQUIOJL) 8Y0.1S D1WIBYDSI 81NJ. U1 PalyIuap! Sall|ogelsin

Author Manuscript

Author Manuscript

J Thromb Thrombolysis. Author manuscript; available in PMC 2024 November 01.



	Abstract
	Introduction
	Methods
	Systematic Review
	Literature Search
	Study Selection Criteria
	Data Extraction and Synthesis

	Results
	Search Outcome and Study Summary
	Overview of Metabolites Associated with Clots
	Metabolite Analysis
	Metabolite enrichment analysis
	The three distinct pathways

	Discussion
	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.
	Table 2.



