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Abstract
Oxygen glucose deprivation (OGD) of brain cells is the commonest in vitro model of ischemic stroke that is used extensively 
for basic and preclinical stroke research. Protein mass spectrometry is one of the most promising and rapidly evolving tech-
nologies in biomedical research. A systems-level understanding of cell-type-specific responses to oxygen and glucose depriva-
tion without systemic influence is a prerequisite to delineate the response of the neurovascular unit following ischemic stroke. 
In this systematic review, we summarize the proteomics studies done on different OGD models. These studies have followed 
an expression or interaction proteomics approach. They have been primarily used to understand the cellular pathophysiol-
ogy of ischemia-reperfusion injury or to assess the efficacy of interventions as potential treatment options. We compile the 
limitations of OGD model and downstream proteomics experiment. We further show that despite having limitations, several 
proteins shortlisted as altered in in vitro OGD-proteomics studies showed comparable regulation in ischemic stroke patients. 
This showcases the translational potential of this approach for therapeutic target and biomarker discovery. We next discuss the 
approaches that can be adopted for cell-type-specific validation of OGD-proteomics results in the future. Finally, we briefly 
present the research questions that can be addressed by OGD-proteomics studies using emerging techniques of protein mass 
spectrometry. We have also created a web resource compiling information from OGD-proteomics studies to facilitate data 
sharing for community usage. This review intends to encourage preclinical stroke community to adopt a hypothesis-free 
proteomics approach to understand cell-type-specific responses following ischemic stroke.

Keywords  Cerebral ischemia · Proteomics · Hypoxia · Mass spectrometry · Cell-type-specific response · Clinical 
proteomics

Abbreviations
OGD	� Oxygen glucose deprivation
CSF	� Cerebrospinal fluid
MALDI	� Matrix-assisted laser desorption ionization
2D-GE	� Two-dimensional gel electrophoresis
ICAT​	� Isotope-coded affinity tag

iTRAQ	� Isobaric tags for relative and absolute 
quantitation

TMT	� Tandem mass tags
MPT	� Mitochondrial permeability transition
ROS	� Reactive oxygen species
EV	� Extracellular vesicles
PMI	� Post mortem interval
LCM	� Laser-capture microdissection
PRM	� Parallel reaction monitoring
SRM	� Single reaction monitoring
MRM	� Multiple reaction monitoring

Introduction

Oxygen glucose deprivation (OGD) of brain cells is used 
commonly to recapitulate the cellular pathophysiology 
of ischemic stroke in a simple in vitro system. It was first 
introduced by Goldberg and Choi in 1993 when mixed 

Common abbreviations such as DMEM, MEM, HBSS, BSS, 
FBS, MAPK, MTT, LDH, RT-PCR, ELISA, siRNA, miRNA, and 
CRISPR-Cas9 are not included. In vitro OGD-proteomics studies 
have been done on cells of human and non-human origin. To 
designate proteins irrespective of the origin, non-italicized gene 
symbols in uppercase (corresponds to human origin) are used.
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neocortical cultures were exposed to oxygen and glucose 
deprivation and reperfusion for various time intervals that 
showed cell-type-specific differences in mechanisms and 
injury severity between neurons and glial cells [1]. The 
in vitro OGD model can be easily adapted to various experi-
mental conditions to recapitulate different cellular facets of 
ischemic stroke pathology in a reproducible manner without 
systemic influence. Being an in vitro model, it was faster, 
easier to establish compared to in vivo models, and cheaper, 
making it the in vitro model of choice for basic or transla-
tional stroke research [2]. Not surprisingly, since inception, 
many groups started to use this in vitro OGD model rou-
tinely in cultured cell lines, primary brain cells, or organo-
typic slice cultures to report findings that advanced the basic 
and preclinical stroke research for the next few decades. 
Most of these studies used a hypothesis-driven approach 
and focused on one or a few genes or proteins while try-
ing to explain their role in the evolution of ischemic stroke 
pathology. These studies are grossly classified as mecha-
nistic studies. In parallel, the second set of studies tried to 
determine the in vitro efficacy of various interventions, such 
as synthetic chemical, phytochemical, or biological entities 
to propose potential therapeutic options for ischemic stroke 
(herein called efficacy studies).

At the beginning of the new millennium, proteomics 
emerged as a new discipline when Fenn and Tanaka won 
the Nobel prize in chemistry on 2002 for the development 
of soft desorption ionization methods, i.e., electrospray 
ionization and matrix-assisted laser desorption ionization 
(MALDI), for mass spectrometric analyses of biological 
macromolecules [3, 4]. With the emergence and accelerated 
maturation of bioinformatics and computational biology, the 
larger discipline of systems biology was also taking shape 
as various omics technologies led to the generation of an 
enormous amount of biological data that needed advanced 
computational expertise and infrastructure for effective 
management (handling and storage) and interpretation [5]. 
All these omics technologies were conceived to investigate 
the system as a whole rather than targeting the “one gene-
one protein-one function” paradigm. Among these omics 
approaches, proteomics deals with the functional unit of the 
cell, i.e., protein that constitutes the majority of the experi-
mental and successful drug targets. Thus, for target discov-
ery and hit-to-lead discovery, proteomics remains perhaps 
the most attractive option among all omics technologies.

On the other hand, repeated failures of investigational 
molecules for stroke targeting one protein or pathway in the 
clinical trials necessitated a paradigm shift in the conceptual 
framework [6]. It has recently been appreciated that rather 
than monotherapy, combination therapies should be tested 
[7]. Single-target to multi-target drugs should be developed 
[8]. The involvement of neurovascular unit rather than neu-
ron alone or an involvement of extra-cranial organs in the 

evolution of stroke (e.g., gut-brain [9] or muscle-brain axis 
[10]) and intercellular interaction between neuronal and non-
neuronal cell-type made it imperative to study this disease at 
a systems level. The stroke research community embraced 
proteomics as it effectively complemented the hypothesis-
driven approach that was the mainstay for experimental 
stroke research for the last few decades. A recent review on 
preclinical proteomics of ischemic stroke has tried to com-
pile the proteomics studies done primarily on rodent stroke 
models [11]. Due to technical limitations, studies done on 
rodent stroke models by us [12] and others have reported 
pooled response of the stroke-affected tissue that may be 
different from the actual response of individual cell types 
that constitute that portion of the brain tissue. Understanding 
the cell-type-specific signaling in the penumbra and their 
contribution towards the overall response of the affected 
brain during the evolution of ischemic injury remains yet 
another unmet need for an effective translation of preclinical 
knowledge into the clinics.

In this systematic review, we have summarized the prot-
eomics studies done on the most widely used in vitro model 
of ischemic stroke (OGD model). The objective is to provide 
the community with a roadmap about how to design simi-
lar studies to address relevant pathological questions in a 
cell-type-specific manner. We provide a brief introduction 
of the OGD model and compile the pre-proteomics assays 
routinely used to validate the OGD model and the mass 
spectrometric techniques that have been used to study the 
OGD model followed by key results obtained from these 
studies. We have also commented on various limitations and 
challenges of the current approach. Proteomics being a rap-
idly evolving discipline, we have mentioned the untapped 
areas that can be targeted during future OGD-proteomics 
studies using emerging tools of protein mass spectrometry.

Methods

Two databases PubMed and Scopus were searched by com-
bining the following terms with search-engine specific 
Boolean operators: cerebral ischemia, stroke, ischemic 
stroke, penumbra, ischemic penumbra, brain ischemia, brain 
infarction, cerebral infarction, brain attack, brain stroke, pro-
teomics, neuroproteomics, protein mass spectrometry, iso-
baric tags for relative and absolute quantitation (iTRAQ), 
stable isotope labeling in cell culture (SILAC), tandem mass 
tags (TMT), label-free, secretome profiling, two-dimen-
sional electrophoresis, in vitro, oxygen glucose deprivation, 
OGD/R, oxygen deprivation, glucose deprivation, hypoxia, 
hypoxia/reoxygenation, and hypoxia/reperfusion. The exact 
list of keywords with Boolean operators along with the num-
ber of hits and date of searching for different databases are 
available in Supplemental Table 1. Two reviewers (M.B., 
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N.K.) have performed the electronic search and subsequent 
screening independently that was verified by a third person 
(A.D.). EndNote X9.3.3 and Mendeley v1.19.8 were used 
as reference managers for storing and handling the publica-
tions. A small subset of clinical proteomics studies (n = 10) 
was selected for a comparative analysis of the in vitro and 
bedside data.

Inclusion and Exclusion Criteria

The articles where protein mass spectrometry was used on 
OGD with or without intervention, reperfusion, or reoxy-
genation were shortlisted (Fig. 1). Proteomics analysis of 
hypoxia and glucose-deprived samples were also included 
only when OGD was present as an experimental condition 
in the proteomics experiment.

The articles where a proteomics approach has been used 
on any other sample or conditions except the ones mentioned 
above are excluded. The articles that are not studying cul-
tured cells or primary cells of brain origin or organotypic 
cerebral culture were excluded. Studies on circulating cells 
(e.g., monocytes, platelets), or immune cells (e.g., CD8+ T 
cells), or cells of cardiac origin were not included. Studies 
focusing on other neurological disorders such as Alzhei-
mer’s disease or Parkinson’s disease or transient ischemic 
attack were excluded. In vitro studies that model specific 
facets of cellular pathophysiology of ischemic stroke such 
as glutamate excitotoxicity or reactive oxygen species 

(ROS)-induced free radical stress or apoptosis using specific 
chemicals (e.g., glutamate, H2O2, sodium nitroprusside) are 
not reviewed. Chemical hypoxia or ischemia is not reviewed. 
Articles are included only when there is a full-text version 
available in English.

Results

The database searching using the predetermined keyword 
combination identified a total of 195 unique publications 
from PubMed and Scopus databases after removing the 
duplicates. Based on the inclusion and exclusion criteria, 
48 (25%) hits were filtered for further analysis. Of these 48 
articles, full-text screening shortlisted 12 (25%) articles that 
fulfilled the inclusion criteria. Herein, these studies will be 
referred to as OGD-proteomics studies (Fig. 1).

The OGD-proteomics studies generally followed a con-
sistent design (Fig. 2) whereby an OGD model is developed 
using primary brain cells, secondary cell lines, or organo-
typic slice cultures that may or may not be manipulated (e.g., 
transfection) before OGD, optimized, and validated using 
a series of pre-proteomics assays to fix a specific condi-
tion or timepoint for subsequent experiments. Next, protein 
mass spectrometry was performed on the OGD model and 
matched control(s). The results were analyzed bioinfor-
matically, and data was validated using various molecular 
biological or analytical techniques to propose one or more 
hypothesis that is followed up by suitable proof-of-concept 

Fig. 1   Flowchart showing the 
strategy for systematic survey 
of literature. The keyword 
combinations can be found in 
Supplemental Table 1
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studies in rodent ischemic stroke models or is validated on 
patient samples of comparable pathology.

Oxygen–Glucose Deprivation: In Vitro Model 
of Ischemic Stroke

Brain cells, neurons, in particular, are exclusively depend-
ent on the blood supply to sustain their oxygen and glucose 
demand [13]. Following the onset of ischemic stroke, blood 
supply is reduced below a critical level causing depriva-
tion of oxygen and glucose to the affected brain tissue. To 
recapitulate this in a simple in vitro system and to define the 
intrinsic response of the cells devoid of systemic influence, 
in vitro OGD model was conceived [1].

There are various ways to induce physical hypoxia during 
OGD: (1) by purging a hypoxia chamber or anaerobic jar 
[14] with hypoxia gas, (2) using an incubator connected with 
hypoxia gas supply [15], or (3) using an anoxic or anaerobic 
chamber in presence of a palladium catalyst that removes 
oxygen by forming a water molecule [16, 17]. A flushed 
hypoxia chamber is the most commonly used method for 
the induction of hypoxia or OGD. Typically, the media is 
preequilibrated aseptically with the hypoxia gas. Different 
compositions of hypoxia gas have been reported, such as 
95% N2, 5% CO2 [18] or 85% N2, 10% H2, 5% CO2 [1, 17] 
or 90% N2, 5% H2, 5% CO2 [19]. Oxygen (2%) has also been 
incorporated as a component in the hypoxic gas [15, 20]. 
The residual oxygen level in the ambient environment should 
be less than 3% (22.8 mm Hg) [21] or 2% [22] to consider it 
as a hypoxic environment.

The media generally contains low (e.g., 1% or 0.1%) or 
no serum to simulate reduced blood supply. The cells are 
exposed to a glucose-pyruvate-free [18] or low-glucose [23] 
culture media or balanced salt solution [17, 20]. Both pri-
mary (e.g., primary neuron, microglia, or astrocyte) and sec-
ondary (human, rat, or mouse cell lines such as SH-SY5Y, 

PC12, B104, N2a, IMR-32) cells have been used. Co-cul-
tures (e.g., neuron-astrocyte), organotypic slice cultures, and 
acute slices of brain tissues [14] have also been utilized to 
partially recapitulate the complex multi-cellular environment 
typically studied through an in vivo model. Recently, three-
dimensional cerebral organoids generated from induced 
pluripotent stem cells have been utilized to generate an OGD 
model [24]. For cultured cells, both undifferentiated and dif-
ferentiated cells have been used. In general, the neuron is 
used most frequently among different brain cell-types. How-
ever, various non-neuronal cell types such as microglia [25], 
astrocytes [26], vascular endothelial cells [27, 28] have been 
used for generating OGD models. OGD has been used alone 
or in combination with re-oxygenation (OGD/R) to simulate 
ischemia and reperfusion injury, respectively. Variable dura-
tions of OGD (up to 72 h [29]) have been used depending on 
the objective of the experiment. The OGD could be intermit-
tent or continuous.

The use of suitable controls is critical to differentiate the 
cellular proteomic response to OGD from only hypoxia, 
serum deprivation, and/or glucose deprivation. Most stud-
ies where a systems approach has been adopted used two 
different controls; i.e., hypoxia and low-serum/no-serum 
normoxic control. Cells incubated in normal growth media 
are used as the basal control [18]. Table 1 summarizes vari-
ous parameters related to the OGD model as described in the 
OGD-proteomics studies. The majority of these are mecha-
nistic studies.

Pre‑proteomics Validation of OGD Model

Being hypothesis-free, proteomics studies of OGD models 
generally rely on developing a consistent disease model. 
The reproducibility of it is verified by a set of “quality con-
trol” assays, referred to as pre-proteomics assays, assays 
that are performed on the OGD model to select a condition 

Fig. 2   Experimental design of OGD-proteomics studies
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or timepoint for subsequent proteomics experiment. These 
assays typically target biological processes, pathways or 
events, or specific proteins or genes that are already known 
to be affected in a predictable way following oxygen-glu-
cose deprivation. A more specific objective is to determine 
a timepoint/condition that indicates the early or intermedi-
ate or late stage of the injury based on the results of these 
assays. In OGD-proteomics studies, a total of nineteen 
assays have been used. Figure 3 provides a pictorial com-
pilation of some of the commonly used functional assays 
showing the subcellular location and mechanism behind 
each of these techniques (Supplemental Footnote 1) in a 
simplified brain cell. MTT assay followed by LDH assay is 
the two most frequently used techniques. A modified ver-
sion of Fig. 3 along with the technical details and references 

is provided at https://​yenep​oya.​res.​in/​datab​ase/​LTN_​Datta_​
Lab/​OGD-​Prot_​Syste​matic-​Review/.

Proteomics Methodologies of OGD‑Proteomics 
Studies

The proteomics methodologies that are followed by func-
tional characterization of the OGD model can be broadly 
classified into three categories; (1) expression proteomics, 
(2) interaction proteomics, and (3) structural proteomics. 
Detailed discussions about each of these methodologies are 
out of scope for this review and can be found elsewhere 
[30]. Until now, the majority of the OGD-proteomics stud-
ies have used either expression proteomics or an interaction 
proteomics approach. The methodological parameters of all 

Table 1   Experimental parameters of hypoxia and glucose deprivation in OGD-proteomics studies

NA not available; w/o without; BSS Balanced Salt Solution; EBSS Earle’s Balanced Salt Solution; HBSS Hank’s Balanced Salt Solution; DMEM 
Dulbecco’s Modified Eagle Medium; BME Basal Medium Eagle; FBS fetal bovine serum. a1: NA, 2% O2; 2: 95% N2 and 5% CO2; 3: 95% N2, 
3% CO2 and 2% O2; 4: N2, 5% CO2 and 0.5% O2; 5: 85% N2, 10% H2 and 5% CO2; 6: 99.95% N2 (30 min) followed by 5% CO2 for N2 (20 min)

Sl. No Cell type Hypoxia Gas 
Compositiona

Media Composition Duration Reference

OGD Normoxic Control OGD Reoxygenation

1 Primary cortical 
neuron cultures

1 DMEM (w/o glucose) DMEM (25 mM 
Glucose)

1.5 h 0.5 h [15]

2 HT-22 cells 2 Neurobasal- A (w/o 
glucose)

DMEM (22 mM 
Glucose)

0, 4.5, 11, 17.5, 24 h None [23]

3 PC-12 cells 2 DMEM (w/o glucose) 
and 10% EV-
depleted FBS

DMEM (high 
glucose, glucose 
conc. -NA)

3, 6, 12 h None [32]

4 Organotypic cerebral 
slice cultures

2 D-HBSS DMEM (w/o serum 
high glucose)

1 h 7 days [14]

5 Mouse EOC 2 micro-
glial cells

3 EBSS (w/o glucose) EBSS (10 mM 
glucose)

2 h 24, 48 h [20]

6 Cerebral human 
microvascular 
endothelial cells

4 RPMI 1640 (w/o 
glucose), FBS and 
growth factors

RPMI 1640 
(11.1 mM glucose, 
w/o FBS and 
growth factors)

6 h None [33]

7 EA.hy926 cells 2 HBSS (w/o glucose) NA 1, 3, 6, 12, 24 h None [27]
8 SH-SY5Y cells 2 DMEM (w/o glucose) 

and FBS
DMEM (25 mM 

glucose)
3, 6, 9, 12, 18 h None [31]

9 B35 cells 5 BSS (w/o glucose) DMEM (glucose 
conc. -NA)

6, 8 h 0–180 min [17]

10 Primary astrocyte 
cells

6 DMEM/F12 (w/o 
glucose and w/o 
FBS)

DMEM/F12 (10% 
FBS)

1, 2, 3, 4 h 18 h [34]

11 B104 cells 2 DMEM (w/o glucose-
pyruvate) and 1% 
FBS

DMEM (25 mM 
glucose, 1 mM 
pyruvate, 10% 
serum)

2, 4, 6, and 8 h None [18]

12 Immortalized adult 
rat brain endothelial 
cells

NA Media (w/o glucose 
and w/o serum)

1X BME amino 
acids, 1X BME 
vitamins, 0.5 g/L 
peptone, glucose 
(25 mM) and w/o 
serum

4 h 24 h [28]
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OGD-proteomics studies are summarized in Supplemental 
Table 2 and are provided at https://​yenep​oya.​res.​in/​datab​ase/​
LTN_​Datta_​Lab/​OGD-​Prot_​Syste​matic-​Review/​OGD-​Prot_​
Metho​dology_​Resul​ts.​htm.

Expression proteomics studies profiled OGD-treated cells 
or proteins secreted from the OGD-treated cells using gel-
based or gel-free proteomics approaches that rely on label-
free or chemical (e.g., isotope-coded affinity tag (ICAT), 
iTRAQ, TMT) or metabolic labeling (e.g., SILAC) tech-
niques. In gel-free approaches, proteins are extracted from 
the test (i.e., OGD or OGD/R or OGD with treatment) and 
suitable control samples, reduced, alkylated, and digested 
in solution with trypsin to obtain peptides. In a label-free 
approach, each peptide sample is fractionated using a liq-
uid chromatography column that is connected online with 
a mass spectrometer (1D-LC-MS/MS) [14, 23, 31]. Differ-
ent samples are analyzed sequentially. In chemical labe-
ling, equal quantities of peptides from different samples are 
labeled with isobaric tags and combined to obtain a single 
peptide sample. This subsequently undergoes two-dimen-
sional liquid chromatographic separation (generally offline 
first and then online) followed by mass spectrometry (called 
2D-LC-MS/MS) [18, 32]. In metabolic labeling, cells were 

grown separately in media containing either heavy or light 
amino acids (i.e., arginine and lysine) for consecutive pas-
sages to achieve protein labeling beyond a certain threshold 
(e.g., 99%). The heavy (e.g., OGD) and light (e.g., control) 
cells are subsequently used for the OGD experiment, where 
equal quantities of proteins are mixed from OGD and con-
trol samples before the proteomics sample preparation [33]. 
In contrast to gel-free approaches, proteins in each sample 
were separated by two-dimensional gel electrophoresis (2D-
GE) based on the isoelectric pH and molecular weight of 
the proteins. The gel images obtained from test and control 
samples were compared and analyzed to identify the deregu-
lated proteins and relative expression levels. These protein 
spots were excised and digested in-gel, and the peptides are 
processed by mass spectrometry to identify the protein [20, 
27, 28]. Overall, gel-free approaches such as chemical or 
metabolic labeling were found to be superior to gel-based 
approaches in terms of reproducibility and proteomic cov-
erage [28]. In addition to expression proteomics, few stud-
ies have used interaction proteomics or a mixed approach 
whereby interacting partners of specific target proteins (e.g., 
death-associated protein kinase 1 (DAPK1), small ubiquitin-
like modifier 3 (SUMO3)) were identified by a combination 

Fig. 3   Schematic diagram showing the subcellular locations and 
mechanisms of various pre-proteomics functional assays. (1) MTT 
assay, (2) MPT pore opening assay, (3) LDH assay, (4) FITC Annexin 
V-PI staining, (5) trypan blue dye exclusion, (6) DCFDA assay, (7) 

tunnel assay. The details of each of the assays can be found in Supple-
mental  Information. A vector-graphic version is provided at https://​
yenep​oya.​res.​in/​datab​ase/​LTN_​Datta_​Lab/​OGD-​Prot_​Syste​matic-​
Review/ to aid in viewing details
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of immunoprecipitation and mass spectrometry [15, 17]. 
Figure 4 shows a timeline highlighting the introduction of 
main proteomics techniques in this field.

OGD‑Proteomics Results

One of the key objectives of this review is to summarize the 
unbiased and general trends that are obtained from various 
OGD-proteomics studies. In 2007, Haqqani et al. reported 
the deregulated cellular and secreted proteome following 
an OGD/R (4 h/24 h) injury performed on immortalized 
brain vascular endothelial cells using gel-based (2D-GE) 
and gel-free proteomics (ICAT-2D-LC-MS/MS) approach. 
The deregulated proteins belonged to structural and meta-
bolic proteins, and proteins involved in signal transduction, 
adhesion and motility, immunity and defense, cell cycle, 
and apoptosis. The in vitro results correlated well with the 
in vivo results obtained from laser-capture microdissection 
(LCM)-captured brain vessels of rats that were subjected 
to a 20 min transient global cerebral ischemia/reperfusion 
injury [28]. We had performed a series of functional assays 
(e.g., MTT, LDH, MPT pore opening, apoptosis) on rat 
B104 cells to select a timepoint (i.e., 4 h) of OGD that most 
closely recapitulates intracellular neuronal events in a model 
of cellular penumbra. There was no substantial damage of 
the cell membrane with no detectable apoptosis (< 5.0%) as 
mitochondrial permeability transition pore remained closed 
after 4 h of OGD. Yet quantification of the whole proteome 
by an iTRAQ-2D-LC-MS/MS experiment revealed down-
regulation of proteins involved in protein metabolism (e.g., 
eukaryotic translation elongation factor 2 (EEF2), eukaryotic 
translation initiation factor 5A (EIF5A)) and anti-oxidative 
response (e.g., glutathione S-transferase omega 1 (GSTO1), 
peroxiredoxin 6 (PRDX6)) while certain anti-apoptotic (e.g., 
prohibitin 2 (PHB2)) and anti-inflammatory proteins (e.g., 

annexin A1 (ANXA1), annexin A2 (ANXA2)), and most 
of the mitochondrial proteins were increased in abundance 
[18]. Using co-culture of astrocytes and neuronal stem cells, 
Yan et al. found that short-term OGD (1-2 h) inhibits the 
release of regulatory factors from astrocytes that promote 
neuronal stem cell differentiation and proliferation. They 
used an iTRAQ-based quantitative proteomics analysis of 
astrocyte-conditioned medium following transient OGD/R 
(2 h/18 h) to identify these causative factors. Gene ontology 
analysis of the secretome revealed that these proteins are 
involved in neuronal development, inflammatory response, 
and extracellular matrix composition [34]. Llombart et al. 
used a SILAC based proteomics approach on human immor-
talized brain microvascular endothelial cell line following 
6 h of OGD to quantify the differentially secreted proteins. 
Gene ontology analysis of these proteins revealed protein 
folding as the main molecular function, whereas aldoster-
one signaling and remodeling of epithelial adherens junc-
tions were the most enriched canonical pathways. Five of 
these candidates (collagen type I alpha 2 chain (COL1A2), 
clusterin (CLU), insulin like growth factor binding pro-
tein 2 (IGFBP2), ANXA1, and peroxiredoxin 3 (PRDX3)) 
were subsequently tested in human serum samples of acute 
ischemic stroke and stroke mimicking conditions such as 
epilepsy and dementia to identify IGFBP2 as a potential 
diagnostic biomarker of ischemic stroke [33]. Wang et al. 
reported a proteomic characterization of extracellular vesi-
cles (EV) isolated from PC12 cells that were subjected to 3, 
6, and 12 h of OGD. The differentially expressed EV pro-
teins were implicated in various biological processes such as 
carbohydrate metabolism, coagulation, protein synthesis and 
degradation, and angiogenesis. Notably, the OGD-treated 
PC12 cells secret EVs with increasingly greater apoptotic 
potential with passing durations of OGD when exposed 
to normal PC12 cells [32]. IL-17A is a key player in the 

Fig. 4   Timeline representing key milestones in OGD-proteomics studies
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inflammatory cascade following ischemia/reperfusion injury. 
Zhang et al. used a 2D-GE-based proteomics approach to 
compare the proteome of OGD-exposed EOC2 microglial 
cells with and without IL-17A siRNA treatment. This study 
showed an IL17A mediated upregulation of caspase 3 
(CASP3), high mobility group box 1 (HMGB1), and osteo-
pontin (SPP1) among many other altered proteins that are 
involved in oxidative stress, cell metabolism, apoptosis, vari-
ous signaling pathways such as p53, PI3K/Akt, and Toll-like 
receptor signaling pathway [20]. Using label-free proteomics 
on organotypic cerebral slice cultures, cell division cycle 42 
was reported as the key protein involved in promoting neu-
rite outgrowth following acyl ghrelin treatment during the 
late phase of OGD/R (2 h/7 day) injury. Further, acyl ghre-
lin modified the expression of proteins of Rap1 and MAPK 
signaling pathways and proteins involved in processes such 
as regulation of actin cytoskeleton, endocytosis, and RNA 
transport [14]. Tao et  al. performed 2D-GE of proteins 
from EA.hy926 endothelial cells following 6 h of OGD. 
Twenty-two proteins were identified using MALDI-TOF 
MS. Peroxiredoxin1 (PRDX1) was found to be one of the 
most intensely upregulated proteins providing antioxidative 
protection during the acute phase of injury. However, nitro-
sative activation of E3 ubiquitin ligase E6-associated protein 
causes polyubiquitination and degradation of PRDX1 during 
the subacute/late phase (12-24 h). This contributes to the 
damage of vascular endothelial cells via redox imbalance 
[27]. Abigail et al. performed label-free proteomic analysis 
on SH-SY5Y cells following prolonged OGD (18 h). About 
1/3 of altered proteins were of mitochondrial and endoplas-
mic reticulum origin. These are involved in mitochondrial 
energy production, protein folding, and protein degradation 
as determined by Ingenuity Pathway Analysis. The upregula-
tion of proteins involved in unfolded protein response may 
be linked to the progressive swelling of the endoplasmic 
reticulum as observed by electron microscopy [31].

DAPK1 is identified as a new component of the neu-
ronal death signaling complex, which acts as a signaling 
amplifier of N-methyl-D-aspartate receptors for mediating 
brain damage following stroke. Using interaction proteom-
ics, leucine-rich repeat of flightless I-interacting protein 1 
(LRRFIP1) was identified as a novel neuronal DAPK1 inter-
actor in stroke-like conditions induced on primary cultures 
of rat cortical neurons by OGD. The results also suggest 
that an increase in LRRFIP1 expression precedes neuronal 
death, involving increased reactive oxygen species and lipid 
peroxides [15]. SUMOylation increases profoundly during 
the acute phase of reoxygenation following OGD. Using 
SILAC and immunoprecipitation on a stably transfected 
HA-SUMO3 expressing B35 cells, SUMO3 interacting pro-
teins were quantified following transient OGD (6 h/0.5 h, 
OGD/R). Of note, the OGD was generated using an anoxic 
chamber that was equipped with a palladium catalyst. The 

result demonstrates that SUMO3-conjugated proteins are 
involved in transcriptional regulation, DNA repair, and pro-
tein ubiquitination with ubiquitin being one of the elevated 
proteins. miRNA silencing of SUMO2/3 leads to complete 
abrogation of OGD-induced protein ubiquitination [17]. 
Table 2 summarizes the results of gene ontology analysis of 
OGD-proteomics studies along with the candidate proteins 
shortlisted as potential markers.

Data Validation and Follow‑Up Studies

Despite rapid technical progress and increasingly wider use 
of proteomics approaches, general skepticism about the reli-
ability of the proteomics data led to the use of complemen-
tary validation techniques in OGD-proteomics studies. The 
results were verified at the mRNA or protein level using 
different types of complementary molecular biological tech-
niques such as RT-PCR [18], immunoblotting [23, 33], or 
ELISA [33]. Recently, in EV samples of OGD-damaged and 
control cells, Wang et al. has used a MS-based parallel reac-
tion monitoring (PRM) approach to validate the TMT-LC-
MS/MS results (Fig. 4) [32]. Compared to immunoassays, 
targeted MS/MS techniques such as single/multiple reaction 
monitoring (SRM/MRM) and PRM have lower developmen-
tal cost; offer far wider coverage of proteome; are faster, 
more flexible, amenable to multiplexing, and in principle 
are capable of differentiating highly similar variants such 
as isoforms and post-translationally modified proteins [35]. 
Immunocytochemistry and immunohistochemistry are used 
to obtain localization information of the discovered proteins 
[27]. The verified candidates are followed up by a variety 
of proof-of-concept experiments including but not limited 
to CRISPR-Cas9, siRNA, site-directed mutagenesis, and 
pharmacological modulation of the discovered proteins 
or pathways (Fig. 2). A more biologically relevant in vivo 
model (e.g., transient or permanent middle cerebral artery 
occlusion) [27] or comparable clinical samples (e.g., plasma 
or serum of patients) [33] are included in the experimental 
design to show the translational potential of the discovered 
target proteins.

Limitations and Challenges

In OGD-proteomics studies, several experimental details 
related to the OGD model or proteomics analysis were found 
missing or not easily available, e.g., the exact composition of 
the hypoxia gas, if reperfusion was included or not, duration 
of reperfusion, and ambient humidity during OGD. The dis-
solved oxygen content before, during, or immediately after 
the experiment is not available in most cases. Incidentally, 
the anticipated oxygen concentration inside the chamber 
varied widely between studies: < 0.001% [16], 0.3% [1, 
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36], < 0.5% [14], 1% [37]. Details about mass spectrometer, 
parameters used during data acquisition, and raw data analy-
sis, a total number of identified or quantified proteins are not 
available for some studies (Supplemental Table 2). These 
factors may affect the repeatability of the experiment. A list 
of essential variables has been listed in Supplemental Fig. 1 
to improve the overall reproducibility of future OGD-pro-
teomics studies. It can be found at https://​yenep​oya.​res.​in/​
datab​ase/​LTN_​Datta_​Lab/​OGD-​Prot_​Syste​matic-​Review/​
OGD-​Prot_​Addit​ional_​Varia​bles.​htm.

Beyond this, awareness about the limitations inherent 
to in vitro system, OGD model, and OGD-proteomics is 
important to avoid over-extrapolation of the results which 
may be misleading. First, under normal physiological con-
ditions, cells in brain tissue experience an oxygen tension 
that fluctuates between 21 and 47 mmHg (2.7–6.1% (v/v)) 
[38]. Cultured brain cells like any other mammalian cells 
are routinely maintained under supra-physiological oxygen 
concentration (in vitro normoxia — 140 mmHg or 18.5% 
(v/v), at sea level, 37 ºC). Hence, the normoxic condition 
in vivo would be very different from in vitro normoxia. 
The ambient oxygen level during hypoxia or OGD experi-
ment is generally kept below 2–3% (v/v) [21, 22]. Intui-
tively, the cellular response to in vitro hypoxia and OGD 
when compared to in vitro normoxia (~ 18.5% to < 2–3%) 
will not be directly comparable to in vivo OGD (ischemia). 
Further, during reoxygenation following hypoxia, although 
the aerial exchange with room air is instantaneous, oxygen 
dissolves at a much slower rate in the culture media than 
CO2 which reaches equilibrium within minutes [39]. This 
may be an important consideration during the reperfusion 
phase following an OGD experiment especially when a short 
duration of reperfusion is used. Second, various humidity 
(e.g., 70% [24], 100% [33]) of the ambient environment has 
been reported during OGD-proteomics experiments that 
can affect the partial pressure of oxygen (pO2) inside the 
hypoxia chamber or hypoxic incubator. Third, it is important 
to differentiate hypoxia (0.1–3% (v/v) oxygen tension) from 
anoxia (< 0.1% (v/v) oxygen tension) as cellular signaling 
is known to be different between these two conditions [40, 
41]. Hypoxia would be clinically more relevant although 
anoxia in the context of ischemia-reperfusion injury has also 
been studied [16, 17]. Fourth, rather than ambient oxygen 
level, the concentration of oxygen that the cultured cells are 
experiencing, i.e., the peri-cellular oxygen concentration, 
is perhaps more relevant during an OGD experiment. The 
peri-cellular oxygen concentration can depend on multi-
ple factors such as the geometry of the flask or well plate, 
type of used plasticware, volume/height of media [42], and 
hypoxia gas composition. Unfortunately, this is hard to pre-
dict exactly from the ambient oxygen concentration. No 
technologies are available that can accurately quantify and 
monitor intracellular oxygen levels in the living cells during 

routine maintenance of cell culture or an OGD experiment 
[39]. Fifth, brain cells, grown in high glucose (> 20 mM) 
and pyruvate (1 mM), are generally used as a control during 
OGD-proteomics studies. This is several folds greater than 
the glucose level seen during severe hyperglycemia in vivo. 
Of note, as determined by the microdialysis method, the 
physiological brain glucose level fluctuates between 0.82 
and 2.4 mM that can be reduced to 0.16 mM during hypo-
glycemia [43]. Sixth, apart from glucose and oxygen, wide 
variation in the composition of the culture media is observed 
between studies (Table 1), e.g., balanced salt solution does 
not have amino acids or vitamins that are present in DMEM 
or MEM. The presence or absence of other energy sources 
such as pyruvate, lactate, or fatty acids can affect the cellular 
response to OGD.

Comparable Trends Between OGD‑Proteomics 
and Clinical Proteomics Studies

In light of the foregoing limitations, it can be argued that 
being mostly done with secondary cell lines and without 
the presence of brain microenvironment and systemic influ-
ence, most of the molecular changes obtained from OGD-
proteomics studies have little to no predictive value when 
compared to bedside samples following ischemic stroke. 
To refute this, we have compared the deregulated proteins 
from all OGD-proteomics studies that used an expression 
proteomics approach with the deregulated proteome from a 
set of equal number of randomly selected clinical proteom-
ics studies done by us [44, 45] and others on human post-
mortem brain samples [44, 46–48] or body fluids such as 
plasma [45, 49], serum [50, 51], cerebrospinal fluid (CSF) 
[52], or brain microdialysate [53] of stroke patients (Fig. 1). 
At least 49 proteins were detected in common among both 
types of samples (Supplemental Table 3, https://​yenep​oya.​
res.​in/​datab​ase/​LTN_​Datta_​Lab/​OGD-​Prot_​Syste​matic-​
Review/​OGD-​Prot_​Clin-​Prot_​Conse​nsus_​Prote​ins.​htm). 
Several proteins quantified as deregulated in OGD-prot-
eomics studies (e.g., haptoglobin (HP), glutamic-oxaloacetic 
transaminase 2 (GOT2), NADH:ubiquinone oxidoreductase 
core subunit S1 (NDUFS1), carbonyl reductase 1 (CBR1), 
glial fibrillary acidic protein (GFAP)) also showed aber-
rant regulation in more than one clinical proteomics stud-
ies. At least ten proteins (e.g., CLU, annexin A5 (ANXA5), 
myosin heavy chain 9 (MYH9), galectin 3 binding protein 
(LGALS3BP), contactin 1 (CNTN1), ubiquinol-cytochrome 
c reductase core protein 2 (UQCRC2), vimentin (VIM), ser-
ine and arginine rich splicing factor 1 (SRSF1), glutathione 
S-transferase pi 1 (GSTP1), PRDX1) showed identical 
trends between in vitro OGD samples and clinical specimens 
(Table 3). Among cellular components, in neurons, mito-
chondria appeared to be the most represented and affected 
organelle with key mitochondrial events (such as citric acid 
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cycle) as the most altered processes following OGD [18, 31]. 
This has been replicated in microdissected neurons obtained 
from the infarcted area of human brain post-mortem samples 
[47]. Not surprisingly, at times, the magnitude or direction 
of deregulation of commonly quantified proteins is not com-
parable for obvious reasons. Changing the sampling time or 
cell-type or modifying the associated culture conditions can 
improve this correlation. Overall, proteomics data generated 
from well-controlled OGD models can effectively comple-
ment rodent models of ischemic stroke in providing candi-
date biomarkers for validation in suitable clinical samples.

Cell‑Type‑Specific Validation of OGD‑Proteomics 
Results in Pathologically or Clinically Relevant 
Samples

The OGD-proteomics data can be validated in two differ-
ent ways: (1) targeted validation: by checking the cell-type-
specific expression of one or more shortlisted proteins in 
comparable tissue samples and (2) validation of system-
wide trends: by comparing the OGD-proteomics data with 

a similar system-wide dataset generated from cell-type-
specific proteomics experiment done on comparable in vivo 
model or clinical samples. To perform either of these, it is 
important to isolate the target cell type from a predetermined 
location of the brain, e.g., cortical neurons could be the tar-
get cell type for validating OGD-proteomics studies done on 
a primary cortical neuron or secondary neuronal cell lines. 
LCM can be used for single-cell isolation directly from 
fresh, frozen, or fixed tissue samples. Fluorescence-acti-
vated cell sorting although used frequently may adversely 
affect the integrity of the brain cells during homogeniza-
tion of the tissue. An alternate option would be to perform 
cell-type-specific labeling in vivo in rodent stroke models. 
Various techniques have been tried on brain cells such as 
BioOrthogonal Non-Canonical Amino Acid Tagging [54]. 
The cell-type-specific interaction proteomics results can 
be validated using in situ proximity labeling methods such 
as in vivo BioID [55]. The subcellular localization infor-
mation can be validated using immunohistochemistry if 
antibodies are available or by imaging mass spectrometric 
techniques such as MALDI-imaging or secondary ion mass 

Table 3   Consensus candidates between OGD-proteomics and clinical proteomics studies showing consistent trends of regulation

a Non-italicized gene symbols are used to designate proteins. bLocation refers to a specific brain area, applicable only for tissue samples. c “;” 
semicolon is used to demarcate independent studies. “,” comma indicates multiple timepoints in the same study. PM post-mortem; PMI post-
mortem interval

Sl. No Proteina Clinical proteomics In vitro OGD-proteomics

Sample, disease/loca-
tionb

Sampling time  
(time from index event)

Regulation OGD sample Sampling time 
[post OGD(/R)]c

Regulationc

1 CLU Serum, ischemic 
stroke[51]

within 24 h Up Human microvascu-
lar endothelial cell 
secretome[33]

6 h Up

2 ANXA5 PM brain infarct, multi-
ple locations[44]

median PMI 3.5 h Up EVs (PC12 cells)[32]; 
SH-SY5Y cells[31]

3–12 h; 18 h Up; Up

3 MYH9 Plasma, lacunar 
infarction[45]

median delay: 42 days Down EVs (PC12 cells)[32]; 
SH-SY5Y cells[31]

3–12 h; 6 h, 18 h Down; Down

4 LGALS3BP Plasma, lacunar 
infarction[45]

median delay: 42 days Down EVs (PC12 cells)[32] 3–12 h Down

5 CNTN1 PM brain tissue, 
ischemic ipsilateral 
hemisphere (infarct 
core and peri-infarct 
area)[48]

PMI 6 h Up EVs (PC12 cells)[32] 3–12 h Up

6 UQCRC2 PM brain infarct, multi-
ple locations[44]

median PMI 3.5 h Down EVs (PC12 cells)[32] 6 h, 18 h Down

7 VIM PM brain infarct, multi-
ple locations[44]

median PMI 3.5 h Up Primary rat astrocyte 
cells[34]; SH-SY5Y 
cells[31]

2 h/18 h; 6 h Up; Up

8 SRSF1 PM brain tissue, infarct 
core and contralateral 
areas[47]

median PMI 5.5 h Up SH-SY5Y cells[31] 6 h, 18 h Up

9 GSTP1 Cerebral microdi-
alysate, infarct core[53]

After 24 h Up SH-SY5Y cells[31] 6 h, 18 h Up

10 PRDX1 Cerebral microdi-
alysate, infarct core[53]

After 24 h Up SH-SY5Y cells[31] 18 h Up
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spectrometry for candidates without validated antibodies. 
Of note, it will be hard to find a comparable in vivo or clini-
cal sample for validating the trends obtained from OGD-
proteomics studies done on EVs or secreted proteins (i.e., 
secretome or conditioned media). Proteins found in CSF 
or brain microdialysate are secreted by different types of 
brain cells, while plasma or serum contains proteins from 
all organs of the body. For body fluids, mass cytometry can 
provide cell-type-specific data which may be useful for 
assessing the response of immune cells which plays a cen-
tral role in post-stroke inflammation. However, most of the 
above-mentioned cell-type-specific approaches for isolation, 
labeling, or mass spectrometry are technically challenging, 
expensive, or time-consuming [56]. A few of them such as 
LCM [47] and mass cytometry [57, 58] have been used in 
the context of ischemic stroke. Until now, none of them have 
been used for direct validation of OGD-proteomics results.

Looking at Systems Data through the Lens 
of Reductionism

The current scheme of OGD-proteomics approach (Fig. 2) 
where proteomics data is eventually analyzed from a reduc-
tionist standpoint following validation in a cell-type non-
selective manner needs introspection. First, this allows 
validation of only a few proteins or pathways or processes 
from the whole dataset as performing targeted validation of 
many proteins are expensive and a time-consuming affair. 
Further, in a majority of the cases, the absence of good 
antibodies poses a problem [59]. Mass spectrometry-based 
validation techniques such as SRM/MRM or PRM [32] or 
MALDI-imaging have been used to partially circumvent 
this problem. Second, data interpretation remains limited 
to a few deregulated proteins (typically < 5% of total hits) 
in spite of identifying and quantifying hundreds and thou-
sands of proteins, thereby rejecting or at least undermining 
the majority of the acquired data. That is reflected in part 
by the absence of curated data files containing the whole 
list of identified or quantified proteins or raw MS data in 
several OGD-proteomics studies (e.g., in reference 27) (Sup-
plemental Table 2). An inevitable repercussion would be the 
failure to detect important general trends during a systematic 
review or large-scale data integration. Of note, the practice 
of writing systematic reviews and meta-analysis is rare in 
preclinical stroke research and remains one of the major 
reasons for the dismal bench-to-bedside translation of pre-
clinical findings [60]. Authors should be encouraged to share 
curated datasets as supplementary files or web-resources, 
while raw data should be deposited in open directories such 
as PRIDE or MASSIVE (e.g., reference 23, 33) for commu-
nity usage. Third, as samples obtained from in vitro OGD 
models are not directly comparable to in vivo samples unless 
a cell-type-specific validation is performed, a negative result 

during validation does not necessarily mean the findings are 
incorrect, while a positive result may be misleading as the 
in vivo protein level is the pooled abundance arising from 
different brain cell types. Similarly, when clinical samples 
are compared, the negative result could be due to the selec-
tion of a non-optimal cohort of patients or other patient-
related unaccounted factors. It is also important to share 
or publish negative results to avoid a negative publication 
bias, as seen with hypothesis-driven studies in experimental 
stroke research [61].

Conclusion

The brain consists of a number of functionally and structur-
ally distinct cell populations. Unlike cell-type or location-
specific neurological disorders such as Alzheimer’s disease 
or Parkinson’s disease, ischemic stroke being a vascula-
ture-linked disorder can affect any anatomical structure or 
cell type of the brain. Proteomics of in vitro OGD model 
forms the basis to understand the cell-type-specific global 
responses without systemic influence at the cellular or sub-
cellular level that cannot be replaced by proteomics studies 
done on in vivo stroke models or clinical samples. Almost 
14 years into the introduction of an unbiased OGD-prot-
eomics approach [28], we have seen its relatively few yet 
diverse applications on the neuron [17, 18, 23, 31], astro-
cyte [34], microglia [20], brain vascular endothelial cells 
[27, 28], organotypic slice cultures [14] or on EVs [32], and 
secreted proteins [33] either for profiling or for determin-
ing the interacting partners of selected proteins [15, 17]. 
Selected candidates from secreted proteins have also been 
validated directly on patient samples [33]. In general, com-
parable trends in the expression of several proteins between 
OGD-proteomics and clinical proteomics of ischemic stroke 
samples show the unappreciated potential of this compos-
ite design during future studies on biomarker discovery 
(Table 3).

Future Perspective

Despite healthy progress, OGD-proteomics is far from real-
izing its full potential. Profiling proteomics studies targeting 
isolated organelle (e.g., mitochondria, nucleus) or subcel-
lular fractions or secretome or EVs are in a nascent stage. 
Like hypothesis-driven studies, non-neuronal cell types such 
as glial or vascular endothelial cells remain poorly repre-
sented cell-type although they contribute to roughly half 
of the brain mass [62]. On the technical front, proteome-
wide detection and quantification of cell-type-specific post-
translational modifications of proteins, i.e., PTM-proteomics 
(such as SUMOylation, ubiquitination, phosphorylation, 
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glycosylation), following an ischemic stroke can only be 
possible using mass spectrometric techniques, not replace-
able by other omics approaches including next-generation 
RNA sequencing. The introduction of data-independent 
acquisition or single-cell proteomics [63, 64] can provide an 
additional new dimension to the above experiments. At the 
molecular level, no studies are available that focused on the 
druggable section of the proteome such as GPCRs (GPCRo-
mics) [65] or protein kinases (kinomics) or phosphatases in 
the context of ischemic stroke. On the data analysis front, 
the time has come to look at the proteomics data from an 
unbiased systems viewpoint. No stroke-specific proteomics 
data compendium is available for community usage. The 
use of statistical methodologies such as Bayesian statistics 
to integrate multiple system-wide datasets generated using 
various cell types or conditions can provide new insights 
into the cell-type-specific and consensus responses during 
the evolution of ischemic stroke. Large-scale integration of 
interdisciplinary data (i.e., integromics [66, 67]) is a prereq-
uisite for the overall understanding of the regulatory pro-
cesses. Some of these may offer mechanism-based targets 
suitable as potential therapeutic targets for proof-of-concept 
studies on rodent models or as biomarkers for validation on 
patient cohorts.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s12035-​022-​02745-2.

Acknowledgements  The authors thank Sudheer Shenoy, Bipasha Bose, 
and Rekha PD for helpful discussions and Klaus Heese for critical 
reading of the manuscript.

Author Contribution  Conceptualization: A.D. Literature search and 
analysis: M.B., N.K., and A.D. Preparation of tables, figures, web 
resource: M.B., N.K. and A.D. Writing and editing: A.D. All authors 
approved the final version of the manuscript.

Funding  The study is funded in part by departmental funding at 
Yenepoya Research Center and an institutional seed grant (YU/Seed 
Grant/092–2020 to A.D.) at Yenepoya (Deemed to be University). M.B. 
is funded by a senior research fellowship from Yenepoya (Deemed to 
be University).

Data Availability  Supplementary materials are available. A web 
resource containing supplementary tables and vector graphic version 
of a modified Fig. 3 are available at https://​yenep​oya.​res.​in/​datab​ase/​
LTN_​Datta_​Lab/​OGD-​Prot_​Syste​matic-​Review/

Declarations 

Ethics Approval  This article does not contain any studies with human 
participants or animals performed by any of the authors.

Consent to Participate  Not applicable

Consent for Publication  Not applicable

Competing Interests  The authors declare no competing interests.

References

	 1.	 Goldberg MP, Choi DW (1993) Combined oxygen and glucose 
deprivation in cortical cell culture: calcium- dependent and cal-
cium-independent mechanisms of neuronal injury. J Neurosci 
13(8):3510–3524. https://​doi.​org/​10.​1523/​jneur​osci.​13-​08-​03510.​
1993

	 2.	 Trotman-Lucas M, Gibson CL (2021) A review of experimental 
models of focal cerebral ischemia focusing on the middle cer-
ebral artery occlusion model. F1000Res 10:242. https://​doi.​org/​
10.​12688/​f1000​resea​rch.​51752.2

	 3.	 Fenn JB, Mann M, Meng CK, Wong SF, Whitehouse CM (1989) 
Electrospray ionization for mass spectrometry of large biomol-
ecules. Science 246(4926):64–71. https://​doi.​org/​10.​1126/​scien​
ce.​26753​15

	 4.	 Tanaka K, Waki H, Ido Y, Akita S, Yoshida Y, Yoshida T, Matsuo 
T (1988) Protein and polymer analyses up to m/z 100 000 by 
laser ionization time-of-flight mass spectrometry. Rapid Commun 
Mass Spectrom 2(8):151–153. https://​doi.​org/​10.​1002/​rcm.​12900​
20802

	 5.	 Ideker T, Galitski T, Hood L (2001) A new approach to decoding 
life: systems biology. Annu Rev Genomics Hum Genet 2:343–
372. https://​doi.​org/​10.​1146/​annur​ev.​genom.2.​1.​343

	 6.	 O’Collins VE, Macleod MR, Donnan GA, Horky LL, van der 
Worp BH, Howells DW (2006) 1,026 experimental treatments in 
acute stroke. Ann Neurol 59(3):467–477. https://​doi.​org/​10.​1002/​
ana.​20741

	 7.	 Lapchak PA (2010) A critical assessment of edaravone acute 
ischemic stroke efficacy trials: is edaravone an effective neuro-
protective therapy? Expert Opin Pharmacother 11(10):1753–1763. 
https://​doi.​org/​10.​1517/​14656​566.​2010.​493558

	 8.	 Chen HS, Qi SH, Shen JG (2017) One-compound-multi-target: 
combination prospect of natural compounds with thrombo-
lytic therapy in acute ischemic stroke. Curr Neuropharmacol 
15(1):134–156. https://​doi.​org/​10.​2174/​15701​59x14​66616​06201​
02055

	 9.	 Tonomura S, Ihara M, Friedland RP (2020) Microbiota in cer-
ebrovascular disease: a key player and future therapeutic target. 
J Cereb Blood Flow Metab 40(7):1368–1380. https://​doi.​org/​10.​
1177/​02716​78x20​918031

	10.	 Iadecola C, Anrather J (2011) Stroke research at a crossroad: 
asking the brain for directions. Nat Neurosci 14(11):1363–1368. 
https://​doi.​org/​10.​1038/​nn.​2953

	11.	 Li H, You W, Li X, Shen H, Chen G (2019) Proteomic-based 
approaches for the study of ischemic stroke. Transl Stroke Res 
10(6):601–606. https://​doi.​org/​10.​1007/​s12975-​019-​00716-9

	12.	 Datta A, Jingru Q, Khor TH, Teo MT, Heese K, Sze SK (2011) 
Quantitative neuroproteomics of an in vivo rodent model of focal 
cerebral ischemia/reperfusion injury reveals a temporal regula-
tion of novel pathophysiological molecular markers. J Prot Res 
10(11):5199–5213. https://​doi.​org/​10.​1021/​pr200​673y

	13.	 Mergenthaler P, Lindauer U, Dienel GA, Meisel A (2013) Sugar 
for the brain: the role of glucose in physiological and pathological 
brain function. Trends Neurosci 36(10):587–597. https://​doi.​org/​
10.​1016/j.​tins.​2013.​07.​001

	14.	 Liu J, Chen M, Dong R, Sun C, Li S, Zhu S (2019) Ghrelin pro-
motes cortical neurites growth in late stage after oxygen-glucose 
deprivation/reperfusion injury. J Mol Neurosci 68(1):29–37. 
https://​doi.​org/​10.​1007/​s12031-​019-​01279-y

	15.	 DeGregorio-Rocasolano N, Guirao V, Ponce J, Melià-Sorolla M, 
Aliena-Valero A, García-Serran A, Salom JB, Dávalos A et al 
(2020) Comparative proteomics unveils LRRFIP1 as a new player 
in the DAPK1 interactome of neurons exposed to oxygen and glu-
cose deprivation. Antioxidants (Basel, Switzerland) 9(12):1202. 
https://​doi.​org/​10.​3390/​antio​x9121​202

2375Molecular Neurobiology (2022) 59:2363–2377

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



1 3

	16.	 Kim JY, Kim N, Zheng Z, Lee JE, Yenari MA (2016) 70-kDa Heat 
shock protein downregulates dynamin in experimental stroke: a 
new therapeutic target? Stroke 47(8):2103–2111. https://​doi.​org/​
10.​1161/​strok​eaha.​116.​012763

	17.	 Yang W, Thompson JW, Wang Z, Wang L, Sheng H, Foster MW, 
Moseley MA, Paschen W (2012) Analysis of oxygen/glucose-dep-
rivation-induced changes in SUMO3 conjugation using SILAC-
based quantitative proteomics. J Proteome Res 11(2):1108–1117. 
https://​doi.​org/​10.​1021/​pr200​834f

	18.	 Datta A, Park JE, Li X, Zhang H, Ho ZS, Heese K, Lim 
SK, Tam JP et al (2010) Phenotyping of an in vitro model 
of ischemic penumbra by iTRAQ-based shotgun quantitative 
proteomics. J Proteome Res 9(1):472–484. https://​doi.​org/​10.​
1021/​pr900​829h

	19.	 Jeong SY, Jeon R, Choi YK, Jung JE, Liang A, Xing C, Wang X, 
Lo EH et al (2016) Activation of microglial Toll-like receptor 3 
promotes neuronal survival against cerebral ischemia. J Neuro-
chem 136(4):851–858. https://​doi.​org/​10.​1111/​jnc.​13441

	20.	 Zhang B, Yang N, Mo ZM, Lin SP, Zhang F (2017) IL-17A 
Enhances microglial response to OGD by regulating p53 and 
PI3K/Akt pathways with involvement of ROS/HMGB1. Front 
Mol Neurosci 10:271. https://​doi.​org/​10.​3389/​fnmol.​2017.​00271

	21.	 Snyder CM, Chandel NS (2009) Mitochondrial regulation of cell 
survival and death during low-oxygen conditions. Antioxid Redox 
Signal 11(11):2673–2683. https://​doi.​org/​10.​1089/​ars.​2009.​2730

	22.	 Holloway PM, Gavins FN (2016) Modeling ischemic stroke 
in vitro: status quo and future perspectives. Stroke 47(2):561–569. 
https://​doi.​org/​10.​1161/​strok​eaha.​115.​011932

	23.	 Li H, Kittur FS, Hung C-Y, Li PA, Ge X, Sane DC, Xie J (2020) 
Quantitative proteomics reveals the beneficial effects of low glu-
cose on neuronal cell survival in an in vitro ischemic penumbral 
model. Front Cell Neurosci 14:272. https://​doi.​org/​10.​3389/​fncel.​
2020.​00272

	24.	 Zheng X, Zhang L, Kuang Y, Venkataramani V, Jin F, Hein K, 
Zafeiriou MP, Lenz C et al (2021) Extracellular vesicles derived 
from neural progenitor cells–a preclinical evaluation for stroke 
treatment in mice. Transl Stroke Res 12:185–203. https://​doi.​org/​
10.​1007/​s12975-​020-​00814-z

	25.	 Zhao J, Piao X, Wu Y, Liang S, Han F, Liang Q, Shao S, Zhao 
D (2020) Cepharanthine attenuates cerebral ischemia/reperfusion 
injury by reducing NLRP3 inflammasome-induced inflammation 
and oxidative stress via inhibiting 12/15-LOX signaling. Biomed 
Pharmacother 127:110151. https://​doi.​org/​10.​1016/j.​biopha.​2020.​
110151

	26.	 Xu F-F, Zhang Z-B, Wang Y-Y, Wang T-H (2018) Brain-derived 
glia maturation factor β participates in lung injury induced 
by acute cerebral ischemia by increasing ROS in endothelial 
cells. Neurosci Bull 34:1077–1090. https://​doi.​org/​10.​1007/​
s12264-​018-​0283-x

	27.	 Tao RR, Wang H, Hong LJ, Huang JY, Lu YM, Liao MH, Ye 
WF, Lu NN et al (2014) Nitrosative stress induces peroxiredoxin 
1 ubiquitination during ischemic insult via E6AP activation in 
endothelial cells both in vitro and in vivo. Antioxid Redox Signal 
21(1):1–16. https://​doi.​org/​10.​1089/​ars.​2013.​5381

	28.	 Haqqani AS, Kelly J, Baumann E, Haseloff RF, Blasig IE, Stan-
imirovic DB (2007) Protein markers of ischemic insult in brain 
endothelial cells identified using 2D gel electrophoresis and 
ICAT-based quantitative proteomics. J Proteome Res 6(1):226–
239. https://​doi.​org/​10.​1021/​pr060​3811

	29.	 Comajoan P, Gubern C, Huguet G, Serena J, Kádár E, Castellanos 
M (2018) Evaluation of common housekeeping proteins under 
ischemic conditions and/or rt-PA treatment in bEnd. 3 cells. J 
Proteomics 184:10–15. https://​doi.​org/​10.​1016/j.​jprot.​2018.​06.​
011

	30.	 Mallick P, Kuster B (2010) Proteomics: a pragmatic perspective. 
Nat Biotechnol 28(7):695–709. https://​doi.​org/​10.​1038/​nbt.​1658

	31.	 Herrmann AG, Deighton RF, Le Bihan T, McCulloch MC, 
Searcy JL, Kerr LE, McCulloch J (2013) Adaptive changes in 
the neuronal proteome: mitochondrial energy production, endo-
plasmic reticulum stress, and ribosomal dysfunction in the cel-
lular response to metabolic stress. J Cereb Blood Flow Metab 
33:673–683. https://​doi.​org/​10.​1038/​jcbfm.​2012.​204

	32.	 Wang X, Wang J, Shi X, Pan C, Liu H, Dong Y, Dong R, Mang 
J et al (2019) Proteomic analyses identify a potential mechanism 
by which extracellular vesicles aggravate ischemic stroke. Life Sci 
231:116527. https://​doi.​org/​10.​1016/j.​lfs.​2019.​06.​002

	33.	 Llombart V, García-Berrocoso T, Bech-Serra JJ, Simats A, Bus-
tamante A, Giralt D, Reverter-Branchat G, Canals F et al (2016) 
Characterization of secretomes from a human blood brain barrier 
endothelial cells in-vitro model after ischemia by stable isotope 
labeling with aminoacids in cell culture (SILAC). J Proteomics 
133:100–112. https://​doi.​org/​10.​1016/j.​jprot.​2015.​12.​011

	34.	 Yan H, Zhou W, Wei L, Zhong F, Yang Y (2010) Proteomic 
analysis of astrocytic secretion that regulates neurogenesis using 
quantitative amine-specific isobaric tagging. Biochem Biophys 
Res Commun 391(2):1187–1191. https://​doi.​org/​10.​1016/j.​bbrc.​
2009.​12.​015

	35.	 Vidova V, Spacil Z (2017) A review on mass spectrometry-based 
quantitative proteomics: Targeted and data independent acqui-
sition. Anal Chim Acta 964:7–23. https://​doi.​org/​10.​1016/j.​aca.​
2017.​01.​059

	36.	 Jochner MCE, An J, Lättig-Tünnemann G, Kirchner M, Dagane 
A, Dittmar G, Dirnagl U, Eickholt BJ et al (2019) Unique prop-
erties of PTEN-L contribute to neuroprotection in response to 
ischemic-like stress. Sci Rep 9(1):3183. https://​doi.​org/​10.​1038/​
s41598-​019-​39438-1

	37.	 Imai T, Matsubara H, Nakamura S, Hara H, Shimazawa M (2020) 
The mitochondria-targeted peptide, bendavia, attenuated ischemia/
reperfusion-induced stroke damage. Neuroscience 443:110–119. 
https://​doi.​org/​10.​1016/j.​neuro​scien​ce.​2020.​07.​044

	38.	 Ast T, Mootha VK (2019) Oxygen and mammalian cell culture: 
are we repeating the experiment of Dr. Ox? Nat Metab 1(9):858–
860. https://​doi.​org/​10.​1038/​s42255-​019-​0105-0

	39.	 Keeley TP, Mann GE (2019) Defining physiological normoxia 
for improved translation of cell physiology to animal models and 
humans. Physiol Rev 99(1):161–234. https://​doi.​org/​10.​1152/​
physr​ev.​00041.​2017

	40.	 Schroedl C, McClintock DS, Budinger GR, Chandel NS (2002) 
Hypoxic but not anoxic stabilization of HIF-1alpha requires mito-
chondrial reactive oxygen species. Am J Physiol Lung Cell Mol 
Physiol 283(5):L922-931. https://​doi.​org/​10.​1152/​ajplu​ng.​00014.​
2002

	41.	 Liu L, Wise DR, Diehl JA, Simon MC (2008) Hypoxic reactive 
oxygen species regulate the integrated stress response and cell 
survival. J Biol Chem 283(45):31153–31162. https://​doi.​org/​10.​
1074/​jbc.​M8050​56200

	42.	 Wenger RH, Kurtcuoglu V, Scholz CC, Marti HH, Hoogewijs D 
(2015) Frequently asked questions in hypoxia research. Hypoxia 
(Auckl) 3:35–43. https://​doi.​org/​10.​2147/​hp.​S92198

	43.	 Kleman AM, Yuan JY, Aja S, Ronnett GV, Landree LE (2008) 
Physiological glucose is critical for optimized neuronal viabil-
ity and AMPK responsiveness in  vitro. J Neurosci Methods 
167(2):292–301. https://​doi.​org/​10.​1016/j.​jneum​eth.​2007.​08.​028

	44.	 Datta A, Akatsu H, Heese K, Sze SK (2013) Quantitative clinical 
proteomic study of autopsied human infarcted brain specimens to 
elucidate the deregulated pathways in ischemic stroke pathology. 
J Proteomics 91:556–568. https://​doi.​org/​10.​1016/j.​jprot.​2013.​08.​
017

	45.	 Datta A, Chen CP, Sze SK (2014) Discovery of prognostic bio-
marker candidates of lacunar infarction by quantitative proteom-
ics of microvesicles enriched plasma. PLoS ONE 9(4):e94663. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00946​63

2376 Molecular Neurobiology (2022) 59:2363–2377

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



1 3

	46.	 Cuadrado E, Rosell A, Colomé N, Hernández-Guillamon M, 
García-Berrocoso T, Ribo M, Alcazar A, Ortega-Aznar A et al 
(2010) The proteome of human brain after ischemic stroke. J Neu-
ropathol Exp Neurol 69(11):1105–1115. https://​doi.​org/​10.​1097/​
NEN.​0b013​e3181​f8c539

	47.	 García-Berrocoso T, Llombart V, Colàs-Campàs L, Hainard A, 
Licker V, Penalba A, Ramiro L, Simats A et al (2018) Single cell 
immuno-laser microdissection coupled to label-free proteomics to 
reveal the proteotypes of human brain cells after ischemia. Mol 
Cell Proteomics 17(1):175–189. https://​doi.​org/​10.​1074/​mcp.​
RA117.​000419

	48.	 García-Berrocoso T, Penalba A, Boada C, Giralt D, Cuadrado E, 
Colomé N, Dayon L, Canals F et al (2013) From brain to blood: 
new biomarkers for ischemic stroke prognosis. J Proteomics 
94:138–148. https://​doi.​org/​10.​1016/j.​jprot.​2013.​09.​005

	49.	 Allard L, Lescuyer P, Burgess J, Leung KY, Ward M, Walter N, 
Burkhard PR, Corthals G et al (2004) ApoC-I and ApoC-III as 
potential plasmatic markers to distinguish between ischemic and 
hemorrhagic stroke. Proteomics 4(8):2242–2251. https://​doi.​org/​
10.​1002/​pmic.​20030​0809

	50.	 Sharma R, Gowda H, Chavan S, Advani J, Kelkar D, Kumar GS, 
Bhattacharjee M, Chaerkady R et al (2015) Proteomic signature of 
endothelial dysfunction identified in the serum of acute ischemic 
stroke patients by the iTRAQ-based LC-MS approach. J Proteome 
Res 14(6):2466–2479. https://​doi.​org/​10.​1021/​pr501​324n

	51.	 Song H, Zhou H, Qu Z, Hou J, Chen W, Cai W, Cheng Q, Chuang 
DY et al (2019) From Analysis of ischemic mouse brain pro-
teome to identification of human serum clusterin as a potential 
biomarker for severity of acute ischemic stroke. Transl Stroke Res 
10(5):546–556. https://​doi.​org/​10.​1007/​s12975-​018-​0675-2

	52.	 Lescuyer P, Allard L, Zimmermann-Ivol CG, Burgess JA, Hughes-
Frutiger S, Burkhard PR, Sanchez JC, Hochstrasser DF (2004) 
Identification of post-mortem cerebrospinal fluid proteins as 
potential biomarkers of ischemia and neurodegeneration. Prot-
eomics 4(8):2234–2241. https://​doi.​org/​10.​1002/​pmic.​20030​0822

	53.	 Dayon L, Turck N, Garcí-Berrocoso T, Walter N, Burkhard PR, 
Vilalta A, Sahuquillo J, Montaner J et al (2011) Brain extracel-
lular fluid protein changes in acute stroke patients. J Proteome Res 
10(3):1043–1051. https://​doi.​org/​10.​1021/​pr101​123t

	54.	 Alvarez-Castelao B, Schanzenbächer CT, Hanus C, Glock C, Tom 
Dieck S, Dörrbaum AR, Bartnik I, Nassim-Assir B et al (2017) 
Cell-type-specific metabolic labeling of nascent proteomes 
in vivo. Nat Biotechnol 35(12):1196–1201. https://​doi.​org/​10.​
1038/​nbt.​4016

	55.	 Uezu A, Kanak DJ, Bradshaw TW, Soderblom EJ, Catavero CM, 
Burette AC, Weinberg RJ, Soderling SH (2016) Identification of 
an elaborate complex mediating postsynaptic inhibition. Science 
353(6304):1123–1129. https://​doi.​org/​10.​1126/​scien​ce.​aag08​21

	56.	 Wilson RS, Nairn AC (2018) Cell-type-specific proteomics: a 
neuroscience perspective. Proteomes 6(4):51. https://​doi.​org/​10.​
3390/​prote​omes6​040051

	57.	 Tsai AS, Berry K, Beneyto MM, Gaudilliere D, Ganio EA, Culos 
A, Ghaemi MS, Choisy B et al (2019) A year-long immune pro-
file of the systemic response in acute stroke survivors. Brain 
142(4):978–991. https://​doi.​org/​10.​1093/​brain/​awz022

	58.	 Li Y, Wang Y, Yao Y, Griffiths BB, Feng L, Tao T, Wang F, 
Xu B et al (2020) Systematic study of the immune components 
after ischemic stroke using CyTOF techniques. J Immunol Res 
2020:9132410. https://​doi.​org/​10.​1155/​2020/​91324​10

	59.	 Aebersold R, Burlingame AL, Bradshaw RA (2013) Western blots 
versus selected reaction monitoring assays: time to turn the tables? 
Mol Cell Proteomics 12(9):2381–2382. https://​doi.​org/​10.​1074/​
mcp.​E113.​031658

	60.	 Dirnagl U, Macleod MR (2009) Stroke research at a road block: 
the streets from adversity should be paved with meta-analysis 
and good laboratory practice. Br J Pharmacol 157(7):1154–1156. 
https://​doi.​org/​10.​1111/j.​1476-​5381.​2009.​00211.x

	61.	 Dirnagl U, Endres M (2014) Found in translation: Preclinical 
stroke research predicts human pathophysiology, clinical pheno-
types, and therapeutic outcomes. Stroke 45(5):1510–1518. https://​
doi.​org/​10.​1161/​STROK​EAHA.​113.​004075

	62.	 von Bartheld CS, Bahney J, Herculano-Houzel S (2016) The 
search for true numbers of neurons and glial cells in the human 
brain: a review of 150 years of cell counting. J Comp Neurol 
524(18):3865–3895. https://​doi.​org/​10.​1002/​cne.​24040

	63.	 Budnik B, Levy E, Harmange G, Slavov N (2018) SCoPE-MS: 
mass spectrometry of single mammalian cells quantifies proteome 
heterogeneity during cell differentiation. Genome Biol 19(1):161. 
https://​doi.​org/​10.​1186/​s13059-​018-​1547-5

	64.	 Goto-Silva L (1869) Junqueira M (2021) Single-cell proteomics: 
a treasure trove in neurobiology. Biochim Biophys Acta Proteins 
Proteom 7:140658. https://​doi.​org/​10.​1016/j.​bbapap.​2021.​140658

	65.	 Hsiao CC, Sankowski R, Prinz M, Smolders J, Huitinga I, Hamann 
J (2021) GPCRomics of Homeostatic and disease-associated 
human microglia. Front Immunol 12:674189. https://​doi.​org/​10.​
3389/​fimmu.​2021.​674189

	66.	 Vitrinel B, Koh HWL, Mujgan Kar F, Maity S, Rendleman J, 
Choi H, Vogel C (2019) Exploiting interdata relationships in next-
generation proteomics analysis. Mol Cell Proteomics 18(8 suppl 
1):S5-S14. https://​doi.​org/​10.​1074/​mcp.​MR118.​001246

	67.	 Montaner J, Ramiro L, Simats A, Tiedt S, Makris K, Jickling 
GC, Debette S, Sanchez JC et al (2020) Multilevel omics for 
the discovery of biomarkers and therapeutic targets for stroke. 
Nat Rev Neurol 16(5):247–264. https://​doi.​org/​10.​1038/​
s41582-​020-​0350-6

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

2377Molecular Neurobiology (2022) 59:2363–2377

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



1.

2.

3.

4.

5.

6.

Terms and Conditions
 
Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature”). 
Springer Nature supports a reasonable amount of sharing of  research papers by authors, subscribers and authorised users (“Users”), for small-
scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are maintained. By
accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use (“Terms”). For these
purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial. 
These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or a personal
subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription
(to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the Creative Commons license used will
apply. 
We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data internally within
ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not
otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of companies unless we have your permission as
detailed in the Privacy Policy. 
While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that Users may
not: 
 

use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to circumvent access

control;

use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil liability, or is

otherwise unlawful;

falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by Springer Nature in

writing;

use bots or other automated methods to access the content or redirect messages

override any security feature or exclusionary protocol; or

share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer Nature journal

content.
 
In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates revenue,
royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain. Springer Nature journal
content cannot be used for inter-library loans and librarians may not upload Springer Nature journal content on a large scale into their, or any
other, institutional repository. 
These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any information or
content on this website and may remove it or features or functionality at our sole discretion, at any time with or without notice. Springer Nature
may revoke this licence to you at any time and remove access to any copies of the Springer Nature journal content which have been saved. 
To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express or implied
with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or warranties imposed by law,
including merchantability or fitness for any particular purpose. 
Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be licensed
from third parties. 
If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other manner not
expressly permitted by these Terms, please contact Springer Nature at 
 

onlineservice@springernature.com
 

mailto:onlineservice@springernature.com

