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Abstract

Cardiopulmonary bypass (CPB) causes systemic inflammation and endothelial glycocalyx
damage. Hydrogen has anti-oxidant and anti-inflammatory properties; therefore, we hypoth-
esized that hydrogen would alleviate endothelial glycocalyx damage caused by CPB.
Twenty-eight male Sprague—Dawley rats were randomly divided into four groups (n =7 per
group), as follows: sham, control, 2% hydrogen, and 4% hydrogen. The rats were subjected
to 90 minutes of partial CPB followed by 120 minutes of observation. In the hydrogen
groups, hydrogen was administered via the ventilator and artificial lung during CPB, and via
the ventilator for 60 minutes after CPB. After observation, blood collection, lung extraction,
and perfusion fixation were performed, and the heart, lung, and brain endothelial glycocalyx
thickness was measured by electron microscopy. The serum syndecan-1 concentration, a
glycocalyx component, in the 4% hydrogen group (5.7 £ 4.4 pg/mL) was lower than in the
control (19.5 + 6.6 pg/mL) and 2% hydrogen (19.8 + 5.0 pg/mL) groups (P < 0.001 for each),
but it was not significantly different from the sham group (6.2 + 4.0 pg/mL, P=0.999). The
endothelial glycocalyces of the heart and lung in the 4% hydrogen group were thicker than
in the control group. The 4% hydrogen group had lower inflammatory cytokine concentra-
tions (interleukin-1f and tumor necrosis factor-a) in serum and lung tissue, as well as a
lower serum malondialdehyde concentration, than the control group. The 2% hydrogen
group showed no significant difference in the serum syndecan-1 concentration compared
with the control group. However, non-significant decreases in serum and lung tissue inflam-
matory cytokine concentrations, as well as in serum malondialdehyde concentration, were
observed. Administration of 4% hydrogen via artificial and autologous lungs attenuated
endothelial glycocalyx damage caused by partial CPB in rats, which might be mediated by
the anti-inflammatory and anti-oxidant properties of hydrogen.
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Introduction

Cardiopulmonary bypass (CPB) is an essential cardiovascular procedure. However, CPB
causes systemic inflammation, which is characterized by extensive vascular endothelial activa-
tion and diffuse endothelial dysfunction, and is known to impair the endothelial glycocalyx
[1-5]. The glycocalyx is a layer that covers the surface of vascular endothelial cells [6, 7]. It has
various functions, including vascular permeability regulation and inflammatory response sup-
pression [6, 7]. Degradation of the glycocalyx exposes adhesion molecules in the blood vessel
lumen and initiates reactions between neutrophils and the vascular endothelium [6-9]. The
blood concentration of syndecan-1, a component of the glycocalyx, is related to glycocalyx
degradation and correlates with the concentration of inflammatory cytokines in the blood [6,
7]. Impaired glycocalyx is associated with an exacerbated inflammatory response [6, 7, 10] and
persistent microcirculatory perfusion disturbances after CPB [3]; therefore, protecting the gly-
cocalyx is important in CPB.

Hydrogen selectively scavenges reactive oxygen species (ROS) and has anti-oxidant, anti-
inflammatory, and anti-apoptotic properties [11, 12]. But it does not inhibit the action of ROS
necessary for physiological activity [13]. Although it is flammable, hydrogen is safe at concen-
trations of <4.1% in both air and oxygen [14]. The therapeutic effect of hydrogen has been ver-
ified in various pathological conditions in animals [11, 12, 15-21]. With regard to CPB, Fujii
et al. reported that administration of 1.4% hydrogen via an artificial lung restrained the inflam-
matory reaction during CPB in rats [22]. However, it is not clear whether hydrogen alleviates
endothelial glycocalyx damage caused by CPB.

We aimed to elucidate the effects of hydrogen on endothelial glycocalyx damage in a rat
model of CPB. We hypothesized that hydrogen would alleviate endothelial glycocalyx damage
caused by CPB. To test this hypothesis, we evaluated the serum syndecan-1 concentration and
endothelial glycocalyx thickness in the heart, lung, and brain by electron microscopy.

Materials and methods

This study was approved by the Ethics Committee for Animal Experiments and the Laboratory
Animal Facility of Hamamatsu University School of Medicine (approval no: 2020029 and
2023017). The study conformed to the Guide for the Care and Use of Laboratory Animals.
Male Sprague-Dawley rats (12 to 13 weeks old, weighing 380.2 to 404.3 g; SLC Inc., Shizuoka,
Japan) were used in this study. All surgeries and procedures were performed under isoflurane
anesthesia, and every effort was made to minimize pain. Animals were housed at a controlled
temperature (24°C) with a 12-12 h light-dark cycle, with free access to water and food.

Animal preparation

Twenty-eight rats were randomly assigned to four groups based on a simple randomization
method (n =7 per group), as follows: sham group, control group, 2% hydrogen group, and 4%
hydrogen group. The sham operation consisted of venous and arterial cannulation and hepari-
nization without CPB. The animals were anesthetized with 5.0% isoflurane (Mylan, Tokyo,
Japan). After adequate anesthesia was achieved, the rats were intubated with a 14-gauge intra-
venous catheter (B Braun, Melsungen, Germany) and mechanically ventilated using a small-
animal ventilator (Shinano Seisakusho, Tokyo, Japan) with an air-oxygen mixture (fraction of
inspired oxygen = 0.4). The respiratory rate was 60 breaths/min, tidal volume was 8 mL/kg,
and positive end-expiratory pressure was 3 cmH,0. During surgery and CPB, anesthesia was
maintained with 2% isoflurane to achieve adequate depth of anesthesia. All surgeries were per-
formed with standard sterile techniques. Rectal temperature was monitored and regulated at
37.0°C % 0.2°C using heat lamps and forced-air convective systems.

PLOS ONE | https://doi.org/10.1371/journal.pone.0295862 December 19, 2023 2/17


https://doi.org/10.1371/journal.pone.0295862

PLOS ONE

Hydrogen in rat cardiopulmonary bypass

The tail artery was cannulated with a 22-gauge intravenous catheter (B Braun) as the arterial
inflow cannula for CPB. The right femoral artery was cannulated with a 22-gauge intravenous
catheter (B Braun) for arterial blood pressure monitoring and blood gas analysis. The right
external jugular vein was cannulated with a modified 15-gauge intravenous catheter (Hakko
Medical Device Division, Nagano, Japan) as the venous outflow for CPB. Heparin (200 IU)
was administered through the venous cannula.

The CPB circuit consisted of a venous cannula, a blood reservoir (5 mL drip chamber), a
custom-made roller pump (RZ1030 peristaltic pump head, Nanjing Runze Fluid Control
Equipment, Nanjing, China; stepper motor, controlled by a one-chip microcomputer), an arti-
ficial lung (Senko Medical Co., Ltd., Osaka, Japan), and an arterial inflow cannula. It was
primed with 10 mL Voluven (hydroxyethyl starch 130000, Otsuka Pharmaceutical Co., Ltd.,
Tokyo, Japan). At the top of the reservoir, an 18-gauge needle (B Braun) was inserted and con-
nected with a custom-made negative pressure generator consisting of a peristaltic pump head,
stepper motor, pressure sensor, and one-chip microcomputer.

Experimental protocol

After surgical cannulation and heparinization, the animals were connected to the CPB circuit.
After 15 minutes of stabilization, the negative pressure generator was activated to create a neg-
ative pressure in the venous reservoir, and extracorporeal circulation was slowly initiated. The
negative pressure was gradually increased, and the roller pump speed was increased to a flow
rate of 100 mL/kg/min (approximately 60% of cardiac output in rats [23]). Once this flow rate
was reached, the respiratory rate was reduced to 20 breaths/min, and the fraction of inspired
oxygen was changed to 1.0. CPB was performed for 90 minutes. Gas flow to the artificial lung
consisted of 100% oxygen at 400 mL/min with 2% isoflurane. No rats received additional injec-
tions during CPB. At CPB completion, the respiratory rate was increased to 60 breaths/min,
and the rats were weaned from CPB. Before disconnecting from the CPB circuit, the blood vol-
ume in the reservoir was adjusted to the same as the initial volume. Then, the right external
jugular vein and tail artery catheters were removed. The rats were followed for an additional
120 minutes under general anesthesia. No rats required infusion during the observation. Rats
in the hydrogen groups received selected concentrations of hydrogen from the start to 1 hour
after the end of CPB. Hydrogen was supplied by HGE-1A (Shimadzu Corp., Kyoto, Japan) and
administered via the ventilator and artificial lung during CPB and via the ventilator after CPB.
The production rate was controlled in relation to the total fresh gas flow to obtain the desired
hydrogen concentration.

Mean arterial pressure, heart rate, and body temperature were monitored continuously.
They were recorded before the initiation of CPB (baseline), 45 and 90 minutes into CPB, and
60 and 120 minutes after CPB. Arterial blood gas analysis was performed at the same time
points (ABL90 FLEX, Radiometer Medical ApS, Bronshgj, Denmark).

Sample collection

At completion of observation, all rats underwent thoracotomy under anesthesia. The lower
lobe of the right lung was ligated and removed. A 22-gauge catheter (B Braun) was inserted
into the inferior vena cava, and 6 mL of blood was drawn. Then, the left lung was removed by
clamping the hilum. After an incision was made in the right atrium, a 21-gauge needle (Nipro,
Osaka, Japan) was inserted through the cardiac apex and phosphate-buffered saline was per-
fused (MP-2000, Tokyo Rikakai Co., Ltd., Tokyo, Japan) at 8 mL/min for 2 minutes to wash
out blood from the whole body. Subsequently, fixative solution (2% glutaraldehyde, 30 mM
HEPES buffer, and 2% lanthanum nitrate) was perfused for 5 minutes at a rate of 8 mL/min.
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After perfusion, the right lung, heart, and brain were excised. The upper lobe of the right lung,
left ventricular myocardium, and cerebral cortex were cut out and immersed in fixing/staining
solution for 24 hours at 4°C. After proper tissue processing, ultrathin sections were made.

Serum was collected by centrifugation at 1,000 x g at 4°C for 20 minutes using Centrifuge
5425 R (Eppendorf, Hamburg, Germany) and stored at —80°C until use. The inferior portion
of the left lung was measured, and RIPA buffer containing protease cocktail inhibitors (Nacalai
Tesque, Kyoto, Japan) was added at a 5% (w/v) ratio. It was homogenized using the Physcotron
handheld homogenizer (Microtec Nition, Chiba, Japan) for 1 minute and Power Sonic model
50 (Yamato Scientific Co., Ltd., Tokyo, Japan) for 5 minutes, before centrifuging at 13,000 x g
for 15 minutes at 4°C (Centrifuge 5425 R, Eppendorf). The supernatant was collected and
stored at —80°C until analysis.

Glycocalyx degradation. Glycocalyx degradation was measured using enzyme-linked
immunosorbent assay (ELISA) kits for serum syndecan-1 (Cloud-Clone Corp., Katy, TX, US).
Endothelial glycocalyx thickness. Endothelial glycocalyx in the heart, lungs, and brain

was imaged by transmission electron microscopy (JEM-1400 Plus; JEOL, Tokyo, Japan). Ten
perfused vessels were randomly selected for each organ and images were captured. The area of
lanthanum staining and the vessel circumference were measured, and the ratio of these two
measurements was defined as the average glycocalyx thickness [24].

Inflammation. The concentrations of interleukin-1B (IL-1B) and tumor necrosis factor-o
(TNFa) in the serum and lung tissues were measured by ELISA (R&D Systems Inc., Minneap-
olis, MN, US).

Oxidative stress. Serum malondialdehyde (MDA) was measured by ELISA (Cell Biolabs
Inc., San Diego, CA, US). MDA is a final product of lipid metabolism caused by oxidative
stress, and the level of MDA is said to be correlated with free radical-induced damage [25].

Lung histology. The upper part of the left lung was embedded in paraffin, cut into 3-pm
sections, and stained with anti-myeloperoxidase (MPO) antibody (Abcam, Cambridge, UK).
The slides were digitized using a NanoZoomer S60 (Hamamatsu Photonics K.K., Hamamatsu,
Japan). The ratio of MPO-positive cells to total cells in the sections was determined using
HALO (Indica Labs, Albuquerque, New Mexico, US) and used as a measure of neutrophil
activation.

Lung wet-to-dry weight ratio. Lung wet-to-dry weight ratio was used as a measure of pul-
monary edema. The right lower lobe was weighed immediately after excision, and the dry
weight was recorded after drying the tissue in an oven at 75°C for 72 hours.

Statistical analysis

The power analysis was performed using G* power software (G* Power 3.1.9.7, University of
Diisseldorf, Germany) to determine the required number of specimens. Based on our report
on the glycocalyx-protecting action of hydrogen [17], the effect size of d was 1.52. Assuming a
sample size ratio of 1 and a statistical power of 1 — B = 0.8 to identify significant differences (o
=0.05), 7 animals were required per group.

The primary outcome was the serum syndecan-1 concentration, and the secondary out-
comes were endothelial glycocalyx thickness in the heart, lung, and brain; molecular biology
results; and immunohistochemistry results. Variables were tested for normality with the Sha-
piro-Wilk test. Normally distributed data are expressed as the mean + standard deviation and
non-normally distributed data as the median (interquartile range [25th-75th percentile]). For
comparisons between the four groups, parametric data were analyzed using one-way analysis
of variance followed by the Tukey-Kramer multiple-comparisons test. The Kruskal-Wallis
test followed by the Steel-Dwass multiple-comparisons test was used when data were non-
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normally distributed. P < 0.05 (two-tailed) was considered statistically significant. Statistical
analyses were performed using JMP for Windows (version 14.2.0, SAS Institute Inc., NC, US).

Results
Physiologic measurements

The body weights of the sham, control, 2% hydrogen, and 4% hydrogen groups were
3943+79¢,3925+64¢,391.2+7.1g,and 396.3 * 3.1 g, respectively. No significant differ-
ences were observed among the four groups. The physiologic values are detailed in Table 1.
The data were similar for all groups at the baseline. During CPB, hematocrit was lower in the
three groups that underwent CPB than in the sham group. Lactate was lower in the sham
group than in the other three groups. At the end of observation, mean arterial pressure in the
sham group was higher than the other three groups. Heart rate was lower in the 4% hydrogen
group than in the 2% hydrogen and control groups, and was not significantly different from
the sham group. Lactate was lower in the 4% hydrogen group than in the control group and
was not significantly different from the sham group.

Endothelial glycocalyx degradation after CPB

Serum syndecan-1 in the 4% hydrogen group was lower than in the control and 2% hydrogen
groups (P < 0.001 for each), and was not significantly different from the sham group

(P =0.999). There was no significant difference between the 2% hydrogen and control groups
(P =0.999), and both groups demonstrated higher syndecan-1 concentrations than the sham
group (P < 0.001 for each) (Fig 1).

Endothelial glycocalyx thickness in the heart, lung, and brain after CPB. The heart
endothelial glycocalyx was thicker in the 4% hydrogen group than in the control group
(P =0.016), and no significant difference was observed between the 2% hydrogen group and
the control group (P = 0.843), the 2% hydrogen group and the sham group (P = 0.276), and the
control group and the sham group (P = 0.060) (Fig 2).

The lung endothelial glycocalyx was thicker in the 4% hydrogen group than in the control
group (P =0.025), and thinner in the control group than in the sham group (P = 0.036). No
significant difference was observed between the 2% hydrogen group and the control group
(P=0.577) (Fig 3).

For the brain endothelial glycocalyx, there were no significant differences among the four
groups (P = 0.884) (Fig 4).

Serum inflammatory cytokines and oxidative stress

Serum IL-1p was lower than the measurable range in seven samples from the 4% hydrogen
group and in three samples from the sham group. Assuming the minimum detectable value of
5.0 pg/mL by ELISA (R&D Systems Inc.), serum IL-1B was lower in the 4% hydrogen group
than in the control and 2% hydrogen groups (P = 0.005 for each), and no significant difference
to the sham group was observed (P = 0.133). There was no significant difference between the
2% hydrogen and control groups (P = 0.697), with both groups demonstrating higher IL-1
concentrations than the sham group (P = 0.011 for each) (Fig 5).

Serum TNFo. was lower than the measurable range in four samples from the 4% hydrogen
group. Assuming the minimum detectable value of 5.0 pg/mL by ELISA (R&D Systems Inc.),
TNFo was lower in the 4% hydrogen group than in the control, 2% hydrogen, and sham
groups (P =0.010, P = 0.010, and P = 0.015, respectively). Serum TNFo. was higher in the
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Table 1. Physiologic values.

CPB Post-CPB

MAP (mmtlg) !/ | |

control 482110
4% hydrogen 580+ 111"
sham 3022206
2% hydrogen
Het (%) ! | |
control
4% hydrogen
sham
2% hydrogen
Pa0; (mmHg) - ! | |
control 1917 £ 156
4% hydrogen 2032+ 160
sham 385£25
2% hydrogen 350427
HCO, (mmol/L) ! | |

control 215+21"
4% hydrogen 27+12
sham 2004
2% hydrogen 38208
Rectal temperature (*C) ! | |

control 37.0.£00

(Continued)

348.8 +27.2**

26.7 £ 1.2**

27.8 £2.1%%

7.40 +0.03

7.40 + 0.00
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Table 1. (Continued)

CPB Post-CPB
Baseline 45min 90min 60min 120min

4% hydrogen 37.0+0.0 37.0+0.1 36.9+0.1 37.0+0.0 36.9+0.1

Data are presented as the mean + standard deviation of 7 rats per group. Comparisons were performed by one-way analysis of variance with Tukey-Kramer’s multiple-
comparisons post hoc test (P < 0.05).

*P < 0.05

**P < 0.01; versus sham group.

#P < 0.05

##P < 0.01; versus control group.

TP < 0.05

1P < 0.01; versus 2% hydrogen group. CPB, cardiopulmonary bypass; MAP, mean arterial blood pressure; HR, heart rate; Hct, hematocrit; Lac, lactate.

https://doi.org/10.1371/journal.pone.0295862.t001

control group than in the sham group (P = 0.036), and was not significantly different from the
2% hydrogen group (P = 0.869) (Fig 5).

Serum MDA was lower in the 4% hydrogen group than in the control, 2% hydrogen, and
sham groups (P = 0.011 for each). Serum MDA was lower in the 2% hydrogen group than in the
sham group (P = 0.036), and was not significantly different from the control group (P = 0.577).
No significant difference was observed between the control and sham groups (P = 0.378) (Fig 5).

Lung tissue inflammation

In one animal in the control group, lung tissue contamination with fixative led to inaccurate
ELISA and pathological evaluations, so lung tissue evaluation for this animal was considered
as missing data.

Lung tissue inflammatory cytokine expression. IL-1f in the lung tissue was lower in the
4% hydrogen group than in the control and 2% hydrogen groups (P = 0.017 and P = 0.011,
respectively), and no significant difference was observed compared with the sham group
(P =0.417). There was no significant difference between the 2% hydrogen and control groups
(P =0.918), and both groups demonstrated higher IL-1 concentrations than the sham group
(P=0.036 and P = 0.017, respectively) (Fig 6).

TNFa in the lung tissue was lower in the 4% hydrogen group than in the control and 2%
hydrogen groups (P < 0.001 and P = 0.011, respectively), but no significant difference was
observed when compared with the sham group (P = 0.883). The 2% hydrogen group showed
no significant difference from the control group (P = 0.075), and TNFa was higher in the con-
trol group than in the sham group (P < 0.001) (Fig 6).

Neutrophils in lung tissue. The ratio of MPO-positive cells in lung tissue was lower in
the 4% hydrogen group than in the control, 2% hydrogen, and sham groups (P = 0.017,
P=0.011, and P = 0.017, respectively). The ratio was higher in the control group than in the
sham group (P = 0.017), and no significant difference was observed between the 2% hydrogen
group and the control group (P = 1.000) or between the 2% hydrogen group and the sham
group (P =0.051) (Fig 7).

Lung tissue wet-to-dry ratio. No significant differences were observed among the four
groups in the lung wet-to-dry weight ratio (P = 0.222) (Fig 8).

Discussion

We examined the effects of hydrogen on the endothelial glycocalyx in a rat model of partial
CPB. The 4% hydrogen group had a significantly lower serum syndecan-1 concentration than
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N W
o o
1

N
o

Serum Syndecan-1 (pg/ml)

0

sham control 2% hydrogen 4% hydrogen

Fig 1. Serum syndecan-1 concentration. Data are presented as the mean =+ standard deviation of 7 rats per group. Comparisons were performed by one-way
analysis of variance with Tukey-Kramer’s multiple-comparisons post hoc test (P < 0.05). **P < 0.01 versus sham group. ##P < 0.01 versus control group.
1P < 0.01 versus 2% hydrogen group.

https://doi.org/10.1371/journal.pone.0295862.g001

the control group, indicating that 4% hydrogen attenuated endothelial glycocalyx damage. The
4% hydrogen group also had significantly lower serum IL-1B, TNFa, and MDA concentrations
than the control group, indicating that 4% hydrogen had anti-inflammatory and anti-oxidant

effects. In addition, the 4% hydrogen group showed significantly lower inflammatory cytokine

PLOS ONE | https://doi.org/10.1371/journal.pone.0295862 December 19, 2023 8/17


https://doi.org/10.1371/journal.pone.0295862.g001
https://doi.org/10.1371/journal.pone.0295862

PLOS ONE Hydrogen in rat cardiopulmonary bypass

300 4

Endothelial Glycocalyx Thickness in the Heart (nm)

sham control 2% hydrogen 4% hydrogen

Fig 2. Impairment of the endothelial glycocalyx in the heart by CPB and the effects of hydrogen. (A-D) Representative transmission electron microscopy
images of the endothelial glycocalyx in the heart. The endothelial glycocalyx was visualized by staining with lanthanum nitrate and is shown as the black layer
that lines the luminal surface of vascular endothelial cells. Scale bar = 2.0 um. (E) Thickness of the endothelial glycocalyx in the heart. Values are expressed as
the mean =+ standard deviation of 10 perfused vessels per group. Comparisons were performed by one-way analysis of variance with Tukey-Kramer’s multiple-
comparisons post hoc test (P < 0.05). #P < 0.05 versus control group. CPB, cardiopulmonary bypass.

https://doi.org/10.1371/journal.pone.0295862.9002

and neutrophil levels in the lung tissue than the control group, suggesting that 4% hydrogen
alleviated lung tissue inflammation.

The glycocalyx is degraded by metalloproteinases, heparinases, and hyaluronidases, which
are activated by IL-1B, TNFa, and ROS [6, 26]. In this study, the 4% hydrogen group showed
significantly lower syndecan-1, IL-1B, TNFa, and ROS concentrations in the serum than the
control group. Thus, the protective effect of hydrogen on the glycocalyx was most likely due to
anti-inflammatory and anti-oxidant effects. In addition, the lung endothelial glycocalyx in the
4% hydrogen group was thicker than in the control group, and the 4% hydrogen group showed
significantly lower IL-1p, TNFo, and neutrophil expression in lung tissue than the control
group. Therefore, it is suggested that preserving the lung endothelial glycocalyx alleviated the
inflammatory reaction in the lung tissue in the 4% hydrogen group. In contrast, no significant
differences were observed among the four groups in the wet-to-dry weight ratio of the lung.
Wet lung weight includes interstitial exudate, retained intravascular blood, hemorrhage into
tissues, and extravascular protein leakage; therefore, weight measurements may contain signif-
icant error [27, 28]. In addition, the 4% hydrogen group had significantly lower serum TNFao
and MDA concentrations, and the ratio of MPO-positive cells in lung tissue was lower than in
the sham group. Huang et al. reported that 5 hours of mechanical ventilation at normal tidal
volumes induced ventilator-induced lung injury in mice [27]. This experiment was conducted
with mechanical ventilation for approximately 5 hours; therefore, ventilator-induced lung
injury would have occurred in the sham group. It is suggested that 4% hydrogen suppresses
inflammation associated with CPB, but also long-term mechanical ventilation.
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Endothelial Glycocalyx Thickness in the Lung (nm)

sham control 2% hydrogen 4% hydrogen

Fig 3. Impairment of the endothelial glycocalyx in the lung by CPB and the effects of hydrogen. (A-D) Representative transmission electron microscopy
images of the endothelial glycocalyx in the lung. The endothelial glycocalyx was visualized by staining with lanthanum nitrate and is shown as the black layer
that lines the luminal surface of vascular endothelial cells. Scale bar = 2.0 um. (E) Thickness of the endothelial glycocalyx in the lung. The box plots represent
the median and interquartile range of 10 perfused vessels per group. Comparisons were performed using the Kruskal-Wallis test with the Steel-Dwass
multiple-comparisons post hoc test (P < 0.05). *P < 0.05 versus sham group. #P < 0.05 versus control group. CPB, cardiopulmonary bypass.

https://doi.org/10.1371/journal.pone.0295862.9003

In this study, the 2% hydrogen group did not show a significant difference in serum synde-
can-1 compared with the control group. This result indicated that 2% hydrogen did not atten-
uate damage to the endothelial glycocalyx. However, the 2% hydrogen group showed a non-
significant decrease in serum IL-1fB, TNFo, and MDA, as well as in IL-1f and TNFa, in lung
tissue, compared with the control group. The therapeutic effect of hydrogen is dependent on
the blood concentration of hydrogen [11]. When hydrogen is administered via the lungs, the
blood concentration at 2% is reported to have the best therapeutic effect, and the therapeutic
effect is attenuated at concentrations higher or lower than this [11]. However, in this study, 4%
hydrogen was more effective than 2%, possibly due to partial CPB. During CPB, the respiratory
rate was reduced to one third of normal, so hydrogen uptake through the lungs was lower than
under normal respiratory conditions. Hydrogen was also administered via an artificial lung. In
studies in which 2% hydrogen was administered via an artificial lung in an ischemia-reperfu-
sion model using an extracorporeal circulatory circuit, the therapeutic effects were observed
when the circuit was filled with acellular solution [29], but not when filled with blood [30].
These reports suggest that it might be difficult to take hydrogen into the blood via an artificial
lung. Therefore, it is considered that the blood concentration of hydrogen during CPB in this
experiment might have been lower than in the case of transtracheal hydrogen administration.
In addition, humans and rodents have intestinal bacteria that produce hydrogen [31], suggest-
ing that a certain blood concentration must be exceeded for hydrogen to have a therapeutic
effect. This report suggests that the blood concentration of hydrogen in the 2% hydrogen
group may have been too low to achieve an effective therapeutic effect. Both the artificial lung
and the lung exchange gases by diffusion due to the gas concentration gradient, and the 4%
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Fig 4. Impairment of the endothelial glycocalyx in the brain by CPB and the effects of hydrogen. (A-D) Representative transmission electron microscopy
images of the endothelial glycocalyx in the brain. The endothelial glycocalyx was visualized by staining with lanthanum nitrate and is shown as the black layer
that lines the luminal surface of vascular endothelial cells. Scale bar = 1.0 um. (E) Thickness of the endothelial glycocalyx in the brain. Values are expressed as
the mean + standard deviation of 10 perfused vessels per group. Comparisons were performed by one-way analysis of variance with Tukey-Kramer’s multiple-

comparisons post hoc test (P < 0.05). There were no significant differences among the four groups. CPB, cardiopulmonary bypass.
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hydrogen group seemed to take up more hydrogen than the 2% hydrogen group. Therefore,
the blood concentration of hydrogen in the 4% hydrogen group was probably closer to the
blood concentration at which the therapeutic effect is best achieved than in the 2% hydrogen
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sham
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Fig 5. Serum concentrations of IL-1f, TNFa, and MDA. A: IL-1B. B: TNFa. C: MDA. Values are expressed as the median and interquartile range of 7 rats per
group. Comparisons were performed using the Kruskal-Wallis test with the Steel-Dwass multiple-comparisons post hoc test (P < 0.05). *P < 0.05, **P < 0.01
versus sham group. #P < 0.05, ##P < 0.01 versus control group. P < 0.05, +1P < 0.01 versus 2% hydrogen group. IL-1p, interleukin-1p; TNFa, tumor necrosis
factor-o; MDA, malondialdehyde.

https://doi.org/10.1371/journal.pone.0295862.9005
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Fig 6. Concentration of IL-1p and TNFa in lung tissue. There were 7 animals per group, except the control group (6 animals). (A) IL-1p: Values are
expressed as the median and interquartile range. Comparisons were performed using the Kruskal-Wallis test with the Steel-Dwass multiple-comparisons post
hoc test (P < 0.05). (B) TNFo.: Values are expressed as the mean + standard deviation. Comparisons were performed using one-way analysis of variance with
Tukey-Kramer’s multiple-comparisons post hoc test (P < 0.05). *P < 0.05, **P < 0.01 versus sham group. #P < 0.05, ##P < 0.01 versus control group.

+P < 0.05, +1P < 0.01 versus 2% hydrogen group. IL-1B, interleukin-1B; TNFa, tumor necrosis factor-o.
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performed using the Kruskal-Wallis test followed by the Steel-Dwass multiple-comparisons post hoc test (P < 0.05). *P < 0.05 versus sham group. #P < 0.05
versus control group. TP < 0.05 versus 2% hydrogen group. MPO, myeloperoxidase.

https://doi.org/10.1371/journal.pone.0295862.9007
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Fujii et al. reported that administration of 1.4% hydrogen via an artificial lung suppressed
the inflammatory reaction during CPB [22]. This report is contrary to the results of the 2%
hydrogen group in the present study. This may be related to the CPB duration, which was pro-
portional to neutrophil adhesion molecule expression and lung injury severity [1]. The CPB
duration in the present study was 1.5-times longer, suggesting that our experiment caused a
higher degree of inflammation than in the previous study. If the degree of injury is too severe,
it becomes difficult to obtain the therapeutic effects of hydrogen [32]. Therefore, in this
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experiment, inflammation may have been too severe to observe the therapeutic effects of 2%
hydrogen.

In addition to the therapeutic effects of hydrogen, this experiment revealed the organ speci-
ficity of endothelial glycocalyx damage associated with CPB. The endothelial glycocalyces of
the heart and lung were significantly thinner in the control group than in the sham group,
whereas the brain endothelial glycocalyx was not significantly different. Our findings suggest
that the brain endothelial glycocalyx is less susceptible to damage from CPB. The brain endo-
thelial glycocalyx is one of the components of the blood-brain barrier [33]. Okamura et al.
evaluated CPB-associated blood-brain barrier impairment in a piglet model and found that
there was no significant difference between the CPB with normothermia group and the sham
group [34], similar to our results. In addition, Ando et al. reported that in a mouse model of
sepsis, endothelial glycocalyx in the brain was less disrupted than endothelial glycocalyx in the
heart and lungs [35], and the present results show a similar trend. It has also been reported
that bovine cerebral endothelial cells are more negatively charged than human umbilical endo-
thelial cells [36]. This property may be the reason why the brain endothelial glycocalyx is less
susceptible to damage.

Limitations

There are several limitations in this study. First, partial CPB was performed due to artificial
lung blood flow restriction. Therefore, it is unknown whether the same effect of hydrogen
would be obtained with complete CPB. Second, endothelial glycocalyx evaluation by trans-
mission electron microscopy required perfusion fixation, which precluded inflammatory
response assessment in the heart and brain. Finally, the actual blood hydrogen concentra-
tion was not measured due to the relatively large blood volume required for the size of the
animal.

Conclusions

During partial CPB in rats, administration of 4% hydrogen via artificial and autologous lungs
attenuated endothelial glycocalyx damage caused by CPB. Hydrogen could be a new method
to protect endothelial glycocalyx by inhibiting the inflammatory response and oxidative stress
derived from CPB.

Acknowledgments

The authors thank Yoko Kumakiri for her technical support with the electron microscopy,
Katsutoshi Miura for his advice on evaluating the lung tissue, Sumiko Mikawa for her advice
on the ELISA techniques, and Yukie Aoshima for her advice on the CPB technique.

Author Contributions

Conceptualization: Hiroki Iwata, Takasumi Katoh, Sang Kien Truong, Tsunehisa Sato,
Shingo Kawashima, Soichiro Mimuro.

Formal analysis: Hiroki Iwata, Takasumi Katoh.

Methodology: Hiroki Iwata, Takasumi Katoh, Sang Kien Truong, Tsunehisa Sato, Shingo
Kawashima.

Project administration: Hiroki Iwata, Takasumi Katoh.

Software: Takasumi Katoh.

PLOS ONE | https://doi.org/10.1371/journal.pone.0295862 December 19, 2023 14/17


https://doi.org/10.1371/journal.pone.0295862

PLOS ONE

Hydrogen in rat cardiopulmonary bypass

Supervision: Yoshiki Nakajima.

Writing - original draft: Hiroki Iwata, Takasumi Katoh.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Laffey JG, Boylan JF, Cheng DCH. The systemic inflammatory response to cardiac surgery: implica-
tions for the anesthesiologist. Anesthesiology. 2002; 97: 215-252. https://doi.org/10.1097/00000542-
200207000-00030 PMID: 12131125

Boyle EM, Pohiman TH, Johnson MC, Verrier ED. Endothelial cell injury in cardiovascular surgery: the
systemic inflammatory response. Ann Thorac Surg. 1997; 63: 277—-284. https://doi.org/10.1016/s0003-
4975(96)01061-2 PMID: 8993292

Dekker NAM, Veerhoek D, Koning NJ, van Leeuwen ALLI, Elbers PWG, van den Brom CE, et al. Postop-
erative microcirculatory perfusion and endothelial glycocalyx shedding following cardiac surgery with
cardiopulmonary bypass. Anaesthesia. 2019; 74: 609-618. https://doi.org/10.1111/anae.14577 PMID:
30687934

Rehm M, Bruegger D, Christ F, Conzen P, Thiel M, Jacob M, et al. Shedding of the endothelial glycoca-
lyx in patients undergoing major vascular surgery with global and regional ischemia. Circulation. 2007;
116: 1896—1906. https://doi.org/10.1161/CIRCULATIONAHA.106.684852 PMID: 17923576

Bruegger D, Brettner F, Rossberg I, Nussbaum C, Kowalski C, Januszewska K, et al. Acute degradation
of the endothelial glycocalyx in infants undergoing cardiac surgical procedures. Ann Thorac Surg. 2015;
99: 926-931. https://doi.org/10.1016/j.athoracsur.2014.10.013 PMID: 25601655

Uchimido R, Schmidt EP, Shapiro NI. The glycocalyx: a novel diagnostic and therapeutic target in sep-
sis. Crit Care. 2019; 23: 16. https://doi.org/10.1186/s13054-018-2292-6 PMID: 30654825

Chelazzi C, Villa G, Mancinelli P, De Gaudio AR, Adembri C. Glycocalyx and sepsis-induced alterations
in vascular permeability. Crit Care. 2015; 19: 26. https://doi.org/10.1186/s13054-015-0741-z PMID:
25887223

Collins SR, Blank RS, Deatherage LS, Dull RO. Special article: the endothelial glycocalyx: emerging
concepts in pulmonary edema and acute lung injury. Anesth Analg. 2013; 117: 664—674. https://doi.org/
10.1213/ANE.0b013e3182975b85 PMID: 23835455

Schmidt EP, Yang Y, Janssen WJ, Gandjeva A, Perez MJ, Barthel L, et al. The pulmonary endothelial
glycocalyx regulates neutrophil adhesion and lung injury during experimental sepsis. Nat Med. 2012;
18: 1217-1223. https://doi.org/10.1038/nm.2843 PMID: 22820644

Chappell D, Dérfler N, Jacob M, Rehm M, Welsch U, Conzen P, et al. GLYCOCALYX PROTECTION
REDUCES LEUKOCYTE ADHESION AFTER ISCHEMIA/REPERFUSION. Shock. 2010; 34: 133—
139. https://doi.org/10.1097/SHK.0b013e3181cdc363 PMID: 20634656

Ohsawa |, Ishikawa M, Takahashi K, Watanabe M, Nishimaki K, Yamagata K, et al. Hydrogen acts as a
therapeutic antioxidant by selectively reducing cytotoxic oxygen radicals. Nat Med. 2007; 13: 688—694.
https://doi.org/10.1038/nm1577 PMID: 17486089

Kawamura T, Huang C-S, Tochigi N, Lee S, Shigemura N, Billiar TR, et al. Inhaled hydrogen gas ther-
apy for prevention of lung transplant-induced ischemia/reperfusion injury in rats. Transplantation. 2010;
90: 1344—1351. hitps://doi.org/10.1097/TP.0b013e3181fe1357 PMID: 21048533

Ohta S. Molecular hydrogen as a preventive and therapeutic medical gas: initiation, development and
potential of hydrogen medicine. Pharmacol Ther. 2014; 144: 1—11. hitps://doi.org/10.1016/j.
pharmthera.2014.04.006 PMID: 24769081

NASA. Safety Standard for Hydrogen and Hydrogen Systems: Guidelines for Hydrogen System Design,
Materials Selection, Operations, Storage and Transportation. National Aeronautics and Space Adminis-
tration. 1997.

Buchholz BM, Kaczorowski DJ, Sugimoto R, Yang R, Wang Y, Billiar TR, et al. Hydrogen inhalation
ameliorates oxidative stress in transplantation induced intestinal graft injury. Am J Transplant. 2008; 8:
2015-2024. https://doi.org/10.1111/j.1600-6143.2008.02359.x PMID: 18727697

Tamura T, Sano M, Matsuoka T, Yoshizawa J, Yamamoto R, Katsumata Y, et al. Hydrogen Gas Inhala-
tion Attenuates Endothelial Glycocalyx Damage and Stabilizes Hemodynamics in a Rat Hemorrhagic
Shock Model. Shock. 2020; 54: 377-385. https://doi.org/10.1097/SHK.0000000000001459 PMID:
32804466

Sato T, Mimuro S, Katoh T, Kurita T, Truong SK, Kobayashi K, et al. 1.2% Hydrogen gas inhalation pro-
tects the endothelial glycocalyx during hemorrhagic shock: a prospective laboratory study in rats. J
Anesth. 2020; 34: 268-275. https://doi.org/10.1007/s00540-020-02737-3 PMID: 31997005

PLOS ONE | https://doi.org/10.1371/journal.pone.0295862 December 19, 2023 15/17


https://doi.org/10.1097/00000542-200207000-00030
https://doi.org/10.1097/00000542-200207000-00030
http://www.ncbi.nlm.nih.gov/pubmed/12131125
https://doi.org/10.1016/s0003-4975%2896%2901061-2
https://doi.org/10.1016/s0003-4975%2896%2901061-2
http://www.ncbi.nlm.nih.gov/pubmed/8993292
https://doi.org/10.1111/anae.14577
http://www.ncbi.nlm.nih.gov/pubmed/30687934
https://doi.org/10.1161/CIRCULATIONAHA.106.684852
http://www.ncbi.nlm.nih.gov/pubmed/17923576
https://doi.org/10.1016/j.athoracsur.2014.10.013
http://www.ncbi.nlm.nih.gov/pubmed/25601655
https://doi.org/10.1186/s13054-018-2292-6
http://www.ncbi.nlm.nih.gov/pubmed/30654825
https://doi.org/10.1186/s13054-015-0741-z
http://www.ncbi.nlm.nih.gov/pubmed/25887223
https://doi.org/10.1213/ANE.0b013e3182975b85
https://doi.org/10.1213/ANE.0b013e3182975b85
http://www.ncbi.nlm.nih.gov/pubmed/23835455
https://doi.org/10.1038/nm.2843
http://www.ncbi.nlm.nih.gov/pubmed/22820644
https://doi.org/10.1097/SHK.0b013e3181cdc363
http://www.ncbi.nlm.nih.gov/pubmed/20634656
https://doi.org/10.1038/nm1577
http://www.ncbi.nlm.nih.gov/pubmed/17486089
https://doi.org/10.1097/TP.0b013e3181fe1357
http://www.ncbi.nlm.nih.gov/pubmed/21048533
https://doi.org/10.1016/j.pharmthera.2014.04.006
https://doi.org/10.1016/j.pharmthera.2014.04.006
http://www.ncbi.nlm.nih.gov/pubmed/24769081
https://doi.org/10.1111/j.1600-6143.2008.02359.x
http://www.ncbi.nlm.nih.gov/pubmed/18727697
https://doi.org/10.1097/SHK.0000000000001459
http://www.ncbi.nlm.nih.gov/pubmed/32804466
https://doi.org/10.1007/s00540-020-02737-3
http://www.ncbi.nlm.nih.gov/pubmed/31997005
https://doi.org/10.1371/journal.pone.0295862

PLOS ONE

Hydrogen in rat cardiopulmonary bypass

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Truong SK, Katoh T, Mimuro S, Sato T, Kobayashi K, Nakajima Y. Inhalation of 2% Hydrogen Improves
Survival Rate and Attenuates Shedding of Vascular Endothelial Glycocalyx in Rats with Heat Stroke.
Shock. 2021; 56: 593—-600. https://doi.org/10.1097/SHK.0000000000001797 PMID: 34524269

Maly O, Zajak J, HySpler R, Turek Z, Astapenko D, Jun D, et al. Inhalation of molecular hydrogen pre-
vents ischemia-reperfusion liver damage during major liver resection. Ann Transl Med. 2019; 7: 774.
https://doi.org/10.21037/atm.2019.11.43 PMID: 32042790

Kiyoi T, Liu S, Takemasa E, Nakaoka H, Hato N, Mogi M. Constitutive hydrogen inhalation prevents
vascular remodeling via reduction of oxidative stress. PLoS One. 2020; 15: e0227582. https://doi.org/
10.1371/journal.pone.0227582 PMID: 32302306

Zhou H-X, Han B, Hou L-M, An T-T, Jia G, Cheng Z-X, et al. Protective Effects of Hydrogen Gas on
Experimental Acute Pancreatitis. PLoS One. 2016; 11: e0154483. https://doi.org/10.1371/journal.pone.
0154483 PMID: 27115738

Fuijii Y, Shirai M, Inamori S, Shimouchi A, Sonobe T, Tsuchimochi H, et al. Insufflation of hydrogen gas
restrains the inflammatory response of cardiopulmonary bypass in a rat model. Artif Organs. 2013; 37:
136-141. https://doi.org/10.1111/j.1525-1594.2012.01535.x PMID: 23020073

Lisle TC, Gazoni LM, Fernandez LG, Sharma AK, Bellizzi AM, Shifflett GD, et al. Inflammatory lung
injury after cardiopulmonary bypass is attenuated by adenosine A(2A) receptor activation. J Thorac
Cardiovasc Surg. 2008; 136: 1280—1287; discussion 1287-8. https://doi.org/10.1016/j.jtcvs.2008.07.
010 PMID: 19026816

Kataoka H, Ushiyama A, Akimoto Y, Matsubara S, Kawakami H, lijima T. Structural Behavior of the
Endothelial Glycocalyx Is Associated With Pathophysiologic Status in Septic Mice: An Integrated
Approach to Analyzing the Behavior and Function of the Glycocalyx Using Both Electron and Fluores-
cence Intravital Microscopy. Anesth Analg. 2017; 125: 874—883. https://doi.org/10.1213/ANE.
0000000000002057 PMID: 28504989

Kumar A, Mittal R, Khanna HD, Basu S. Free radical injury and blood-brain barrier permeability in hyp-
oxic-ischemic encephalopathy. Pediatrics. 2008; 122: e722-7. https://doi.org/10.1542/peds.2008-0269
PMID: 18725389

Ali MM, Mahmoud AM, Le Master E, Levitan I, Phillips SA. Role of matrix metalloproteinases and his-
tone deacetylase in oxidative stress-induced degradation of the endothelial glycocalyx. American Jour-
nal of Physiology-Heart and Circulatory Physiology. 2019; 316: H647—H663. https://doi.org/10.1152/
ajpheart.00090.2018 PMID: 30632766

Huang C-S, Kawamura T, Lee S, Tochigi N, Shigemura N, Buchholz BM, et al. Hydrogen inhalation
ameliorates ventilator-induced lung injury. Crit Care. 2010; 14: R234. https://doi.org/10.1186/cc9389
PMID: 21184683

Parker JC, Townsley MI. Evaluation of lung injury in rats and mice. American Journal of Physiology-
Lung Cellular and Molecular Physiology. 2004; 286: L231-L246. https://doi.org/10.1152/ajplung.00049.
2003 PMID: 14711798

Haam S, Lee S, Paik HC, Park MS, Song JH, Lim BJ, et al. The effects of hydrogen gas inhalation dur-
ing ex vivo lung perfusion on donor lungs obtained after cardiac death. Eur J Cardiothorac Surg. 2015;
48: 542-547. https://doi.org/10.1093/ejcts/ezv057 PMID: 25750008

Hosgood SA, Moore T, Qurashi M, Adams T, Nicholson ML. Hydrogen Gas Does Not Ameliorate Renal
Ischemia Reperfusion Injury in a Preclinical Model. Artif Organs. 2018; 42: 723—-727. https://doi.org/10.
1111/a0r.13118 PMID: 29611214

Ohno K, Ito M, Ichihara M, Ito M. Molecular Hydrogen as an Emerging Therapeutic Medical Gas for
Neurodegenerative and Other Diseases. Oxid Med Cell Longev. 2012; 2012: 1—11. https://doi.org/10.
1155/2012/353152 PMID: 22720117

Matchett GA, Fathali N, Hasegawa Y, Jadhav V, Ostrowski RP, Martin RD, et al. Hydrogen gas is inef-
fective in moderate and severe neonatal hypoxia-ischemia rat models. Brain Res. 2009; 1259: 90-97.
https://doi.org/10.1016/j.brainres.2008.12.066 PMID: 19168038

Kutuzov N, Flyvbjerg H, Lauritzen M. Contributions of the glycocalyx, endothelium, and extravascular
compartment to the blood-brain barrier. Proc Natl Acad Sci U S A. 2018; 115: E9429-E9438. https:/
doi.org/10.1073/pnas.1802155115 PMID: 30217895

Okamura T, Ishibashi N, Kumar TS, Zurakowski D, lwata Y, Lidov HGW, et al. Hypothermic circulatory
arrest increases permeability of the blood brain barrier in watershed areas. Ann Thorac Surg. 2010; 90:
2001-2008. https://doi.org/10.1016/j.athoracsur.2010.06.118 PMID: 21095352

Ando Y, Okada H, Takemura G, Suzuki K, Takada C, Tomita H, et al. Brain-Specific Ultrastructure of
Capillary Endothelial Glycocalyx and Its Possible Contribution for Blood Brain Barrier. Sci Rep. 2018; 8:
17523. https://doi.org/10.1038/s41598-018-35976-2 PMID: 30504908

PLOS ONE | https://doi.org/10.1371/journal.pone.0295862 December 19, 2023 16/17


https://doi.org/10.1097/SHK.0000000000001797
http://www.ncbi.nlm.nih.gov/pubmed/34524269
https://doi.org/10.21037/atm.2019.11.43
http://www.ncbi.nlm.nih.gov/pubmed/32042790
https://doi.org/10.1371/journal.pone.0227582
https://doi.org/10.1371/journal.pone.0227582
http://www.ncbi.nlm.nih.gov/pubmed/32302306
https://doi.org/10.1371/journal.pone.0154483
https://doi.org/10.1371/journal.pone.0154483
http://www.ncbi.nlm.nih.gov/pubmed/27115738
https://doi.org/10.1111/j.1525-1594.2012.01535.x
http://www.ncbi.nlm.nih.gov/pubmed/23020073
https://doi.org/10.1016/j.jtcvs.2008.07.010
https://doi.org/10.1016/j.jtcvs.2008.07.010
http://www.ncbi.nlm.nih.gov/pubmed/19026816
https://doi.org/10.1213/ANE.0000000000002057
https://doi.org/10.1213/ANE.0000000000002057
http://www.ncbi.nlm.nih.gov/pubmed/28504989
https://doi.org/10.1542/peds.2008-0269
http://www.ncbi.nlm.nih.gov/pubmed/18725389
https://doi.org/10.1152/ajpheart.00090.2018
https://doi.org/10.1152/ajpheart.00090.2018
http://www.ncbi.nlm.nih.gov/pubmed/30632766
https://doi.org/10.1186/cc9389
http://www.ncbi.nlm.nih.gov/pubmed/21184683
https://doi.org/10.1152/ajplung.00049.2003
https://doi.org/10.1152/ajplung.00049.2003
http://www.ncbi.nlm.nih.gov/pubmed/14711798
https://doi.org/10.1093/ejcts/ezv057
http://www.ncbi.nlm.nih.gov/pubmed/25750008
https://doi.org/10.1111/aor.13118
https://doi.org/10.1111/aor.13118
http://www.ncbi.nlm.nih.gov/pubmed/29611214
https://doi.org/10.1155/2012/353152
https://doi.org/10.1155/2012/353152
http://www.ncbi.nlm.nih.gov/pubmed/22720117
https://doi.org/10.1016/j.brainres.2008.12.066
http://www.ncbi.nlm.nih.gov/pubmed/19168038
https://doi.org/10.1073/pnas.1802155115
https://doi.org/10.1073/pnas.1802155115
http://www.ncbi.nlm.nih.gov/pubmed/30217895
https://doi.org/10.1016/j.athoracsur.2010.06.118
http://www.ncbi.nlm.nih.gov/pubmed/21095352
https://doi.org/10.1038/s41598-018-35976-2
http://www.ncbi.nlm.nih.gov/pubmed/30504908
https://doi.org/10.1371/journal.pone.0295862

PLOS ONE Hydrogen in rat cardiopulmonary bypass

36. Ribeiro MMB, Domingues MM, Freire JM, Santos NC, Castanho MARB. Translocating the blood-brain
barrier using electrostatics. Front Cell Neurosci. 2012; 6: 44. https://doi.org/10.3389/fncel.2012.00044
PMID: 23087614

PLOS ONE | https://doi.org/10.1371/journal.pone.0295862 December 19, 2023 17/17


https://doi.org/10.3389/fncel.2012.00044
http://www.ncbi.nlm.nih.gov/pubmed/23087614
https://doi.org/10.1371/journal.pone.0295862

