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ORIGINAL RESEARCH

High-Mobility Group Box 1-Signaling
Inhibition With Glycyrrhizin Prevents
Cerebral T-Cell Infiltration After Cardiac
Arrest

Emilie Boissady, DVM, PhD; Yara Abi Zeid Daou 2, PharmD, MSc; Estelle Faucher, MSc; Matthias Kohlhauer 2,
DVM, PhD; Fanny Lidouren, MSc; Cynthia El Hedjaj 2, PhD; Sophie Chateau-Joubert @2, PhD; Hakim Hocini 2,
PhD; Sophie Hue ©©, MD, PhD; Bijan Ghaleh, PharmD, PhD; Renaud Tissier 2, DVM, PhD

BACKGROUND: High-mobility group box 1 (HMGB1) is a major promotor of ischemic injuries and aseptic inflammatory responses.
We tested its inhibition on neurological outcome and systemic immune response after cardiac arrest (CA) in rabbits.

METHODS AND RESULTS: After 10 minutes of ventricular fibrillation, rabbits were resuscitated and received saline (control) or
the HMGB1 inhibitor glycyrrhizin. A sham group underwent a similar procedure without CA. After resuscitation, glycyrrhizin
blunted the successive rises in HMGBH1, interleukin-6, and interleukin-10 blood levels as compared with control. Blood counts
of the different immune cell populations were not different in glycyrrhizin versus control. After animal awakening, neurological
outcome was improved by glycyrrhizin versus control, regarding both clinical recovery and histopathological damages. This
was associated with reduced cerebral CD4* and CD8* T-cell infiltration beginning 2 hours after CA. Conversely, granulocytes’
attraction or loss of microglial cells or cerebral monocytes were not modified by glycyrrhizin after CA. These modifications were
not related to the blood—brain barrier preservation with glycyrrhizin versus control. Interestingly, the specific blockade of the
HMGB1 receptor for advanced glycation end products by FPS-ZM1 recapitulated the neuroprotective effects of glycyrrhizin.

CONCLUSIONS: Our findings support that the early inhibition of HMGB1-signaling pathway prevents cerebral chemoattraction of
T cells and neurological sequelae after CA. Glycyrrhizin could become a clinically relevant therapeutic target in this situation.

Key Words: cardiac arrest m high-mobility group box 1 m inflammation m resuscitation

neurological outcome at hospital admission using a set
of blood transcripts.® Nevertheless, the exact mecha-
nism triggering the immune response after CA is still

death and disabilities in the world. After resuscita-

Sudden cardiac arrest (CA) is a leading cause of
tion, most patients present dramatic neurological

sequelae, multivisceral dysfunction, and innate im-
munity activation, sharing similarities with sepsis.! For
instance, interleukin-6 blood levels were associated
at hospital administration with mortality at 30days in
a prospective study in 171 patients resuscitated after
CA.2 A counterbalance between adaptive and innate
immune responses was also proposed to predict

poorly understood. Although cell necrosis is known to
release intracellular contents activating proinflamma-
tory receptors, the precise role of each putative me-
diator, including DNA fragments, ATP, and constitutive
proteins,* still deserves further investigations.

Among these mediators, high-mobility group box
1 (HMGB1) is believed to be a cornerstone during
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CLINICAL PERSPECTIVE

What Is New?

e The inhibitor of high-mobility group box 1 glycyr-
rhizin improves outcome and attenuates neuro-
inflammation after cardiac arrest in rabbits.

e The protection afforded by glycyrrhizin is asso-
ciated with an early reduction in T-cell infiltration
in the brain.

What Are the Clinical Implications?

e The inhibition of the high-mobility group box
1-signaling pathways by glycyrrhizin could be
promising to reduce neurological sequelae and
inflammation after cardiac arrest, deserving fur-
ther investigations for clinical translation.

Nonstandard Abbreviations and Acronyms

BBB blood-brain barrier
CA cardiac arrest
HMGB1 high-mobility group box 1

RAGE receptor for advanced glycated end
product
ROSC resumption of spontaneous circulation

ischemia-reperfusion.® Its inhibition attenuates neu-
ronal loss and neuroinflammation reduction effects
after focal brain ischemia.?-8 In rodent models of CA,
similar benefits were observed with HMGB1-binding
heptamer peptides or antibodies.®'® However, whether
HMGB1 inhibition exerts its benefits through systemic
or cerebral inflammation modulation still needs to be
determined after CA.

Accordingly, our goal was to investigate the effect
of HMGB1 inhibition on the immune response follow-
ing CA at both tissular and systemic levels after CA.
To achieve this goal, we used an established model
of shockable CA in rabbits."-'®* HMGB1 was targeted
by an administration of glycyrrhizin, a clinically relevant
inhibitor tested in patients with chronic hepatitis.'*"® A
single administration of glycyrrhizin does not provide a
long-term hemodynamic effect that makes its use rele-
vant for acute HMGB1 inhibition.'® In this context, sev-
eral sets of experiments were subsequently conducted
and included: (1) a recovery study evaluating systemic
inflammation and neurological outcome 72 hours after
CA; (2) acute studies for the evaluation of the cerebral
infiltration by immune cells and blood—-brain barrier
permeability in the first hours following resuscitation;
and (3) a replicative study with the administration of a
receptor for advanced glycation end products (RAGE)
antagonist, as RAGE is a key receptor of HMGB1."”

J Am Heart Assoc. 2023;12:e027749. DOI: 10.1161/JAHA.122.027749
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METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

The animal instrumentation and ensuing exper-
iments were conducted in accordance with official
French regulations after approval by the local ethics
committee (ComEth AnSES/ ENVA/UPEC no. 16; proj-
ect 2017111414547261).

Animal Preparation and Induction of
Cardiac Arrest

Male New Zealand rabbits (2.5-3.0kg) were anesthe-
tized using zolazepam, tiletamine, and pentobarbital
(all 20-30mg/kg V). They received buprenorphine
(30ug/kg V) for analgesia. Animals were intubated
and mechanically ventilated. After the administration
of rocuronium bromide (1 mg/kg V), 2 electrodes were
implanted upon the inner muscular wall or inserted into
the esophagus, respectively. Body temperatures and
ECG were monitored as well as systemic blood pres-
sure through a catheter inserted into the ear artery. After
a period of stabilization, an alternative current (12V,
4mA; 2.5minutes) was delivered between the 2 elec-
trodes to induce ventricular fibrillation. Concomitantly,
mechanical ventilation was stopped. After 10 minutes
of untreated fibrillation, cardiopulmonary resuscitation
was performed using external cardiac massage (200
external chest compressions/min), electric defibrillation
(10J/kg), and intravenous administration of epinephrine
(15ug/kg IV). After resumption of spontaneous circula-
tion (ROSC), epinephrine administration was allowed
to achieve a target mean blood pressure of 70mmHg.
Animals were maintained under normothermic condi-
tions thanks to thermal pads. Animals were followed
during 2 to 72hours according to the investigated pa-
rameters, that is, during 72hours for the assessment
of neurological recovery after awakening or during 2
to 6hours without awakening for the evaluation of cer-
ebral infiltration by immune cells or blood—brain barrier
(BBB) permeability after ROSC. In the recovery study
(72hours), rabbits received analgesics every day after
CA (buprenorphine; 30 ug/kg IM).

Experimental Design of the Recovery
Study

As illustrated in Figure 1, 27 animals were divided into 3
experimental groups after CA. The first group was sub-
mitted to animal preparation and subsequent follow-
up with no CA (sham group, n=7). The 2 other groups
were submitted to CA and randomly received either
saline (control, n=10) or glycyrrhizin (4 mg/kg, IV; n=10)
5minutes after ROSC. They received epinephrine, as
previously described. Animals were allowed to awaken
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Figure 1. Experimental protocol and hemodynamic parameters in the recovery study.

A, Experimental protocol of the recovery study evaluating glycyrrhizin after cardiac arrest. The sham
group was submitted to anesthesia and surgical instrumentation without cardiac arrest. The other
groups were submitted to cardiac arrest with an administration of saline (control) or glycyrrhizin (4mg/

kg IV, glycyrrhizin), respectively. B, Heart rate, mean

arterial pressure, epinephrine requirements, and

lactate blood levels throughout protocol in the different groups. Data are shown as individual values
and mean+SEM; *P<0.05 vs corresponding sham; TP<0.05 vs corresponding control; n=7, 10, and 10 in
sham, control and glycyrrhizin groups, respectively. CPR indicates cardiopulmonary resuscitation; GLY,

glycyrrhizin; and VF, ventricular fibrillation.

beginning 6hours after ROSC. Neurological dysfunc-
tion was evaluated blindly during 3 consecutive days
using a clinical score (0%=normal, 100%=death;
Table S1).11318 For ethical considerations, animals elic-
iting a neurologic dysfunction score >80% at 24 hours
or 60% at 48hours were prematurely euthanized. This
concerned 2 and 2 animals at days 1 and 6, and 1

J Am Heart Assoc. 2023;12:e027749. DOI: 10.1161/JAHA.122.027749

animal at 48hours in the control and glycyrrhizin
groups, respectively. All surviving animals were eutha-
nized after 3days of follow-up for histological analysis.
Blood samples were withdrawn for blood gases and
inflammatory response evaluations.

Blood levels of inflammatory mediators were eval-
uated using ELISA assays for HMGB1 (Abbexa,
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Milton, United-Kingdom), interleukin-6 (R&D Systems,
Minneapolis, MN), and interleukin-10 (Elabscience,
Houston, TX). Blood samples were also prepared for
flow cytometry and leukocyte counts, as described in
additional material (Data S1, Figure S1).

At the end of the follow-up, rabbits were euthanized
and perfused with 5% paraformaldehyde through
both carotids. Brains were withdrawn and prepared
for histological analysis. Degenerating neurons were
identified as positive cells using the Fluorojade C
staining (Merck Millipore, Burlington, MA). They were
counted in 15 random nonoverlapping fields of the
parasagittal cortex and hippocampus. Neutrophils
and T cells were detected using immunohistochem-
istry with a monoclonal antibody against a cell sur-
face antigen that is expressed by a subset of T cells

Glycyrrhizin and Cardiac Arrest

and neutrophils (RPN3/57, diluted 1:100; BioRad,
Hercules, CA).

Acute Experiments for the Evaluation of
Cerebral Infiltration by Immune Cells

In another set of experiments, 25 rabbits were submit-
ted to similar CA and experimental protocols and were
euthanized 2 or 6hours after ROSC (5 animals in each
experimental condition, including the sham group).
They were exsanguinated by intracarotid perfusion
with ice-cold PBS, and the brain was withdrawn and
prepared for flow cytometry and immune cell count as
described in Data S1 and Figure S2. Results were ex-
pressed as a percentage of CD45* cells (Accuri C6,
BD Biosciences, Le Pont de Claix, France).

Table. Rectal Temperatures and Biochemical Parameters in the Different Groups

Time after ROSC
Parameters and groups Baseline 30min 360min 24h
Rectal temperature (°C)
Control 38.3+0.1 38.1+0.1* 38.7+0.2
Glycyrrhizin 38.4+0.2 37.9+0.2* 38.6+0.2
Sham 38.8+0.2 38.7+0.2 38.4+0.2
Arterial blood pH
Control 7.44+0.02 7.05+0.04* 7.25+0.04* 7.38+0.03
Glycyrrhizin 7.38+0.03 7.06+0.03* 7.37+0.02%1 7.42+0.02
Sham 7.40+0.02 7.41+0.03 7.44+0.03 7.33+0.03
Arterial blood PaO, (mmHg)
Control 251+12 134+16* 18717 98+16
Glycyrrhizin 250+10 143+13* 241124 75+10
Sham 226+33 286+39 286+39 83+7
Arterial blood PaCO, (mmHg)
Control 44+3 62+7* 47+2 39+3
Glyeyrrhizin 47+2 58+3* 43+3 31+4
Sham 48+4 4414 37+1 43+3
Bicarbonate blood level (mmol/L)
Control 29.1+1.1 16.9+1.6* 20.5+1.9% 23.0+1.3
Glycyrrhizin 28.1+1.1 16.3+0.9* 24.2+1.1% 20.4+2.0
Sham 30.2+2.7 26.4+1.4 26.4+1.4 25.0+1.9
Creatinine blood level (umol/L)
Control 5915 128+32 112+24 1563+36
Glycyrrhizin 54+5 94+41 83+7 11246
Sham 63+9 51+9 81+10 97+7
Glucose blood level (mg/dL)
Control 1.9+0.2 3.8+0.1* 4.0+0.6* 1.6+0.1
Glycyrrhizin 2.0+0.1 3.8+0.2% 1.6+0.4" 1.6+0.1
Sham 1.9+0.1 1.6+0.1 1.56+0.1 1.7+041

Statistical comparisons were made for only group effect but not time effect. n=10 in each control and glycyrrhizin group; n=7 in sham group. ROSC indicates

resumption of spontaneous circulation.
*P<0.05 vs sham.
P<0.05 vs control.

J Am Heart Assoc. 2023;12:e027749. DOI: 10.1161/JAHA.122.027749
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Acute Experiments for the Evaluation of
BBB Permeability

For the evaluation of BBB permeability, 8 additional
rabbits were submitted to another set of experiments
with similar CA protocols and Evans blue dye admin-
istration (4%, 3mL/kg) 30minutes after CA (n=4 in
both the control and glycyrrhizin groups). Life sup-
port was maintained for 2 hours, after which animals
were euthanized. Cerebral blood was rinsed with the
administration of 250 mL of saline through each ca-
rotid. The brain was then sampled, and the cerebral
cortex, hippocampus, and cerebellum were isolated
and homogenized using formamide (1 mL/100g) for
48hours at 37°C. After centrifugation, the absorb-
ance was measured at 620nm. The correspond-
ing concentration of Evans blue dye was calculated
using a calibration curve. It was expressed as ug/g
of brain tissue.

Glycyrrhizin and Cardiac Arrest

Replication Experiments With a RAGE
Antagonist

Two additional groups of 6 animals were submitted to
CA but received saline (control) or the RAGE antago-
nist FPS-ZM1 (1 mg/kg IV) after ROSC. Rabbits awaken
Bhours after ROSC for the evaluation of neurological
outcome for 72hours, as previously described for the
glycyrrhizin study. At the end of the 72-hour follow-up,
animals were euthanized and brain lesions were evalu-
ated by fluorojade C staining.

Statistical Analysis

In the text, data are expressed as mean+SEM, unless
otherwise stated. Time to ROSC and pre-ROSC epi-
nephrine doses were compared between the control
and glycyrrhizin groups only, since it was not relevant
in sham conditions. Comparisons were made using a
Student t-test for time to ROSC (normal distribution)
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Figure 2. Humoral and cellular blood responses in the recovery study.

A, Blood levels of high mobility group box 1 (HMGBH1), interleukin (interleukin)-6, and interleukin-10 and throughout follow-up in the
different groups. B, Blood leukocyte counts using fluorescence-activated cell sorting (FACS) in the different groups. Counts are
expressed as variation from baseline. T cells were classified as CD4* or CD8* cells. B cells, monocytes, and granulocytes were
considered as CD79a*, CD11b*CD14*, and CD11b* CD14" cells, respectively. Data are shown as individual values and mean+SEM;
*P<0.05 vs corresponding sham; TP<0.05 vs corresponding control; n=7, 10, and 10 in sham, control, and glycyrrhizin groups,

respectively. GLY indicates glycyrrhizin.
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Figure 3. Neurological recovery in the recovery study.

A, Neurological dysfunction at days 1 and 3 following resuscitation in the different groups (0% = lack of dysfunction; 100% = death).
B, Number of degenerating neurons per histological field in the different groups, as defined by fluorojade C staining cells. Symbols
and lines represent individual data and mean of the group, respectively. C, Typical histological appearance of the fluorojade-C staining
in a field from the cerebral cortex, showing no or few degenerating neurons in the sham and glycyrrhizin groups, as compared
with frequent degenerating neurons in the control group. D, Mean number of RPN3/57+ cells (neutrophils and T cells) per mm?
into the cerebral parenchyma in each group. E, Morphological appearance of the RPN3/57immunohistochemical staining in rabbits
from the sham, control, and glycyrrhizin groups. RPN3/57+ cells are shown by arrows. Data are shown as individual values and
medianzinterquartile range; *P<0.05 vs corresponding sham; TP<0.05 vs corresponding control; n=7, 10, and 10 in the sham, control,

and glycyrrhizin groups, respectively. GLY indicates glycyrrhizin.

and Mann-Whitney test for epinephrine doses before
ROSC (skewed distribution using a Kolmogorov—
Smirnov analysis). Other variables were compared
among the different groups using a 2-way ANOVA for
repeated measures, except for neurological and his-
tological scores. The ANOVA considered time, group,
and time—group interaction effects. If necessary, post
hoc analyses were performed to assess the group
effect at each time point using Holm Sidak’s correc-
tion. Neurological dysfunction and histological scores
were compared between groups using a nonpara-
metric Kruskal-Wallis test. Significant differences
were determined at P<0.05. Statistical analyses were
conducted using Prism 9.4.0 (GraphPad Software,
San Diego, CA).

J Am Heart Assoc. 2023;12:e027749. DOI: 10.1161/JAHA.122.027749

RESULTS

A total of 72 animals were included in the present
study, that is, n=27 in the recovery study, n=25 for the
acute evaluation of immune cells in the brain, n=8 in
the acute study evaluating BBB permeability, and n=12
in the replication study with FPS-ZM1.

Glycyrryzhin Attenuates Shock After
Cardiac Arrest

Twenty-seven animals were successfully included in
the recovery study assessing the effect of glycyrrhi-
zin (ie, n=7 in sham and n=10 in both the control and
glycyrrhizin groups, respectively). In the control and
glycyrrhizin groups, rabbits achieved ROSC after
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Figure 4. Neuroinflammation and brain immune cell infiltration.

Counts of inflammatory cells using “fluorescence-activated cell sorting” (FACS) in the brains of animals
submitted to a sham procedure (no cardiac arrest) or to cardiac arrest with brain sampling 2 or 6 hours
after resuscitation. In the latter case, animals received either saline (control groups) or glycyrrhizin
(glycyrrhizin groups) after cardiac arrest. Five animals were enrolled in each condition. A, Percentage of
microglial and monocytes among CD45* cells. They were considered as CD11b* and SSC,,,, cells during
FACS analysis. B, Percentage of granulocytes among CD45* cells. They were considered as CD11* and
high side scatter (SSCy,,;) cells. C, Percentage of lymphocytes among CD45* cells. D, Ratio between the
number of lymphocytes and granulocytes in the brain. E, Percentage of CD4* cells among CD45* cells.
F, Percentage of CD8* cells among CD45* cells. Data are shown as individual values and mean+SEM;
*P<0.05 vs corresponding sham; P<0.05 vs corresponding Control (T=6h); ¥P<0.05 vs corresponding
Control (T=2h); n=5 in each of the 5 groups. GLY indicates glycyrrhizin.

a median time of 2.9minutes (interquartile range, Blood lactates were also reduced 360 minutes after
2.0-5.0) and 2.6 minutes (2.0-3.6) after the onset  CA in glycyrrhizin versus control (4.2+0.7 versus
of cardiopulmonary resuscitation, respectively. As 9.3+1.0mmol/L, respectively). This was associated
illustrated by Figure 1B, the amount of epinephrine  with higher blood pH at 360 minutes after ROSC
preventing hypotension was significantly lower in (Table), evidencing improved tissue perfusion and
the glycyrrhizin group versus control after ROSC. attenuated shock with glycyrrhizin.
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Glycyrryzhin Attenuates Blood Humoral

but Not Cellular Inflammatory Response

As illustrated in Figure 2A, HMGB1 blood levels in-
creased rapidly after CA in both thre glycyrrhizin and
control groups as compared with sham. This increase
was dramatically reduced in glycyrrhizin versus control.
The post- CA increase in interleukin-6 blood levels was
also abolished in glycyrrhizin versus control. In the same
line, the rise in interleukin-10 blood levels was prevented
by glycyrrhizin at 24 hours after resuscitation. However,
glycyrrhizin had no effect on the immune blood cell
count as compared with control after CA (Figure 2B).

Glycyrryzhin Provides Robust
Neuroprotection After Cardiac Arrest

As illustrated in Figure 3A, the blindly assessed neuro-
logical dysfunction score was attenuated in glycyrrhizin
as compared with control (eg, median values of 51%
[interquartile range, 10-76] versus 73% [65-81] at day
1 after CA, respectively). Importantly, the final survival
rate, taking into account euthanasia for ethical purpose
after day 1, achieved 60% versus 0% in glycyrrhizin ver-
sus control. This effect was corroborated by a significant
reduction of brain damages assessed by fluorojade C
staining (Figure 3B and 3C). Importantly, we also ob-
served a strong decrease in RPN3/57+ leukocytes in the
brains of glycyrrhizin versus control animals (Figure 3D
and 3E), suggesting attenuated neuroinflammation.

Glycyrryzhin Reduces Early Cerebral
Infiltration by T Cells

We further investigated the early immune cell migration
into the brain after CA. Animals were submitted to a sham
procedure or to CA with brain collection 2 or 6hours after
resuscitation for flow cytometry analyses (n=5 in each of
the 5 groups). As shown in Figure 4A, a decrease in mi-
croglial cells and monocyte count was similarly observed
in both the control and glycyrrhizin groups, as compared
with sham. Brain granulocyte counts increased similarly
in the control and glycyrrhizin groups as compared with
sham (Figure 4B). Conversely, brain lymphocyte count
increased in control versus sham but not in glycyrrhizin
versus sham after CA (Figure 4C). The rise in brain
lymphocyte-to-granulocyte ratio observed in control was
also abolished by glycyrrhizin (Figure 4D). As illustrated
in Figure 4E and 4F, the CD4* and CD8* T-cell subpop-
ulation also demonstrated higher levels of infiltration in
control versus glycyrrhizin and sham.

Glycyrryzhin Does Not Modify BBB
Permeability After CA

BBB permeability was evaluated after Evans blue dye
administration after CA in the control and glycyrrhizin
groups (n=4 animals in each group). As illustrated in
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Figure 5. Assessment of blood-brain barrier integrity
following cardiac arrest.

A, Morphological appearance of brain slices from 2 animals
submitted to cardiac arrest and Evans blue dye administration
for blood-brain barrier permeability evaluation after cardiac
arrest. Animals received either saline (control, left panel) or
glycyrrhizin (GLY, right panel) after cardiac arrest. Blue areas
represent Evans blue vascular leakage. B, Mean values of the
Evans blue cerebral concentrations in 4 animals of each group
submitted to the above-mentioned procedure. Data are shown
as individual values and mean+SEM; n=4 rabbits in each group
with 3 samples for each rabbit. GLY indicates glycyrrhizin.

Figure 5A and 5B, the dye leakage was similar among
groups, demonstrating a lack of effect of glycyrrhizin
on BBB permeability.

Blockade of RAGE With FPS-ZM1
Improves Neurological Outcome

We conducted a replicative study to investigate the ef-
fect of a direct blockade of RAGE by FPS-ZM1 to sup-
port the deleterious effect of HMGB1 with targets other
than glycyrrhizin. Animals were submitted to CA with
either vehicle or FPS-ZM1 administration after resusci-
tation (control and FPS-ZM1 groups, respectively; n=6
animals per group). As illustrated in Figure 6A and 6B,
the neurological dysfunction score and the number of
degenerating neurons were significantly reduced in
FPS-ZM1 versus control, showing the neuroprotective
effect of direct RAGE inhibition. Importantly, we also
observed a decrease in RPN3/57+ leukocytes in the
brain of FPS-ZM1 versus control animals (Figure 6C),
despite the fact that it did not achieve statistical signif-
icance (P=0.09).
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Figure 6. Neurological recovery in animals receiving an inhibitor of the receptor for advanced glycation end-product
(FPS-ZM1) after cardiac arrest.

A, Neurological dysfunction at days 1 and 3 following resuscitation in the different groups (0% = lack of dysfunction; 100% = death).
Open circles and lines represent individual values and mean of the group, respectively. The control group received saline after cardiac
arrest. The FPS-ZM1 group received 1 mg/kg of FPS-ZM1 after cardiac arrest, as an inhibitor of the receptor for advanced glycation
end-product. B, Mean number of degenerating neurons per histological field in the different groups, as defined by fluorojade C
staining cells. C, Mean number of RPN3/57+ cells (neutrophils and T-cells) per mm? into the cerebral parenchyma in each group. Data

are shown as individual values and medianzinterquartile range; *, P<0.05 vs corresponding control; n=6 in each group.

DISCUSSION

In the present study, we demonstrated that glycyr-
rhizin reduced neurological injury and brain inflam-
mation with inhibition of T-cell chemoattraction
after CA. This effect was associated with reduced
HMGBH1, interleukin-6, and interleukin-10 blood lev-
els, while blood cell count or BBB permeability was
not modified by glycyrrhizin. The direct blockade of
the HMGB1 receptor RAGE recapitulated the effects
of glycyrrhizin by also showing an improved neuro-
logical outcome.

To our knowledge, the detrimental effect of HMGB1
is yet poorly understood after CA, as compared with
focal ischemia—reperfusion and stroke.® Here, we ob-
served a rapid increase in HMGB1 blood levels after
resuscitation with peak concentrations starting as early
as 0.5hours after resuscitation and sustained elevation
during 24 hours. These results are in agreement with
a previous study showing a quick increase in HMGB1
blood level after resuscitation in patients.’® In contrast,
HMGB1 blood levels rose more gradually after regional
myocardial ischemia or stroke with maximal concen-
tration after 24 hours.?® The kinetic of HMGB1 blood
release is therefore likely different after CA versus
stroke or myocardial ischemia. Glycyrrhizin prevented
this release early after CA, suggesting that only a minor
part of HMGB1 is passively released by the initial cell
death after ischemia, while a secondary active secre-
tion occurs massively and rapidly.?" Glycyrrhizin could
then blunt a sort of “HMGB1 perpetuation circle” by
immune cells, as also supported by the dramatic de-
crease in interleukin-6 blood levels with glycyrrhizin. It
is consistent with the speculated action mechanism
of glycyrrhizin on HGMBH1, that is, the direct chelation

with subsequent inhibition of secondary release and
immune response stimulation.™13

Importantly, the effect of glycyrrhizin on neurolog-
ical recovery and cerebral infiltration by immune cells
was not associated with any mitigation in blood im-
mune cell count. For instance, blood granulocyte in-
crease, which is a well-known part of the sepsis-like
syndrome after CA, was not modified. More impor-
tantly, glycyrrhizin did not modify BBB permeability,
which could have indirectly explained the reduction in
cerebral leukocyte infiltration. It is another important
difference with stroke in which HMGB1 contributes to
BBB alteration through matrix metallopeptidase 9 ac-
tivation,?? which breaks down the extracellular matrix.
One could then speculate that glycyrrhizin attenuates
HMGB-1-induced neuroinflammation through cerebral
chemoattraction inhibition rather than a systemic blunt-
ing of cellular immune response or BBB preservation.
The chemoattractive properties of HMGB1 are indeed
well known in other conditions, especially for the fully
reduced form of HMGB1, which is directly released by
necrotic cells. Conversely, one would argue that gly-
cyrrhizin rather modifies the time course of BBB per-
meability since we evaluated Evans blue penetration
only during the first 2 hours following resuscitation. The
latter technique could also be considered as nonopti-
mal for BBB evaluation. However, leukocyte infiltration
was already evidenced 2 hours after CA in the same
conditions, again suggesting that glycyrrhizin’s effect
on cerebral infiltration by immune cells is not related to
BBB permeability modification.

Interestingly, HMGB1 also exerted specific effects
on lymphocyte cerebral infiltration, while cerebral mi-
gration of granulocytes was not attenuated by gly-
cyrrhizin. In stroke models, glycyrrhizin also directly

J Am Heart Assoc. 2023;12:e027749. DOI: 10.1161/JAHA.122.027749 9



%720z ‘62 Afenige4 uo Aq Bio'sfeuinofeye//:diy wouy papeojumoq

Boissady et al

reduced cerebral infiltration by T cells.?® This effect
was lost in T- or B-cell-deficient severe combined im-
munodeficiency mice, while restoring the T-cell popu-
lation rescued the protective effect of glycyrrhizin on
cerebral infarction.?® Conversely, activation of T cells
by HMGB1 was directly shown in cultured spleno-
cytes.?® Therefore, T-cell reduction seems to be a de-
terminant for the neuroprotective effect of glycyrrhizin
after both stroke and CA. In nonischemic conditions,
HMGB1 also stimulates T-cell activation and polariza-
tion to the T-helper 1 phenotype, enhancing the secre-
tion of interleukin-2/interferon-y and reducing that of
interleukin-10, respectively.?* In our conditions of CA,
the effect of glycyrrhizin is then likely attributable to the
early blunting of HMGB1 production, which can inhibit
all the secondary maladaptive cerebral immune re-
sponse. We can also hypothesize that the suppression
of T-cell infiltration at the early phase following CA (ie,
2 or 6hours) could contribute to attenuating the brain
damage via suppression of other immune cells at later
stages. The role of other immune cells, including den-
dritic cells, monocytes, and macrophages, are indeed
known on the longer terms, for example, after 3days in
mice submitted to experimental CA.%° It opens prom-
ising perspective for anti-inflammatory strategies tar-
geting HMGB1 pathways if delivered during the right
window after CA to mitigate neuroinflammation. The
replication study with FPS-ZM1 further suggests that
RAGE direct inhibition could recapitulate the effect of
glycyrrhizin and further supports our conclusions.

Our study presents several limitations. First, we
did not evaluate other important cytokines (eg, inter-
leukin-1a, interleukin-8, interleukin-18) because of the
lack of appropriate antibodies for ELISA techniques
in rabbits. For the same reasons, we could not ob-
tain relevant data for cerebral cytokine concentration.
However, the relevance of the rabbit model, as com-
pared with rodent models, is that the size of the animal
allows a better hemodynamic and respiratory manage-
ment with blood gas and hemodynamic follow-up. It is
of importance since, for example, blood pressure tar-
gets or alteration in blood O, and CO, partial pressures
dramatically modify the ultimate outcome per se after
CA. Second, glycyrrhizin is sometimes considered as
a hypertensive drug because of mineralocorticoid re-
ceptor activation.'® However, this effect appears only
during chronic exposure.'® We also confirmed the lack
of proper hemodynamic effect of glycyrrhizin in prelimi-
nary experiments in sham animals (Table S2). Third, we
evaluated only T cells but not B cells in the brain, which
would have also been relevant. The rationale was the
well-known link between HMGB1 and T cells in other
conditions, as well as the deleterious effect of T cells
in stroke models. Fourth, we did not perform immune
cell counting through fluorescence-activated cell sort-
ing but only immunohistochemistry for the replication
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study with FPS-ZM1, as we focused only on the ulti-
mate neurological outcome for this study. Finally, we
used only male rabbits in the present study, which
does not allow evaluation of a potential gender effect.

In conclusion, we demonstrated that glycyrrhizin
improved neurological outcome after CA in rabbits.
Glycyrrhizin reduced HMGB1 secretion, secondary to
its initial release by dying cells after resuscitation. It fur-
ther blunted the chemoattractive properties of HMGB1
and reduced the cerebral infiltration by T cells, as major
promotors of neurological sequelae after ischemia—
reperfusion. This could open promising perspectives
for the administration of glycyrrhizin in patients with CA
if administered early enough after resuscitation.

ARTICLE INFORMATION

Received August 8, 2022; accepted December 20, 2022.

Affiliations

Université Paris Est-Créteil, INSERM, IMRB, Créteil, France (E.B., Y.A.Z., E.F,,
M.K., F.L., C.EH., H.H., S.H.,, B.G., RT); Ecole Nationale Vétérinaire d’Alfort,
IMRB, After ROSC Network, Maisons-Alfort, France (E.B., Y.A.Z., E.F., M.K.,
F.L., C.EH., S.C-J., B.G, RT); and Vaccine Research Institute, Université
Paris Est-Créteil, Créteil, France (H.H., S.H.).

Sources of Funding

This study was supported by grants LIVE-RESP (ANR-21-CE19-0033-01)
and COOLIVENT (ANR-17-CE17-0016-01) from Agence Nationale pour la
Recherche (France).

Disclosures

Drs Tissier and Kohlhauer are stakeholders of a company dedicated to liquid
ventilation in critical care conditions (not related to the present work). The
remaining authors have no disclosures to report.

Supplemental Material
Data S1

Tables S1-S2

Figures S1-S2

REFERENCES

1. Adrie C, Adib-Conguy M, Laurent |, Monchi M, Vinsonneau C, Fitting C,
Fraisse F, Dinh-Xuan AT, Carli P, Spaulding C, et al. Successful cardiopul-
monary resuscitation after cardiac arrest as a “sepsis-like” syndrome.
Circulation. 2002;106:562-568. doi: 10.1161/01.CIR.0000023891.80661.AD

2. Bro-Jeppesen J, Kjaergaard J, Wanscher M, Nielsen N, Friberg H,
Bjerre M, Hassager C. Systemic inflammatory response and potential
prognostic implications after out-of-hospital cardiac arrest: a sub-
study of the target temperature management trial. Crit Care Med.
2015;43:1223-1232. doi: 10.1097/CCM.0000000000000937

3. Tissier R, Hocini H, Tchitchek N, Deye N, Legriel S, Pichon N,
Daubin C, Hermine O, Carli P, Vivien B, et al. Early blood transcrip-
tomic signature predicts patients’ outcome after out-of-hospital
cardiac arrest. Resuscitation. 2019;138:222-232. doi: 10.1016/j.
resuscitation.2019.03.006

4. Shah M, Yellon DM, Davidson SM. The role of extracellular DNA and
histones in ischaemia-reperfusion injury of the myocardium. Cardiovasc
Drugs Ther. 2020;34:123-131. doi: 10.1007/s10557-020-06946-6

5. YeY, Zeng Z, Jin T, Zhang H, Xiong X, Gu L. The role of high mobility
group box 1 in ischemic stroke. Front Cell Neurosci. 2019;13:127. doi:
10.3389/fncel.2019.00127

6. Qiu J, Nishimura M, Wang Y, Sims JR, Qiu S, Savitz SI, Salomone S,
Moskowitz MA. Early release of HMGB-1 from neurons after the onset
of brain ischemia. J Cereb Blood Flow Metab. 2008;28:927-938. doi:
10.1038/sj.jcbfm.9600582

10


https://doi.org//10.1161/01.CIR.0000023891.80661.AD
https://doi.org//10.1097/CCM.0000000000000937
https://doi.org//10.1016/j.resuscitation.2019.03.006
https://doi.org//10.1016/j.resuscitation.2019.03.006
https://doi.org//10.1007/s10557-020-06946-6
https://doi.org//10.3389/fncel.2019.00127
https://doi.org//10.1038/sj.jcbfm.9600582

202 ‘62 Aeniged uo Aq Blo'sfeulnofeye//:dny woly papeojumoq

Boissady et al

Gong G, Xiang L, Yuan L, Hu L, Wu W, Cai L, Yin L, Dong H. Protective
effect of glycyrrhizin, a direct HMGB1 inhibitor, on focal cerebral isch-
emia/reperfusion-induced inflammation, oxidative stress, and apoptosis
in rats. PLoS One. 2014;9:e89450. doi: 10.1371/journal.pone.0089450
Wang C, Jiang J, Zhang X, Song L, Sun K, Xu R. Inhibiting HMGB1
reduces cerebral ischemia reperfusion injury in diabetic mice.
Inflammation. 2016;39:1862-1870. doi: 10.1007/s10753-016-0418-z
Shi X, Li M, Huang K, Zhou S, Hu Y, Pan S, Gu Y. HMGB1 binding
heptamer peptide improves survival and ameliorates brain injury in rats
after cardiac arrest and cardiopulmonary resuscitation. Neuroscience.
2017;360:128-138. doi: 10.1016/j.neuroscience.2017.07.052

Xu M, Ming ZG, Hua WL, Zhu L, Mei LJ, Dong WX, Tao LH, Chen L.
Inhibiting high-mobility group box 1 (HMGB1) attenuates inflammatory
cytokine expression and neurological deficit in ischemic brain injury
following cardiac arrest in rats. Inflammation. 2016;39:1594-1602. doi:
10.1007/s10753-016-0395-2

Chenoune M, Lidouren F, Adam C, Pons S, Darbera L, Bruneval P,
Ghaleh B, Zini R, Dubois-Randé J-L, Carli P, et al. Ultrafast and whole-
body cooling with total liquid ventilation induces favorable neurologi-
cal and cardiac outcomes after cardiac arrest in rabbits. Circulation.
2011;124:901-911. doi: 10.1161/CIRCULATIONAHA.111.039388
Darbera L, Chenoune M, Lidouren F, Kohlhauer M, Adam C, Bruneval
P, Ghaleh B, Dubois-Randé J-L, Carli P, Vivien B, et al. Hypothermic
liquid ventilation prevents early hemodynamic dysfunction and cardio-
vascular mortality after coronary artery occlusion complicated by car-
diac arrest in rabbits. Crit Care Med. 2013;41:e457-e465. doi: 10.1097/
CCM.0b013e3182a63b5d

Boissady E, Kohlhauer M, Lidouren F, Hocini H, Lefebvre C, Chateau-
Jouber S, Mongardon N, Deye N, Cariou A, Micheau P, et al. Ultrafast
hypothermia selectively mitigates the early humoral response after
cardiac arrest. J Am Heart Assoc. 2020;9:e017413. doi: 10.1161/
JAHA.120.017413

lkeda K, Arase Y, Kobayashi M, Saitoh S, Someya T, Hosaka T, Sezaki
H, Akuta N, Suzuki Y, Suzuki F, et al. A long-term glycyrrhizin injec-
tion therapy reduces hepatocellular carcinogenesis rate in patients with
interferon-resistant active chronic hepatitis C: a cohort study of 1249 pa-
tients. Dig Dis Sci. 2006;51:603-609. doi: 10.1007/s10620-006-3177-0
van Rossum TGJ, Vulto AG, Hop WCJ, Schalm SW. Glycyrrhizin-
induced reduction of alt in European patients with chronic hep-
atitis C. Am J Gastroenterol. 2001;96:2432-2437. doi: 10.1016/
S0002-9270(01)02612-0

J Am Heart Assoc. 2023;12:e027749. DOI: 10.1161/JAHA.122.027749

20.

21.

22.

23.

24,

25.

Glycyrrhizin and Cardiac Arrest

Deutch MR, Grimm D, Wehland M, Infanger M, Kriiger M. Bioactive
candy: effects of licorice on the cardiovascular system. Foods.
2019;8:495. doi: 10.3390/foods8100495

Volz HC, Seidel C, Laohachewin D, Kaya Z, Muller OJ, Pleger ST,
Lasitschka F, Bianchi ME, Remppis A, Bierhaus A, et al. HMGB1: the
missing link between diabetes mellitus and heart failure. Basic Res
Cardiol. 2010;105:805-820. doi: 10.1007/s00395-010-0114-3
Kohlhauer M, Lidouren F, Remy-Jouet |, Mongardon N, Adam C, Bruneval
P, Hocini H, Levy Y, Blengio F, Carli P, et al. Hypothermic total liquid ven-
tilation is highly protective through cerebral hemodynamic preservation
and sepsis-like mitigation after asphyxial cardiac arrest. Crit Care Med.
2015;43:6420-e430. doi: 10.1097/CCM.0000000000001160

Sugita A, Kinoshita K, Sakurai A, Chiba N, Yamaguchi J, Kuwana T,
Sawada N, Hori S. Systemic impact on secondary brain aggravation
due to ischemia/reperfusion injury in post-cardiac arrest syndrome: a
prospective observational study using high-mobility group box 1 pro-
tein. Crit Care. 2017;21:247. doi: 10.1186/s13054-017-1828-5

Goldstein RS, Gallowitsch-Puerta M, Yang LH, Rosas-Ballina M,
Huston JM, Czura CJ, Lee DC, Ward MF, Bruchfeld AN, Wang H,
et al. Elevated high-mobility group box 1 levels in patients with cerebral
and myocardial ischemia. Shock. 2006;25:571-574. doi: 10.1097/01.
shk.0000209540.99176.72

Jiang L, Wang Q, Liu Y, Du M, Shen X, Guo X, Wu S. Total liquid venti-
lation reduces lung injury in piglets after cardiopulmonary bypass. Ann
Thor Surg. 2006;82:124-130. doi: 10.1016/j.athoracsur.2006.02.018
Zhang J, Takahashi HK, Liu K, Wake H, Liu R, Maruo T, Date I,
Yoshino T, Ohtsuka A, Mori S, et al. Anti-high mobility group box-1
monoclonal antibody protects the blood-brain barrier from ischemia-
induced disruption in rats. Stroke. 2011;42:1420-1428. doi: 10.1161/
STROKEAHA.110.598334

Xiong X, Gu L, Wang VY, Luo Y, Zhang H, Lee J, Krams S, Zhu S, Zhao H.
Glycyrrhizin protects against focal cerebral ischemia via inhibition of T
cell activity and HMGB1-mediated mechanisms. J Neuroinflammation.
2016;13:241. doi: 10.1186/512974-016-0705-5

Zhang Y, Yao YM, Huang LF, Dong N, Yu Y, Sheng ZY. The potential
effect and mechanism of high-mobility group box 1 protein on regu-
latory T cell-mediated immunosuppression. J Interferon Cytokine Res.
2011;31:249-257. doi: 10.1089/jir.2010.0019

Zhang C, Brandon NR, Koper K, Tang P, Xu Y, Dou H. Invasion of pe-
ripheral immune cells into brain parenchyma after cardiac arrest and
resuscitation. Aging Dis. 2018;3:412-425. doi: 10.14336/AD.2017.0926

11


https://doi.org//10.1371/journal.pone.0089450
https://doi.org//10.1007/s10753-016-0418-z
https://doi.org//10.1016/j.neuroscience.2017.07.052
https://doi.org//10.1007/s10753-016-0395-2
https://doi.org//10.1161/CIRCULATIONAHA.111.039388
https://doi.org//10.1097/CCM.0b013e3182a63b5d
https://doi.org//10.1097/CCM.0b013e3182a63b5d
https://doi.org//10.1161/JAHA.120.017413
https://doi.org//10.1161/JAHA.120.017413
https://doi.org//10.1007/s10620-006-3177-0
https://doi.org//10.1016/S0002-9270(01)02612-0
https://doi.org//10.1016/S0002-9270(01)02612-0
https://doi.org//10.3390/foods8100495
https://doi.org//10.1007/s00395-010-0114-3
https://doi.org//10.1097/CCM.0000000000001160
https://doi.org//10.1186/s13054-017-1828-5
https://doi.org//10.1097/01.shk.0000209540.99176.72
https://doi.org//10.1097/01.shk.0000209540.99176.72
https://doi.org//10.1016/j.athoracsur.2006.02.018
https://doi.org//10.1161/STROKEAHA.110.598334
https://doi.org//10.1161/STROKEAHA.110.598334
https://doi.org//10.1186/s12974-016-0705-5
https://doi.org//10.1089/jir.2010.0019
https://doi.org//10.14336/AD.2017.0926

202 ‘62 Aeniged uo Aq Blo'sfeulnofeyey/:dny woly papeojumoq

Supplemental Material



202 ‘62 Aeniged uo Aq Blo'sfeulnofeyey/:dny woly papeojumoq

Data S1.

Supplemental Methods

Fluorescence-activated cell sorting from blood samples

Blood samples were sampled at different time points in the different groups.
Erythrocytes were lysed for 15 min, and the debris were washed away, in accordance to the
manufacturer recommendations (RBC Lysing Buffer, Tebubio, Le Perray-en-Yvelines,
France). Cells were then fixed in 0.5% paraformaldehyde/PBS for overnight conservation.
Then, cells were incubated with Fcblock, and stained using the following monoclonal
antibodies: allophycocyanin (APC)-labelled anti-T-cells marker (KEN5, 5 uL, Santa Cruz
Biotechnology, Dallas, TX, USA), phycoerythrin (PE)-labelled anti-CD4 (0.75 pL, Lifespan
Biosciences, Seattle, USA), fluorescein isothiocyanate (FITC)-labelled anti-CD8 (5 uL,
Lifespan Biosciences, Seattle, USA), APC-labelled anti-CD11b (clone M1/70, 1 uL, EXBIO
praha, Vestec, Czechoslovakia), APC-labelled anti-CD79a (clone HM57, 5 uL, EXBIO praha,
Vestec, Czechoslovakia). To perform surface antigen staining, cell suspensions were
incubated on ice with appropriate mix of antibodies for 30 min. Then, cells were washed three
times with a phosphate buffered saline solution containing bovine serum albumin (0.5%) before
resuspension in running buffer for flow cytometry. Intracellular staining with CD79-a, for B-
lymphocytes identification, was performed with Thermofisher Fix & Perm cell permeabilization
kit ® (Waltham, Massachusetts, USA), according to the manufacturer’s instructions. Four-color
flow cytometry was conducted with the BD Biosciences AccuriC6 device. Gating strategy is
illustrated in Supplemental Figure 1.
Fluorescence-activated cell sorting from cerebral samples

After animal euthanasia, the brain was withdrawn and an hemisphere was mechanically
dissociated by chopping the tissue with a razor blade. Then the tissue was mixed with a
digestion buffer (mix of collagenase I-A at 1mg/ml and DNase | at 100 U/ml) and the resulting

cell suspension was incubated during 45 min at 37°C, under slow continuous rotation. The


https://www.sciencedirect.com/topics/medicine-and-dentistry/allophycocyanin
https://www.sciencedirect.com/topics/medicine-and-dentistry/phycoerythrin
https://www.sciencedirect.com/topics/medicine-and-dentistry/fluorescein-isothiocyanate
https://www.google.com/search?client=firefox-b-d&q=Waltham+(Massachusetts)&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWMXDE3NKMhJzFTR8E4uLE5MzSotTS0qKNXewMgIAaSyPy2EAAAA&sa=X&ved=2ahUKEwir_eCYl6ToAhVL3IUKHUsABS8QmxMoATASegQIChAD
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suspension was then filtered through a 40 um cell strainer and washed with 15 ml of a HBSS
solution containing 3% of fetal bovine serum and 100 U/ml of DNase I|. Microglia and
leucocytes were isolated thanks to a density gradient centrifugation with Percoll. For that, the
cell pellet was resuspended in 10 ml of 80% SIP and over layered with 10 ml of 38% SIP,
followed by another 10 ml of 21% SIP. The gradient was finally covered with 5 ml of HBSS
containing 3% FBS. The gradient was centrifuged at 480xg for 30 min at room temperature.
The interphase containing the cells of interest was then collected into a new tube and washed
twice with 30 ml o HBSS containing 3% of FBS. The resulting cell pellet was dispatched into
fresh tubes and resuspended in an appropriate amount of FACS Buffer (BioRad, Hercules,
CA, USA) for antibody labelling. Prior to antibody adjunction, cells were incubated with Fcblock
at 4°C for 5 min. Then, cells were incubated on ice with the appropriate mix of antibody during
30 min. The monoclonal antibody panels for brain immune cells identification used in our study
consisted of: the pan-leukocyte marker anti-CD45 labelled with FITC, APC-labelled anti-T-
cells marker (KEN5, 5 pL, Santa Cruz Biotechnology, Dallas, TX, USA), PE-labelled anti-
CD4 (0.75 L, Lifespan Biosciences, Seattle, USA), PE-labelled anti-CD8 (1 uL), and APC-
labelled anti-CD11b (clone M1/70, 1 pL, EXBIO praha, Vestec, Czechoslovakia). Microglial
and monocytes were considered as CD11b+ and SSCiw cells during FACS analysis.
Granulocytes were considered as CD11" and SCChign cells. T cells were classified as CD4+ or

CD8+.
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Table S1. Rabbit neurological deficit grading scale.

Score
Level of consciousness
Normal 0
Clouded 5
Stuporous 10
Comatose 25
Maximum score (25)
Breathing
Normal 0
Abnormal 5
Maximum score (5)
Lack of cranial nerves reflexes
Vision 1
Light reflex 1
Oculocephalic 1
Corneal 1
Facial sensation 1
Auditory 1
Gag reflex 1
Maximum possible score (7)
Motor and sensory function
Lack of flexor response to pain (Front) 2
Lack of flexor response to pain (Rear) 2
Lack of righting reflex 10
Maximum possible score (14)
Gait
Normal 0
Minimal ataxia 5
Moderate ataxia 10
Able to stand 15
Unable to stand 20
No purposeful movement 25
Maximum possible score (25)
Behavior
Lack of grooming 4
Lack of eating/drinking 10
Lack of exploration 10
Maximum score (24)
Maximum possible score (total) 100




Table S2. Preliminary results.

Effect of glycyrrhizin (4 mg/kg i.v.) in four anesthetized rabbits compared to four control animals
receiving saline. Rabbits were anesthetized and instrumented as described in the manuscript.
They did not undergo any cardiac arrest, since the goal was to evaluate a potential effect of a

single-administration of glycyrrhizin.

Time after glycyrrhizin or saline
administration (min)

Baseline

30 min 60 min 180 min 360 min
Heart rate (beats/min)
Control (saline) 255+33 257+31 261+23 240+20 262+15
Glycyrrhizin (4 mg/kg i.v.) 235+19 221+27 214+34* 240+25 268+24
Mean blood pressure (mmHQ)
Control (saline) 5648 61+7 6314 62+11 703
Glycyrrhizin (4 mg/kg i.v.) 5745 68+19 74+3 63+13 77+8
Rectal temperature (°C)
Control (saline) 38.610.8 38.7£0.6  38.7+0.6  38.2+0.7 38.3x0.4
Glycyrrhizin (4 mg/kg i.v.) 38.71£0.2 38.740.3 38.6+x0.2 38.2+0.1 38.4+0.3
Blood pH
Control (saline) 7.37+0.01 7.37+0.01 7.37+0.01 7.39+0.02 7.37+0.01

Glycyrrhizin (4 mg/kg i.v.) 7.44+0.07 7.44+0.08 7.42+0.06 7.31+0.06 7.44+0.07

Blood glucose (g/L)
Control (saline) 1.84+0.2 1.740.2 1.6+0.1 1.740.1 1.840.2

Glycyrrhizin (4 mg/kg i.v.) 2.2+0.3 1.8+0.7 1.4+0.1 1.7+£0.5 2.2+0.3
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Figure S1. Gating strategy of the Fluorescence-activated cell sorting from blood

samples.
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Figure S2. Gating strategy of the Fluorescence-activated cell sorting from brain

samples.
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