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A B S T R A C T

Remote ischemic conditioning (RIC) is a procedure consisting of short cycles of ischemia applied in a limb that
activates endogenous protection in distant organs, such as the brain. Despite the promising outcomes of RIC, the
biochemical factors governing inter-organ communication remain largely unexplored, particularly in humans. A
pilot study on 20 healthy humans was performed to identify potential circulating biochemical factors involved in
RIC signalling. Blood was collected before and immediately, 4 and 22 h after the end of RIC. To characterize the
responses triggered by RIC, a combination of biochemical and proteomic analysis, along with functional in vitro
tests in human cells, were performed.

RIC did not alter the levels of nitric oxide, bilirubin and cell-free mitochondrial DNA. In contrast, carbox-
yhaemoglobin levels increased following RIC at all time points and young subset, suggesting endogenous pro-
duction of carbon monoxide that is a cytoprotective gasotransmitter. Additionally, the levels of glutathione and
cysteinylglycine bound to proteins also increased after RIC, while glutathione catabolism decreased. Plasma
proteomic analysis identified overall 828 proteins. Several steps of statistical analysis (Student’s t-test, repeated
measures ANOVA, with Holm corrected pairwise p-values <0.05 threshold and fold change higher or lower than
100 %) leaded to the identification of 9 proteins with altered circulating levels in response to RIC at 4h and 22h.
All 9 proteins are from extracellular space or exosomes, being involved in inflammation, angiogenesis or
metabolism control. In addition, RIC-conditioned plasma from young subjects protected microglial cell culture
against inflammatory stimuli, indicating an anti-inflammatory effect of RIC. Nevertheless, other functional tests
in neurons or endothelial cells had no effect. Overall, we present some evidence for RIC-induced anti-inflam-
matory and antioxidant responses in healthy human subjects, in particular in young subjects. This study is a first
step towards the disclosure of signalling factors involved in RIC-mediated inter-organ communication.

1. Introduction

Preconditioning, conditioning or hormesis is a process that generates
cell or tissue protection by stimulating low levels of stress. In fact,

biological stress below the damage threshold may activate endogenous
mechanisms of defence, producing a state of tolerance and tissue pro-
tection. In 1986, it was shown for the first time that short periods (5 min)
of heart ischemia induced cardioprotection against longer periods (40
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min) of ischemia [1]. Since then, much research on ischemic pre-
conditioning has been done in different organs, including the brain,
using experimental models and some clinical trials [2,3]. Remote
ischemic conditioning (RIC) is a variation of ischemic preconditioning in
which ischemia (blood flow interruption with a tourniquet) is applied to
a non-vital part of the body (for example, an arm) that is distant from the
targeted organ to be protected (such as the brain) [4]. RIC presents many
advantages: it is a simple, cost-effective and non-invasive technique and
the organism is fully adapted to it, presenting almost no side effects [4].
In fact, RIC is a potential therapy based on the endogenous mechanisms
of defence that can be used against several diseases, including stroke,
dementia, heart attack, among others [3–5].

Stroke is the leading cause of brain disability and the second cause of
death worldwide; and it can be haemorrhagic or ischemic [6]. Hae-
morrhagic stroke corresponds to about 15 % of cases and no specific
therapy is available, except lowering blood pressure to limit hematoma.
The remaining 85 % of cases are ischemic stroke for which therapies are
thrombolysis with recombinant tissue-activated plasminogen (rtPA) or
thrombectomy (mechanical removal of thrombi) [7]. Current stroke
therapies primarily focus on restoring blood flow (reperfusion), but they
do not directly address the repair of damaged brain tissue (brain pa-
renchyma). Consequently, there is a need for the development of novel
and effective stroke treatments. RIC emerges as a promising strategy in
this effort to find solutions to this unmet medical challenge.

Since its initial application in an experimental model of cerebral
ischemia in 2004 [8], neuroscientists have been studying protective
effects, cellular and molecular mechanisms of RIC in animal models of
stroke. These studies focused on brain tissue processes, namely neural
cell death, neuroinflammation, autophagy, neurogenesis, cerebral blood
flow or anti-oxidant response [4,9]. Likewise, some potential signalling
factors involved in the communication between limb and brain were
also identified in experimental models, such as circulating biochemical
factors or cells, autonomous nervous system, exosomes or microRNAs
[4,10].

More recently, several clinical trials have been performed in
ischemic stroke patients during acute phase, with safety, feasibility and
tolerability as first outcomes [11–13]. Some clinical trials have revealed
promising results of RIC in ischemic stroke patients. Namely, RIC has
been associated with a reduction in the National Institute of Health
Stroke scale NIHSS score at day 90 post-stroke [14] and it appears to
decrease the risk of infarction one month after stroke [11,12].
Furthermore, RIC has been reported to induce changes in circulating
biomarkers in acute-phase stroke patients. Specifically, RIC has been
associated with increased plasma levels of Heat Shock Protein-27
(HSP-27) [14] and decreased plasma levels of S100β [15].

Nonetheless, no previous human study has been made with the
purpose of disclosing the blood signalling molecules affected by RIC in
healthy subjects, i.e. no stroke patients. Therefore, our pilot study aims
to identify the circulating biomolecular factors that undergo changes in
response to arm RIC to contribute to our understanding of how RIC
might ultimately confer neuroprotection. For that, twenty healthy vol-
unteers (divided in senior and young subsets) underwent RIC procedure
and biochemical and proteomic analysis were conducted in their
plasma. Moreover, functional tests of RIC-conditioned plasma were
performed in human cell lines of neurons, microglia and endothelial
cells from brain microvasculature. The rationale behind this study in
healthy volunteers (and not in stroke patients) is to avoid any con-
founding factors derived from stroke. Thus, any alteration in circulating
molecules is attributed to the RIC procedure itself and not to the
ischemic disease. Nevertheless, the senior volunteers present age-
associated comorbidities, which can influence the RIC response, thus a
particular attention was devoted to the data generated from the young
subset of volunteers.

2. Material and methods

2.1. Participants

Being a pilot study, a total of 20 subjects were selected according to
two age subgroups: senior (>60 years old) and young (<40 years old)
between February and September 2017. Senior subjects were recruited
from the hospital volunteers association: Liga dos Amigos HSFX from
Centro Hospitalar Lisboa Ocidental (CHLO, Portugal) that is an affiliated
Hospital of the NOVA Medical School (NMS, Portugal) wherein younger
subjects were recruited. The number of subjects for each subgroup
concerning age and sex are: 5 for young female and young male, 6 for
senior female and 4 for senior male. The study was approved by the NMS
Independent Ethical Committee (nº10/2016/CEFCM). The applied
exclusion criteria were: any previous neurological disease or neurosur-
gical procedure, severe heart failure (NYHA class III or higher), pe-
ripheral artery disease, skin ulcers or other severe dermatological
disease. Subjects were also excluded per investigator judgment if they
had any unstable/severe diseases. Informed consent was obtained from
all participants before the beginning of the study.

2.2. RIC procedure

The final aim was to characterize changes in proteins and other
biochemical molecules following RIC procedure in order to identify
potential factors involved in inter-organ RIC signalling and brain tissue
protection. The RIC protocol consisted of four cycles of 5-min ischemia/
5-min reperfusion, applied to the arm. Ischemia was performed with a
blood pressure cuff inflated to above 220 mmHg or at least 20 mmHg
above the subject’s systolic arterial pressure (Fig. 1A).

2.3. Blood collection

Peripheral blood samples were collected from all participants 1h and
20 min before the beginning of RIC (T0), immediately after RIC (T1) and
then 4h (T2) and 22h following end of RIC (T3), which corresponds to
24h after the first blood collection (Fig. 1B). Non-exposure groups
(control) correspond to T0, while RIC exposure groups are T1, T2 and T3
for all subjects.

2.4. Haemoglobin and carboxyhaemoglobin quantification

Haemoglobin, namely oxyhaemoglobin, methaemoglobin and car-
boxyhaemoglobin (COHb) were quantified using AVOXimeter 4000 (A-
VOX Systems, Inc., USA). A volume of 40 μL of fresh blood was collected
and used for optical quantification. To avoid bias variations, smokers (3
subjects) were excluded from this analysis since their basal levels of
COHb are higher.

2.5. Plasma preparation

Blood samples collected in EDTA-coated tubes were centrifuged at
800g for 15 min to obtain plasma. Plasma samples were aliquoted and
frozen at − 80 ◦C until further analysis. A pool of 10 plasma samples for
each time point from young subjects were prepared for functional
validation in human cell culture.

2.6. Plasma analysis

2.6.1. Bilirubin quantification
The Bilirubin assay kit (Sigma-Aldrich, MAK-126) was used

following the kit protocol. The kit follows Jendrassik-Grof method for
the quantification of bilirubin, which is based on the reaction of bili-
rubin with diazotized sulfanilic acid, resulting in a colorimetric product
measured at 530 nm.

I.G. Mollet et al.



Free Radical Biology and Medicine 224 (2024) 23–38

25

2.6.2. Nitric oxide quantification – griess reaction assay
The levels of nitrite, an indicator of the inflammatory marker nitric

oxide (NO), were measured by Griess reaction colorimetric test. Plasma
was incubated with Griess reagent (1:1 ratio, ref. 0355, Sigma-Aldrich)
for 10 min at room temperature, protected from light. Absorbance was
measured at 540 nm using an Infinite F200 PRO microplate reader
(Tecan). Nitrite concentration was calculated with reference to a stan-
dard curve generated from known concentrations of sodium nitrite
(NaNO2, Sigma-Aldrich).

2.6.3. Mitochondrial DNA quantification
Genomic DNA was extracted from plasma using the High Pure PCR

Template preparation kit (Roche Diagnostics, Mannheim, Germany).
PCR was performed using specific forward and reverse primers designed
for the mitochondrial COXII gene (5′-ACAGACGAGGTCAACGATCC-3′
and 5′-AGATTAGTCCGCCGTAGTCG-3′) and for the nuclear GAPDH
gene (5′-GCATCCTGGGCTACACTGAG-3′ and 5′-GTCAAAGGTGGAG-
GAGTGGG-3′), respectively. GAPDH gene was used as reference for
mitochondrial DNA quantification. Fast Start DNA Master Plus SYBR
Green I (Roche Diagnostics) was used with the experimental run pro-
tocol: denaturation program was 95 ◦C for 10 min, followed by 45 cycles
of 95 ◦C for 15″, 60 ◦C for 6″ and 72 ◦C for 20’’.

2.6.4. Assessment of glutathiomic profile by high performance liquid
chromatography (HPLC)

An HPLC with fluorescence detection was used to quantify the glu-
tathiomic profile, namely glutathione (GSH) and other related thiol
metabolites (glutathiolomic profile), including cysteinylglycine
(CysGly), which is a product of GSH degradation; cysteine (Cys), which
is a precursor of GSH synthesis, and homocysteine (HCys), which is a
precursor of Cys. Moreover, these molecules were quantified for their
total amount, their free and bound to proteins forms. Due to technical
and time limitations the number of analysed subjects were: 8 for young
and senior subgroups, 5 for male subgroup and 11 for female subgroup.

Aminothiols in plasma were reduced with tris(2-carboxyethyl)
phosphine (TCEP) and derivatized with ammonium 7- fluoro-2,1,3-
benzoxadiazole-4-sulfonate (SBD-F), as previously described by our

group [16]. Samples were analysed by HPLC system (Shimadzu) with a
RF-10AXL fluorescence detector, operating at 385 nm (λ excitation) and
515 nm (λ emission). The analytes Cys, HCys, CysGly and GSH were
separated on a LiChrospher 100 RP-18 (250× 4 mm, 5 μm;Merck), with
a mobile phase consisting of a mixture of 0.1 M acetate buffer (pH 4.5,
adjusted with acetic acid): methanol (99:1 v/v), at a flow rate of 0.8
mL/min, at 29 ◦C. The run time was 20 min.

2.6.5. Preparation of plasma for proteomics MS analysis
The 14 most abundant proteins of plasma were eliminated using a

commercially available kit (Agilent Human 14 Multiple Affinity
Removal System Spin Cartridges for the High-Abundant Proteins from
Human Proteomic Samples) following procedure instructions. Then,
samples were further treated for protein digestion. Protein solution
containing SDS and DTT were loaded onto filtering columns and washed
exhaustively with 8 M urea in HEPES buffer [17]. Proteins were reduced
with DTT and alkylated with IAA. Protein digestion was performed by
overnight digestion with trypsin sequencing grade (Promega).

2.6.6. Mass spectrometry analysis
Mass spectrometry analysis was performed by nano LC-MS/MS using

a Q-Exactive (Thermo, San Jose, CA) mass spectrometer coupled to an
EASY-nLC 100 liquid chromatography system (Thermo, San Jose, CA)
via a Nanospray Flex Ion Source. Peptides were loaded onto an Acclaim
PepMap100 pre-column (75 μm × 2 cm, Thermo, San Jose, CA) con-
nected to an Acclaim PepMap RSLC (50 μm × 15 cm, Thermo, San Jose,
CA) analytical column. Peptides were eluted from the column using a
linear gradient of 3–30 % acetonitrile in 0.1 % formic acid at a flow rate
of 300 nL/min over 190–254 min LC gradient (120 min for the peptide
pull-down). The mass spectrometer was operated in positive ion mode.
Full MS scans were acquired from m/z 350 to 2000 (1850 for peptide
pull-down data) with a resolution of 70.000 at m/z 200. The ten most
intense ions were fragmented by higher energy C-trap dissociation with
normalized collision energy of 28 and MS/MS spectra were recorded
with a resolution of 17.500 at m/z 200. The maximum ion injection time
was 120 min for both survey and MS/MS scans, whereas AGC target
values of 3 × 106 and 5 × 105 were used for survey and MS/MS scans,

Fig. 1. Remote ischemic conditioning (RIC) procedure. (A) RIC procedure in the arm and time-course of RIC procedure (time in minutes). Four periods of 5 min
occlusion were applied with an inflated limb-cuff, each period followed by 5 min of rest (cuff deflated). (B) Timeline of blood collection: blood was collected from
young and senior volunteers 1h40 min before end of RIC procedure (T0), immediately after RIC (T1), 4h (T2) and 22h after RIC (T3) corresponding to one day after
the first blood collection.
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respectively. To prevent repeated sequencing of peptides, dynamic
exclusion was applied for 30 s. Singly charged ions or ions with unas-
signed charge state were also excluded fromMS/MS. Data were acquired
using Xcalibur software (Thermo, San Jose, CA).

2.6.7. Proteomics annotation
The obtained data from the 124 LC-MS runs were searched using

VEMS [18,19]. A standard human proteome database from UniProt
(3AUP000005640). Permutated protein sequences, where Arg and Lys
were not permutated, were included in the database. Trypsin cleavage
allowing a maximum of 4 missed cleavages was used. Carbamidomethyl
cysteine was included as fixed modification. Methionine oxidation,
N-terminal protein acetylation and lysine acetylation was included as
variable modifications. 5 ppmmass accuracy was specified for precursor
ions and 0.01 m/z for fragment ions. The false discovery rate (FDR) for
protein identification was set to 1 % for peptide and protein identifi-
cations. No restriction was applied for minimal peptide length for VEMS
search. Identified proteins were divided into evidence groups as defined
by Matthiesen and co-authors [19].

2.6.8. In silico functional analysis of proteomics data and fold changes
Proteomics data was normalized to total ion counts (iBAQ) per

sample, to reduce biases resulting from sample handling and instru-
mentation. For protein level analysis, Log2(norm+1) was used in pair-
wise comparisons between time points T0 versus T2 and T3, where
"norm" is the normalized ion counts (median ions counts per sample
were 1.67× 1010. In order to obtain normally distributed data, iBAQ ion
counts were Log2 transformed after adding +1 count to all iBAQ values,
to eliminate Log of zero error when no signal is detected. Statistical
significance was evaluated using two-tailed paired two-sample equal
variance Student’s t-test and repeated measures ANOVA, with 0.05
threshold chosen for statistical significance; Benjamini-Hochberg and
Holm methods were used to correct for multiple testing. R code [R
version 4.3.2 (2023-10-31), https://www.r-project.org/] was used to
create volcano plots and perform repeated measures ANOVA and violin
plots (R code and data used is in Supplementary File 1). p-values indi-
cated by #<0.1, * <0.05, ** <0.01, *** <0.001. Functional analysis of
proteins was performed using DAVID Bioinformatics Resources 6.8 [20,
21] with Gene annotation derived from GENERIF summaries [22] and
Gene Ontology [23,24].

2.7. Functional plasma tests

Control and RIC-derived plasma were always supplemented at a final
concentration of 5 % in the cell culture medium for functional cellular
evaluation. Because serum (FBS) and plasma are very important in
supplementing growth factors and other cytoprotective factors, all cell
culture conditions must present the same concentration of (FBS) serum/
plasma composition. Thus 5 % of FBS was exchanged for 5 % of human
plasma. With this strategy we can assure that any beneficial effect of
plasma is due to plasma itself and not to an increase on serum/plasma
supplementation, avoiding any confounding effects.

2.7.1. SH-SY5Y human neuroblastoma cell line: maintenance and
differentiation

SH-SY5Y human neuroblastoma cell line was purchased from ATCC
(American Type Culture Collection). Maintenance of undifferentiated
cells: SH-SY5Y cell line was cultured in DMEM/F-12 supplemented with
10 % (v/v) foetal bovine serum (FBS) and 2 % (v/v) Pen/Strep (growth
medium). Cells were maintained in a humidified atmosphere of 5 % (v/
v) CO2 at 37 ◦C. Undifferentiated cells were grown in 75 cm2 T-flasks
and sub-cultured with fresh growth medium, whenever cell confluence
was achieved (about 80–90 % cell confluence). Cells were detached by
trypsinization at room temperature and slight shaking and hitting to
drain down cells with trypsin and resuspended in growth medium in a
1:4 cell passage. Growth medium was changed twice a week. For

neuronal differentiation and cell treatment protocols, cells were plated
on 24 well plates at 5 × 104 cell/well, following trypsinization and
resuspension in growth medium. Neuronal differentiation was induced
24 h after plating undifferentiated cells to ensure attachment and cell
differentiation. Neuronal differentiation was stimulated using DMEM/F-
12 medium, reduced serum to 1 % (v/v) FBS, 2 % (v/v) Pen/Strep and
supplemented with 10 μM of all-trans RA (differentiation medium).
Differentiation medium was replaced twice (day 1 and day 4) during 6
days of treatment. Of note, SH-SY5Y differentiated neuronal cells pre-
sent neuronal specific proteins and synaptic markers such as synapto-
physin [25].

2.7.2. Plasma treatment of differentiated SH-SY5Y cell line
After differentiation process (at day 6), culture mediumwas replaced

with new medium in 5 experimental conditions: the control condition
with 6 % FBS; the pre-RIC condition using 1 % FBS plus 5 % human
plasma (T0); and three post-RIC conditions using 1 % FBS plus 5 %
conditioned human plasma from T1, T2 and T3, respectively. These
supplementations allow the maintenance of final 6 % of serum (FBS)/
plasma in all conditions.

2.7.2.1. Flow cytometry for cell viability assessment. SH-SY5Y cells were
treated with 1 % FBS +5 % conditioned human plasma at the study time
points: T0 to T3 for 24h, followed by cell death induction with t-BHP
(tert-Butyl hydroperoxide) at concentrations ranging from 0 to 32 μM for
18 h. Cells were collected by trypsinization and stained with dye pro-
pidium iodide (PI, Invitrogen) at 1 g/mL. Cells were gated by forward
and side scatter. A flow cytometer (Attune NxT Acoustic Focusing) was
used to analyse cell death-associated parameters. Data analysis was
performed using FlowJo® software (10.5.3).

2.7.3. Microglial cell culture
Human HMC3 microglial cell line was purchased from ATCC

(American Type Culture Collection). For the maintenance of HMC3 cell
line, cells were kept in Minimum Essential Media (MEM) supplemented
with 11 % (v/v) non-inactivated Foetal Bovine Serum (FBS) and 1 % (v/
v) Penicillin/Streptomycin (Pen/Strep) (Sigma and Gibco Life Tech-
nologies, respectively). Cells were maintained in 75 cm2 T-flasks
(Corning) and 25 cm2 T-flasks (Corning), while passages were per-
formed once to two times a week in 1/2 dilution, depending on cell
confluency. BV2 murine microglia cell line (ICLC, Genova, Italy) was
cultured in RPMI-1640 (Biowest) supplemented with 10 % (v/v) non-
inactivated Foetal Bovine Serum (FBS) and 1 % (v/v) Penicillin/Strep-
tomycin (Pen/Strep) (Sigma and Gibco Life Technologies, respectively).
Cells were maintained in 75 cm2 T-flasks (Corning), while passages were
performed two to three times a week in 1/4 dilution, depending on cell
confluency.

2.7.4. Plasma treatment of microglial HMC3 cells and inflammation
stimulation

HMC3 cells were plated onto 96-well plates according to an opti-
mized seeding of 8.5 × 103 cells/well. After 48 h, medium of HMC3 cell
culture was exchanged for media containing: the control condition with
11 % FBS, the pre-RIC condition using 6 % FBS plus 5 % human plasma
T0, and three post-RIC conditions using 6 % FBS plus 5 % conditioned
human plasma T1, T2 and T3, respectively. After 24 h, inflammation was
stimulated with 500 ng/mL LPS (Sigma) for 24h, then ATP at 5 mM
(Sigma) was also added; and 30 min later cells were analysed. The
composition of serum/plasma supplementation follows the same pre-
vious rationale: the maintenance of same final 11 % of serum/plasma in
culture media for all conditions.

2.7.5. Plasma treatment of microglial BV-2 cells and inflammation
stimulation

BV-2 cells were plated onto 24-well plates, after 24h RIC-conditioned
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plasma at 5 % was added into the culture, and 24h later 0.5 μg/mL of
lipopolysaccharide (LPS) was added to promote neuroinflammation.
The levels of nitrite, an indicator of the inflammatory marker NO, were
measured using the culture medium by Griess assay (0355, Sigma) ac-
cording to Ref. [26].

2.7.6. Measurement of Reactive Oxygen Species generation
Reactive Oxygen Species (ROS) generation was followed by the

conversion of 2′,7′-dichlorofluorescein diacetate (H2DCFDA, Invitrogen,
UK) to fluorescent 2′, 7′-dichlorofluorescein (DCF) [27]. After HMC3
treatments, supernatant was removed and cells were incubated for 20
min with 5 μM of H2DCFDA prepared in PBS. Cells were washed twice,
and fluorescence was measured (λexc: 485 nm, λem: 530 nm) using Tecan
Infinite F200 Pro microplate reader.

2.7.7. Brain microvasculature endothelial cells hCMEC D3 cell culture
The hCMEC/D3 cell line was kindly supplied by Dr Couraud

(INSERM, Université René Descartes, Paris, France) [28]. Cells were
grown in EBM-2 medium supplemented with VEGF, IGF-1, EGF, basic
FGF and hydrocortisone as recommended by the manufacturer, 2.5 %
FBS and 1 % (v/v) of Penicillin/Streptomycin (Gibco). The cell medium
was changed every 48 h, and the cells reached confluence after 5–6 days
of culture. All the cell lines were kept in a humified incubator at 37 ◦C
and 5 % CO2. hCMEC D3 cerebral endothelial cells were differentiated
for 11 days in microwell inserts using 12 well plates using differentiating
medium (EBM-2 medium supplemented with Hepes, basic FGF, hydro-
cortisone, 1 % of Pen/Strep and 2.5 % of FBS as recommended by the
manufacturer).

2.7.8. Lucifer yellow permeabilization assay for hCMEC D3 cell line
Differentiated hCMEC D3 cells were treated in 4 experimental con-

ditions: the control condition with 5 % FBS, the pre-RIC condition using
5 % human plasma T0, and two post-RIC conditions using 5 % condi-
tioned human plasma T2 and T3, respectively. Then Lucifer yellow (LY)
(L0144, Sigma) was added at the apical side for a final concentration of
20 μM, following 45 min, 25 μL of culture medium from basolateral
compartment were collected for fluorescence quantification (λEx = 485
nm and λEm= 535 nm) using Tecan Infinite F200 Pro microplate reader.
Permeability coefficient was calculated based on the formula:

Papp = (VA/A x time X)/((LY basolateral concentration at time X)/(LY
apical concentration at time zero), where VA is basolateral volume, A is
insert area and time X is 45 min.

2.7.9. Immunofluorescence microscopy for beta-tubulin III assessment
SH-SY5Y cells were fixed with 4 % (v/v) PFA for 20 min at room

temperature, and then permeabilized with 0.3 % Triton X100 in PBS for
15 min. After permeabilization, cells were blocked with BlockPerm (0.1
% Triton X100, 1 % BSA in PBS) for 30 min at room temperature. The
cells were washed with PBS and incubated in a humified box at RT with
the primary antibodies, mouse anti-β tubuline III (Merk Millipore MAB
#1637) diluted 1/500 in BlockPerm for 2 h. After washing with PBS,
cells were labelled for 1 h with fluorescent secondary antibody, goat
anti-mouse conjugated to Alexa Fluor 488 (Thermofisher) diluted
January 2000. Coverslips were washed with PBS andmounted onto glass
slides with Prolong mounting media (with DAPI - Invitrogen). Fluores-
cence imaging was done using a Zeiss AxioImager D2 fluorescence
microscope.

2.7.10. Western blots for quantification of α-Synaptophysin
Differentiated SH-SY5Y cells were lysed using RIPA buffer and their

extracts were separated under reducing electrophoresis on a 1 mm 15 %
sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gel, for 1 h under
150V. Samples were transferred to a nitrocellulose membrane

(HybondTMC extra, Amersham Biosciences) for 1 h under 500 mA.
Synaptophysin and Actin proteins were stained with α-Synaptophysin
(Thermofisher, SY38) or β-actin (Sigma-Aldrich, A5441) antibodies at
1/5000 dilution for 2 h at room temperature.

Blots were developed using the ECL (enhanced chemiluminescence)
detection system after incubation with HRP-labelled anti-mouse IgG
anti-body (Amersham Biosciences Bioscience), 1/5000, 1 h of incuba-
tion at room temperature.

2.8. Statistical analysis

In the proteomic analysis, only the proteins detected in at least half of
the samples in each group in at least one of the time points were used for
downstream analysis. iBAQ values were normalized to total ion count
per sample and Log2 transformed to normalize data distribution, before
statistical analysis with R statistical software. Volcano plots were used to
visualize overall data significance. Significance was determined by
paired Student’s t-tests between time points with p-values corrected for
multiple protein comparisons using Benjamini-Hochberg procedure.
Repeated measures one way-ANOVA was used to analyse data across
time points before and after RIC with Holm corrected pairwise p-values
determined between time points. R code is provided in Supplementary
File 1. Functional analysis and annotation of proteins was performed
with the Database for Annotation, Visualization and Integrated Dis-
covery (DAVID) Bioinformatics Resources [Huang 2009 (https://doi.
org/10.1038/nprot.2008.211); Sherman 2022 (doi:10.1093/nar/
gkac194]).

Reported data on biochemical and functional analysis were statisti-
cally evaluated using GraphPad Prism 9. Statistical analysis was per-
formed using two-sample Student’s t-test with paired or unpaired
samples, or two-way ANOVA. Results concerning the functional analysis
of RIC-derived plasma on human cell cultures correspond to at least 3
independent experiments. The used test and the number of replicas are
indicated in the figure legends.

Multivariate analyses were performed to assess differences in the
panel of biochemical parameters among volunteers. The dataset con-
sisted of 18 biochemical parameters (NO, carboxyhemoglobin, bilirubin
and mtDNA and total, free total and protein-bound forms of Cys, CysGly,
HCys and GSH) x 64 observations. Data were mean-centered and scaled
to unit variance before statistical analysis. Partial Least Square
Discriminant Analysis (PLS-DA) was performed to disclose the most
relevant biochemical parameters discriminating Young and Senior
subgroups, as well as Male and Female subgroups. The parameters with
a variable importance on the projection (VIP) value > 1.6 were selected
as the most relevant. Principal Component Analysis (PCA) and PLS-DA
were performed with SIMCA software, version 14.1 (MKS Umetrics,
Umeå, Sweden).

3. Results

3.1. Subjects

RIC was applied to the arm with 4 cycles of 5 min of ischemia and 5
min of reperfusion, with procedure completed in 40 min (Fig. 1). Twenty
volunteers separated into two distinct subgroups of 10 volunteers ac-
cording to age were tested. The age average was 28.9 ± 6.3 years old for
young subgroup and 69.1 ± 7.4 years old for Senior subgroup. For
detailed information on sex and vascular risk factors see Supplementary
Table 1.

3.2. Changes in biochemical factors in plasma following RIC procedure

Biochemical markers were measured to unveil the factors influencing
inter-organ communication associated to RIC in healthy volunteers.
Additionally, data was analysed for the Young and for Senior groups
separately to evaluate potential variations in stress response associated
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with aging.
Haem-oxygenase-1 (HO-1) cleaves haem group into carbon monox-

ide (CO), free Fe2+ and bilirubin and its expression increases in
response to stress [29]. CO and bilirubin cytoprotective and
anti-inflammatory in several tissues, including the brain [29]; thus, their
levels were measured in circulation before and after RIC procedure. CO
was indirectly evaluated by the quantification of carboxy haemoglobin
(COHb) in the blood (Fig. 2A). COHb levels increased following RIC,
suggesting a potential induction of HO-1 in response to the mild stress
prompted by RIC. Likewise, increase in COHb levels were observed in
Young subsets (Supplementary Fig. 1A), while no difference was found
between female and male subgroups (Supplementary Fig. 1B).

Plasma bilirubin levels remained unchanged in response to RIC
(Fig. 2B). Although no alterations were found between Young and Senior
subgroups (Supplementary Fig. 1C), there is a trend of higher bilirubin
circulating levels in senior subjects, which is in accordance with an in-
crease on bilirubin levels during aging [30]. In addition, the levels of
bilirubin are higher in male subgroup (Supplementary Fig. 1D). Because
both CO and bilirubin are products of HO-1 activity, it would be
expectable to detect an increase in both molecules in the plasma, but it
did not occur. Nevertheless, alteration in bilirubin plasma levels must be
high in order to be detected, being originated in the liver. Moreover, CO
levels increased only slightly and were detected as COHb since CO
rapidly binds to haemoglobin in circulation. Thus, one can speculate
that the small increased levels of CO (measured via COHb with an ac-
curate device) may be locally generated (endothelial cells) at the vessels
nearby RIC application. In fact, mechanical pressure of RIC procedure
along with ischemic insult may indeed upregulate HO-1 in endothelial
cells, increasing its activity.

Nitric oxide (NO) is another key gasotransmitter involved in vaso-
modulation (generated by endothelial nitric oxide synthase - eNOS),
inflammatory response (generated by inducible nitric oxide synthase -
iNOS) and preconditioning response [31]. Therefore, the potential
RIC-induced production of NO was also assessed. Levels of nitrite were

measured in plasma as an indirect quantification of NO and no changes
in plasma NO concentration were found following RIC (Fig. 1C). Like-
wise, neither age nor sex exerted any influence on NO levels in plasma
(Supplementary Figs. 1E and F). Nevertheless, there is a trend of lower
NO2 levels in aged subgroup, which is in accordance with vascular aging
process. In fact, vascular aging is associated with endothelial cell
dyfunction along downregulation of eNOS and lower levels on NO,
which in turn promotes vasoconstriction [32].

Circulating cell-free mitochondrial DNA (mtDNA) is also a biomarker
of stress, being associated with inflammatory diseases, as well as with
physical and psychological stress [33]. Therefore, mtDNA could emerge
as a potential candidate for signalling minor stress and consequently
RIC-induced cytoprotection. Nevertheless, no change was observed in
total amount of cell-free mtDNA in plasma in response to RIC (Fig. 2D).
When comparing young and senior subgroups, there was a significant
difference in circulating mtDNA levels, with higher concentrations of
mtDNA in the senior subgroup (Supplementary Fig. 1G). This observa-
tion may align with the increased levels of inflammatory markers
associated with the aging process [33]. In contrast, no difference was
observed between female and male subgroups (Supplementary Fig. 1H).

The critical role of glutathione (GSH) in defence against oxidative
stress is well known, emphasizing the importance of maintaining a
reduced cellular state through the regulated balance between synthesis
and consumption of GSH and cysteine (Cys). Therefore, the distribution
of low-molecular-weight thiols between tissues and plasma reflects
oxidative stress [34]. RIC procedure was associated with an increase in
the levels of GSH and cysteinylglycine (CysGly) bound to proteins
(Fig. 3C and F) immediately after RIC; a decrease in the levels of total
and free CysGly (Fig. 3D and E) 4h after RIC, while no alteration was
observed in total or free forms of GSH (Fig. 3A and B). Furthermore, the
levels of total, free or protein-bound forms of metabolites related to
homocysteine (HCys) (Supplementary Figs. 2A–C) or of the GSH pre-
cursor Cys (Supplementary Figs. 2D–F) did not change in response to
RIC.

Fig. 2. Quantification of carbon monoxide (CO), bilirubin, nitric oxide (NO) and mitochondrial DNA in plasma before RIC (T0) and after RIC (T1, T2 and
T3). (A) The amount of total Hb (g/dL) and the percentage of COHb were quantified by Avoximeter device, then the amount of COHb in g/dL was calculated. (B)
After blood collection, plasma was separated and frozen at − 80 ◦C for further quantification of bilirubin (mg/dL) using Bilirubin Assay Kit (Sigma Aldrich). (C) Griess
reagent was used to measure plasma nitrite (NO2), which is an indirect way to quantify NO. (D) Plasma was separated and frozen at − 80 ◦C for further analysis of
mitochondrial DNA (mtDNA) levels by quantitative PCR (Q-PCR). Values are represented as the logarithm of mtDNA copy number per mL of plasma. All values are
mean ± SEM, n = 20 (n = 17 for COHb analysis) and data were analysed with the paired t-test, with * p < 0.05.
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When the analysis was done with different age and sex subsets, no
difference in response to RIC was found in the levels of GSH metabolites
in senior, female or male groups (Supplementary Fig. 3). Moreover, no
difference in the glutathiomic profile was observed between female and
male subgroups (Supplementary Fig. 3).

In young group RIC also induced an increase in the levels of cysteines
(Cys) and CysGly bound to proteins (Supplementary F ig. 3 F and L) and,
accordingly a decrease in free Cys and CysGly (Supplementary F ig. 3 E
and K). In healthy individuals, there is a recognized decline in S-cys-
teinylglycinylated and S-glutathionylated proteins with aging [35],
which was also observed herein with a reduction of protein bound GSH
in senior subset (Supplementary Fig. 3C). This decline has been
described as a sign of a less efficient antioxidant defence system that
comes with age, potentially contributing to an elevated risk of irre-
versible oxidation of proteins in plasma. Our findings suggest that in
healthy volunteers RIC produces an inverted aging pattern by a rapid
enhancement of plasma antioxidant capacity. Similarly to the complete
pool of subjects, total CysGly levels also decreased in response to RIC
(Supplementary Fig. 3D); and free HCys levels reduced after RIC in
young subjects (Supplementary Fig. 3H), which may indicate an in-
crease on GSH anabolism. In summary the anti-oxidant capacity is
highly dependent on a shift in the delicate balance between various
redox pools of thiols, in particular GSH and CysGly (Fig. 3).

Aiming to identify any RIC-induced response in plasma, all the above
mentioned biochemical parameters were analysed by Principal
Component Analysis (PCA). Score plots are a useful representation of the
PCA, since they represent the samples (the human volunteers) according
to the first two components of the PCA model. The first two components
are new variables built with the data provided and explain the largest
and second largest variation of the data, respectively. PCA did not reveal
a distinct cluster at any of the timepoints after RIC when compared to
before RIC. Likewise, no sex-related cluster was observed before RIC
procedure (Supplementary Fig. 4A) or with all timepoints (Supple-
mentary Fig. 4B). In contrast, the biochemical parameters globally
differed between Young and Senior subgroups (Supplementary Fig. 4C),
even pre-RIC (Supplementary Fig. 4D), wherein the factors contributing

most to this distinction were plasma NO, the protein-bound form of GSH
and mtDNA. This is not surprising once senior subjects present several
comorbidities (Supplementary Table 1).

3.3. Proteomic analysis of plasma following RIC procedure

Alterations in the circulating protein pattern in plasma following RIC
procedure were analysed after 4 (T2) and 22 (T3) hours by mass spec-
trometry in order to identify potential candidates for the observed
beneficial effects of RIC [4]. A total of 828 proteins were identified of
which 707 proteins, detected in at least 5 of the 10 subjects and in at
least one of the time points in young or senior subjects, were used for
downstream analysis. Fig. 4 schema outlines the statistical analysis
procedure, the groups and the comparisons.

Significance was detected by paired Student’s t-test comparisons
between time points T0 (before RIC) versus T2 (4h after RIC) and T0
versus T3 (22h after RIC) for all 20 subjects and within 8 subsets: 10
young (10Y), 10 senior (10S), 11 female (11F), 9 male (9M),6 female
senior (6FS), 5 female young (5FY), 4 male senior (4MS) and 5 male
young (5MY) (see all results in Supplementary Table 2). No significance
was detected after correction of p-values for multiple protein compari-
sons using Benjamini-Hochberg (BH) procedure. Data from proteins
with p-values <0.05 (without BH correction) were further analysed
using repeated measures one way-ANOVA over T0, T2 and T3 time
points and Holm adjusted pairwise p-values determined between time
points (Fig. 4). Volcano plots for visualization of overall data signifi-
cance and fold change are shown in Fig. 5 for the sets and comparisons
where the later analysis yielded significant p-values (ANOVA p-values
<0.05 and paired p-value Holm-adj <0.05). Individual protein violin
plots are shown in Fig. 6; fold change, significance, sets and comparisons
are summarised in Table 1A. At 4 h after RIC this analysis only detected
one increased protein in male subset (AXL, Log2 FC = 1.3) and one
decreased protein in the young female subset (GLIPR2, Log2 FC= − 2.6).
At 22h after RIC, differences were observed in seven proteins. Two
proteins were increased in set of all subjects (OSCAR, Log2 FC= 4.6; and
LRIG3, Log2 FC = 3.9); OSCAR was also increased in male subset (Log2

Fig. 3. Measurement of Glutathione (GSH) and its metabolite cysteinylglycine (CysGly) in plasma after RIC. GSH and CysGly were quantified in three
different forms: free form, protein-bound form and total amount. Blood was collected from young and senior volunteers at T0, T1, T2 and T3, then plasma was
separated and frozen at − 80 ◦C for further analysis. Total GSH (A), free GSH (B), protein-bound GSH (C), Total CysGly (D), Free CysGly (E), Protein-bound CysGly
(F) were quantified by HPLC. Data are mean ± SEM, n = 16. Data were analysed using paired t tests with * p < 0.05 and **p < 0.01 compared with timepoint
before RIC.
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FC= 8.3) and LRIG3 in senior subset (Log2 FC= 7.6) but not in the other
subsets. In the male subset, in addition to the increase in OSCAR we also
detected a reduction of LDHA (Log2 FC = − 1.3), whereas in the senior
subset, in addition to the increased LRIG3 we detected a substantial
decrease in FBP1 (Log2 FC = − 7.3). In the female subset we detected a

reduced level of TPM3 (Log2 FC = − 1) which is also seen in senior fe-
males (Log2 FC = − 1.7). Finally in the young subset we detected a
decrease in C4BPA (Log2 FC = − 1.0) and in the young female subset a
decrease in FAM3C (Log2 FC = − 1.2). The coefficient of determination
indicating Bayesian effect size is ranked as "Substantial" for all proteins
in repeated measures ANOVA analysis (Fig. 6) giving strength to the
explanatory power of our model.

Functional analysis of all 9 proteins for gene ontology annotations
revealed that all 9 proteins are present either in the extracellular exo-
some and or the extracellular space (Table 1B), validating the location of
the proteins and indicating that the extracellular exosome may be an
important mechanism in the conditioning response, communicating the
incidence of ischemia to other organs.

The lack of overlap in protein levels between young and senior
subjects at either the early or the late responses, is in accordance with
PCA analysis.

3.4. Functional validation of RIC-conditioned plasma in human cell
cultures

The functional validation of whether RIC-conditioned plasma has
any beneficial effects was obtained on various human cell models,
including neurons, microglia, and brain microvasculature endothelial
cells. The human neuron-like SH-SY5Y cell line was used after neuronal
differentiation, along with the microglial human HCM3 cell line and the
blood-brain barrier microvasculature endothelial cell line hCMEC/D3,
which was also differentiated to form an endothelial barrier. Cells were
cultured in the presence of FBS as a control, or with pooled human
plasma derived from 10 young volunteers at each specified time point.

In order to disclose any neuroprotective role of conditioned plasma,
neuronal morphology and synaptophysin expression were assessed as
indirect measures of neuronal function. SH-SY5Y differentiated
neuronal cells were cultured in the presence of human plasma derived
from different time points after RIC. β-tubulin III immunostaining was
used to quantify the number of neurites and to normalize it to the
number of cells assessed by nuclear staining with DAPI (Fig. 7A). No
difference in total area of neurites was found under different treatments
(Fig. 7B). In contrast, neuronal culture supplemented with RIC-
conditioned plasma appears to present a tendency of increased syn-
aptophysin expression, particularly at later time points (Fig. 7C and
Supplementary Fig. 5). In summary, although there was no detectable
increase in neurite number, RIC-conditioned plasma may contain some
factors that improve synapse formation. The potential for RIC-mediated
neuroprotection was also assessed by cell viability. SH-SY5Y cells were
cultured with human plasma or FBS supplemented media 24h before
inducing cell death with the pro-oxidant molecule tert-butyl-hydroper-
oxide. Human plasma supplementation appeared to protect SH-SY5Y
cells against cell death compared to control conditions (Fig. 7D).
Therefore, human plasma per se protects neurons against cell death, but
there appears to be no specific additional effect of RIC on neuronal cell
death response.

Microglia are key glial cells in the response against stroke due to
their role in inflammation control and phagocytosis. Herein, production
of ROS was used as a measure of inflammatory response of microglia.
HMC3 cells were cultured with media supplemented with FBS or with
human plasma conditioned or not by RIC. Cells were then challenged
with LPS and ATP to trigger neuroinflammation. In the absence of in-
flammatory conditions, exposure to human plasma led to a reduction in
the baseline levels of ROS production (Fig. 8A). Upon inflammatory
challenge, cells treated with human plasma exhibited lower levels of
ROS compared to the control conditions. Thus, RIC might induce
changes in plasma composition that mitigate neuroinflammation.
Interestingly, whenever conditioned plasma was tested in murine
microglial BV-2 cell line the same anti-neuroinflammatory effect was
also observed for plasma derived from young subjects, further sup-
porting its anti-neuroinflammatory action in another cell model

Fig. 4. Schema of proteomic analysis. The schema outlines the statistical
analysis procedure, the groups and the comparisons.
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(Supplementary Fig. 6). Nevertheless no anti-inflammatory role of RIC-
conditioned plasma was found for plasma derived from senior, female or
male subgroups (Supplementary Fig. 6).

The analysis of the endothelial blood-brain barrier (BBB), formed by
the differentiated hCMEC D3 cell line, involved the assessment of the
permeability coefficient using Lucifer yellow dye. In comparison to the
control with FBS, the presence of human plasma resulted in a decreased
permeability coefficient, indicative of enhanced protection for BBB by
improving its integrity.

However, it is noteworthy that permeability coefficients observed for
both non-conditioned plasma and conditioned plasma at later RIC
timepoints were found to be similar, suggesting that no BBB protection is
promoted by RIC (Fig. 8B). The same was observed when RIC-

conditioned plasma from senior, female or male subsets were used
(Supplementary Fig. 7).

4. Discussion

For the first time, biochemical characterization and proteomic
analysis were performed after RIC procedure in healthy human subjects
(not in stroke patients) for the identification of circulating molecules
that may be implicated in the neuroprotective function induced by RIC.
In contrast to previous studies in the literature, our main objective was
to characterize RIC response in subjects without stroke. Because stroke is
an age-associated disease, two subsets of individuals were studied:
young and senior. In contrast to young subjects, who are indeed healthy

Fig. 5. Volcano plot analysis and visualization of proteomics data. Volcano plots for visualization of overall data significance and fold change for the sets and
comparisons. The Y axis is -Log10 (paired p-Value) and the X axis is FC Log2(normiBAQ+1). The highlighted proteins present significant p-values (ANOVA p-values
<0.05 and paired p-value Holm-adj <0.05). (A) all 20 subjects with T0 and T3 comparison; (B) 9 male subjects with T0 and T2 comparison (C) 5 female young
subjects with T0 and T2 comparison; (D) 11 female subjects with T0 and T3 comparison; (E) 9 male subjects with T0 and T3 comparison; (F) 5 female young subjects
with T0 and T3 comparison; (G) 10 senior subjects with T0 and T3 comparison; (H) 10 young subjects with T0 and T3 comparison and (I) 6 female senior subjects
with T0 and T3 comparison.
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individuals, the senior volunteers present age-associated comorbidities,
which can influence the RIC response. Nevertheless, it is also extremely
relevant to show that results observed in young may be overhauled by
the confounding morbidities in the senior population, for which this

study is ultimately targeted. In fact, the biochemical pattern and the
proteomic analysis revealed to be different in the two subgroups.

Several biochemical tests were done in plasma or blood for the
quantification of NO, CO, bilirubin, free mtDNA or GSH and its

Fig. 6. Individual protein violin plots. Variation on protein levels over time is presented as violin plots with ANOVA p-values, paired p-value Holm-adj and the
coefficient of determination that indicates Bayesian effect size. (A) OSCAR for all individuals; (B) LRIG3 for all individuals; (C) TPM3 for female subgroup; (D)
OSCAR for male subgroup; (E) LRIG3 for senior subgroup; (F) TPM3 for female senior subgroup; (G) AXL for male subgroup; (H) FBP1 For senior subgroup; (I)
GLIPR2 for female young subgroup; (J) LDHA for male subgroup; (K) C4PBA for young group and (L) FAM3C for female young subgroup.
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Table 1
RIC-induced alterations in circulating proteins. (A) List of proteins differentially present in plasma after RIC. Red color
represents an increase on protein concentration in plasma following RIC procedure, while green color means a reduction on
protein levels. (B) Gene ontology annotations of 9 proteins differently present in plasma following RIC.

Fig. 7. Functional assessment of conditioned plasma in neuron-like cells. SH-SY5Y cells were differentiated for 6 days in the presence of 1 % FBS and retinoic
acid, followed by medium exchange for: 6 % of FBS (control), 1 % of FBS with 5 % of human plasma at different time points before RIC procedure (T0) and T1, T2 and
T3 after RIC. (A) Representative images for the characterization of SH-SY5Y neuron-like cells by immunocytochemistry (green staining: β-tubulin III; blue staining:
DAPI). (B) Quantification of neurite area (β-tubulin III staining) normalized by nuclei area under the 5 different conditions. (C) Quantification of synaptophysin by
Western blot following treatment with different plasma samples; expression of synaptophysin in control cells is considered 100 %. (D) For viability tests, medium of
non-differentiated SH-SY5Y cells were exchanged by 5 % FBS with 5 % non-conditioned human plasma (T0) or with conditioned plasma at different time points (T1,
T2 and T3) for 24h, then cells were challenged with prooxidant t-BHP at 16 or 32 μM for 18h and cell viability was assessed by flow cytometry using propidium
iodide. Data are mean ± SEM, n ≥ 4.

I.G. Mollet et al.



Free Radical Biology and Medicine 224 (2024) 23–38

34

metabolites. Blood CO levels (assessed by COHb formation) increased
following RIC at all time points and in a time-response manner.
Accordingly, CO is endogenously produced by haem-oxygenase, which
is a stress response enzyme that is upregulated (HO-1 inducible isoform)
or activated (HO-2 constitutive isoform) in response to different types of
biological stresses, namely inflammation, hypoxia, oxidative stress,
among others [36]. Likewise, CO at very low concentrations is also an
important signalling gasotransmitter in the brain, being neuro-
protective, anti-neuroinflammatory and maintaining BBB integrity [29].
Thus, one can speculate that the low stress generated by RIC promotes
HO activity and generates CO at endothelial level, which in turn may be
locally protective in different organs. Moreover, the assessment of COHb
increased levels following RIC could be a useful rapid biomarker to
evaluate the success of RIC-induced mild stress and potentially benefi-
cial effects. Proteins bound to GSH and to CysGly also enhanced
immediately after RIC, which may suggest a mechanism of protein
protection against oxidative stress, in particular against irreversible
oxidation of Cys residue in proteins [37]. CysGly is a metabolite of GSH,
and both its total and free levels exhibited a decrease after RIC pro-
cedure, which might imply a reduction in the catabolism of GSH in
response to RIC. The prooxidant role played by molecular species orig-
inating during GSH catabolism further support the impact of RIC
increasing antioxidant responses [38]. Finally, the pattern of gluta-
thione metabolites did not change in response to RIC in senior, female or
male subgroups. This may occur because the sample size is small; or it
can also be speculated that senior individuals present lower ability to
respond against oxidative stress with glutathione metabolites.

The proteomic analysis revealed 9 proteins that are differently pre-
sent in plasma following RIC. The circulating levels of osteoclast-
associated receptor (OSCAR), Receptor tyrosine kinase (Axl) and
Leucine-rich repeats and immunoglobulin-like domains protein 3
(LRIG3) increased in response to RIC. OSCAR is expressed in all cells of
myeloid lineage, and is involved in osteoclast differentiation, the
maturation of dendritic cells and modulates inflammatory response in
monocytes and neutrophils [39,40]. OSCAR is also present in human
vascular endothelial cells and is activated by oxidized low density li-
poproteins (oxy-LDL) promoting inflammatory response [41]. Thus,
OSCAR could play a role in modulating inflammation in the vasculature

induced by RIC, potentially triggering a systemic protective response.
Axl receptor tyrosine kinase is expressed in endothelial cells and
vascular smooth muscle cells, and can be cleaved releasing soluble
protein in plasma [42]. Moreover, Axl circulating levels increase in
response to hypoxia or vascular injury, modulating inflammation [42].
Interestingly in cancer cells Axl prevents apoptosis and regulates
angiogensis and cell proliferation, and its expression increases in
response to hypoxia [43,44]. Thus RIC-increased Axl levels in plasma is
in accordance with hypoxic response, inflammatory control and poten-
tial inhibition of apoptosis. The leucine rich repeats and immunoglob-
ulin like domains 3 protein (LRIG3) is considered a tumour suppressor
since its expression triggers apoptosis, inhibits cell adhesion and inva-
sion/migration of tumour cells and modulates inflammation [45]. In
fact, LRIG3 appears to suppress cell growth in glioblastoma, being a
potential prognostic biomarker in glioblastomas [46], as well as in other
cancer types [47].

In contrast, RIC procedure reduced the circulation level of 6 proteins:
Glioma pathogenesis related-2 (GLIPR2), Tropomyosin 3 (TPM3),
Lactate deshydrogenase A (LDHA), Fructose-bisphosphatase 1 (FBP1),
C4b-binding protein alpha chain (C4BPA) and Metabolism regulating
signalling molecule C (FAM3C).

GLIPR2 is a Golgi-associated protein that reduces autophagic process
in several different models by inhibiting the activity of the class III
phosphatidylinositol 3-kinase complex I (PtdIns3K–C1) [48]. Thus, a
decrease on its levels might promote autophagy which can be a cyto-
protective process for elimination of dysfunctional cells or organelles.
Furthermore, in a model of pulmonary fibrosis triggered by Paraquat,
downregulation of GLIPR2 reduces the oxidative stress-induced epi-
thelial-mesenchymal transition [49]. This data indicates that
RIC-induced reduction of GLIPR2 levels in circulation may be beneficial.
The expression of TPM3 is higher in esophageal squamous cell carci-
noma [50] and in ovarian cancer patients [51]. In contrast, expression of
TPM3 attenuates hypoxia-induced cell damage and oxidative stress in
cardiomyocytes [52]. LDHA is a subunit of the cytosolic enzyme oper-
ating the inter-conversion of pyruvate and L-lactate with rescue recy-
cling of NADH to NAD+ in hypoxia [53]. In cancer cells, the metabolic
shift towards glycolysis (Warburg effect) requires LDHA activity, thus
inhibition or downregulation of LDHA promotes apoptosis of cancer

Fig. 8. Functional assessment of conditioned plasma in neuroinflammatory response of human microglial HMC3 cells and in permeabilization of human
brain microvasculature endothelial cells hCMEC D3 – BBB model. (A) HMC3 cells were cultured for 24h in medium containing: 11 % FBS (control), 6 % FBS plus
5 % of non-conditioned human plasma (T0) or 6 % FBS plus 5 % conditioned human plasma (T1, T2 and T3). LPS was added for 24h and ATP was then added for
another 30 min for stimulation of inflammation. Intracellular ROS (mainly more reactive products derived from H2O2 oxidation) generation was quantified with the
fluorescent dye H2DCFDA. Values are mean ± SEM, n = 9. Data were analysed using unpaired t tests with **p < 0.01 and ****p < 0.0001 compared with non-
conditioned plasma (T0). (B) hCMEC D3 cells were differentiated in inserts for 11 days and their permeability was tested using Lucifer yellow dye passage.
hCMEC D3 cells were cultured for 24h in medium containing: 7.5 % FBS (control), 2.5 % FBS plus 5 % non-conditioned human plasma (T0) or 2.5 % FBS plus 5 %
conditioned human plasma (T2 and T3). Permeability coefficient was calculated based on the passage of dye through endothelial cell barrier after 45 min. Values are
mean ± SEM, n = 3.
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cells [54]. Whether a decrease of glycolysis is a cytoprotective effect of
RIC remains to be further studied. Interestingly, in an experimental
mouse model of cerebral ischemia, administration of arginine decreases
HIF-1α/LDHA-mediated inflammation, promoting neuroprotection
[55], thus one may speculate that RIC could protect by limiting
LDHA-induced neuroinflammation.

FBP1 is a gluconeogenesis regulatory enzyme and plays a key role in
control of metabolism in pancreas and liver, being involved in glucose
homeostasis. Recently it was shown that in the model of hindlimb
ischemia, angiogenesis is stimulated by increasing endothelial glycolysis
via downregulation of FBP1 expression [56]. Likewise, RIC procedure
may also trigger angiogenesis in response to the lack of blood supply by
decreasing FBP1 expression. Moreover, in an inflammatory asthma
model, downregulation of FBP1 expression decreases oxidative stress,
apoptosis and inflammation (namely interleukin (IL)-4- and IL-13),
conversely overexpression of FBP1 aggravates oxidative stress and
apoptosis by suppressing Nfr2 activation [57]. Thus, one can speculate
that lower circulating level of FBP1 indicates a potential molecular
mechanism of RIC to be protective, as it is also present in the extracel-
lular exosome. FAM3C is a biomarker for poor prognosis is several
cancers and is involved in the epithelial-to-mesenchymal transition [58,
59]. Accordingly, ubiquitous overexpression of FAM3C in mouse
decreased lifespan and body weight and induced anaemia and liver
fibrosis [60]. Therefore FAM3C reduced concentrations in plasma could
indicate a beneficial effect of RIC. Finally, C4BPA was the first circu-
lating complement regulatory protein identified and it functions as an
important complement inhibitor by binding to several ligands including
heparin, C-reactive protein or CD40. C4BPA prevents the complement
cascade from attacking host cells by binding to the complement cleavage
products C4b and C3b. The fact that RIC decreases plasma levels of
C4BPA may indicate that it may facilitate innate immune response and
inflammation. Interestingly, in cortical-subcortical ischemic stroke,
levels of C4BPA are higher, which may be speculated as a biomarker of
brain tissue damage [61].

The analysed circulating proteins provide insights into the mode of
action of RIC. The circulating protein alterations in young subgroups
may be more representative of the underlying mechanisms of RIC since
in these subjects there is no influence of ageing and/or co-morbidities.
Probably the most striking observation is that no protein overlaps
were found in the different age and sex subsets, which, although the
number of subjects is limited, may emphasise the importance of sex and
age being major personalized differentiating criteria to consider if RIC
were to be implemented as a protective strategy against stroke.
Furthermore, our results also indicate that age significantly affects
plasma biochemical parameters. Increasing the number of subjects in
future studies will enhance the robustness of these findings and in turn
give a deeper understanding of the underlying mechanisms of RIC. These
results highlight the need for specific studies to better comprehend the
age and sex-specific impact of the RIC procedure by to analysing young,
senior, male and female subgroups separately.

Functional validation of conditioned plasma was limited. In fact,
conditioned plasma protected against inflammation assessed by ROS
generation only when applied to human microglia. In neurons, condi-
tioned plasma showed a trend to increase synaptophysin expression
suggesting an enhancement of neuronal signalling, although it was not
statistically significant. Unexpectedly, no effect was found in the
permeability of human brain microvasculature endothelial cells, which
would be the first gate for brain protection supported by blood circu-
lating molecules.

The RIC-induced alterations in circulating factors and proteins and
their potential functional action on human cells in vitro appears limited.
However, taking into account the fact that RIC is a mild procedure,
promoting low levels of stress, one would expect a mild response to be
associated with RIC. Therefore, one can speculate that in order to have a
stronger effect, RIC should be applied in a more chronic fashion, namely
daily for one week or for a month. In fact, a clear protective effect of RIC

in stroke patients was only found when RIC was applied daily for 14 days
following stroke [62]. Thus, further mechanistic studies are needed with
long term and repeated RIC applications in order to identify sustained
levels of blood biochemical factors involved in the inter-organ
communication and neuroprotection. In addition, RIC procedure can
also be envisaged as a preventive chronic therapy rather than an acute
phase therapy. Concerning cerebral disorders, RIC may also have ther-
apeutic potential for chronic diseases such as vascular dementia or
neurodegenerative diseases, besides stroke or brain traumatic injury.

In conclusion, although RIC presents beneficial effect in experi-
mental models and clinical trials, more studies in human subjects are
needed to disclose the molecular mechanisms underlying RIC. In
particular, it is necessary to test RIC procedure in a chronic (repetitive)
manner to assess sustained changes in putative beneficial blood
biomarkers.

Source of funding

The funding agency that supported the work “Fundação para a
Ciência e Tecnologia” (FCT) Portugal, with four projects: Applied Mo-
lecular Biosciences Unit-UCIBIO (UID/Multi/04378/2019), iNOVA4-
Health - Programme in Translational Medicine (UID/Multi/04462/
2013), LA/P/0140/2020 of the Associate Laboratory Institute for Health
and Bioeconomy and PTDC/MEC-NEU/28,750/2017 and the PhD
scholarship for NLS (PD/BD/127,819/2016).

CRediT authorship contribution statement

Inês G. Mollet: Writing – review & editing, Writing – original draft,
Methodology, Investigation, Formal analysis, Data curation. Ricardo
Viana-Soares: Writing – review & editing, Methodology, Investigation,
Data curation. Catarina Cardoso-Pires: Validation, Methodology,
Investigation, Formal analysis. Nuno L. Soares: Methodology, Investi-
gation, Data curation. João Pedro Marto: Validation, Methodology,
Investigation, Conceptualization.Marcelo Mendonça:Writing – review
& editing, Investigation, Conceptualization. Cláudia S.F. Queiroga:
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