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Abstract: Argon inhalation attenuates multiorgan failure (MOF) after experimental ischemic injury. 15 

We hypothesized that this protection could involve decreased High Mobility Group Box 1 16 

(HMGB1) systemic release. We investigated this issue in an animal model of MOF induced by aor-17 

tic-cross clamping. Anesthetized rabbits were submitted to supra-coeliac aortic cross-clamping for 18 

30-minutes, followed by 300-minutes of reperfusion. They were randomly divided into three 19 

groups (n=7/group). The Control group inhaled nitrogen [70%] and oxygen [30%]. The Argon 20 

group was exposed to a mixture of argon [70%] and oxygen [30%]. The last group received nitro-21 

gen/oxygen [70/30%] with an administration of the HMGB1 inhibitor glycyrrhizin (4 mg/kg i.v.) 22 

5-min before aortic unclamping. At the end of follow-up, cardiac output was significantly higher in 23 

Argon and Glycyrrhizin vs. Control (60±4 and 49±4 vs. 33±8 ml/kg/min, respectively). Metabolic 24 

acidosis was attenuated in Argon and Glycyrrhizin vs. Control, along with reduced amount of 25 

norepinephrine to reverse arterial hypotension. This was associated with reduced interleukin-6 26 

and HMGB1 plasma concentration in Argon and Glycyrrhizin vs. Control. End-organ damages 27 

were also attenuated in liver and kidney in Argon and Glycyrrhizin vs. Control, respectively. 28 

Argon inhalation reduced HMGB1 blood level after experimental aortic cross-clamping and pro-29 

vided similar benefits than direct HMGB1 inhibition. 30 

Keywords: argon, multiorgan failure, ischemia-reperfusion, inflammation, High Mobility Group 31 

Box 1 (HMGB1). 32 
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1. Introduction 34 

Multiorgan failure (MOF) is a syndrome encountered in various clinical settings 35 

such as shock and ischemia-reperfusion injuries, generating major medical, ethic and 36 

economic issues [1]. Its management is mainly limited to pharmacological or mechanical 37 

organ support, along with etiological treatment. Alternative strategies are thus eagerly 38 

investigated. Among them, inhalation of noble gases such as xenon or argon could pro-39 

vide organo-protective effects [2,3]. If xenon provided interesting neuroprotective effects, 40 

its costs and rarity limited its use and led surge of interest for argon [4]. This more 41 

abundant gas extracted from air exerts anti-ischemic effects and provides promising 42 

experimental results in animal studies. These benefits have been mainly studied after 43 

regional ischemia with “single-organ” dysfunction or after cardiac arrest for 44 

neuroprotective purpose [5–10]. Multi-organ protection was also reported by our group 45 

in a model of MOF induced by supra-coeliac aorta cross-clamping in rabbits [2].  46 

Mechanistically, argon was shown to increase the resistance to ischemic injuries 47 

through direct cytoprotective effects involving the extracellular signal-regulated kinases 48 

(ERK ½) pathway [11]. However, other studies reported anti-inflammatory effects with a 49 

reduction in interleukins (IL)-6 and IL-1β release, as well as reduced Toll-like receptors 2 50 

and 4 density on cell surface in vitro [12–14]. Yet, the links between the an-51 

ti-inflammatory and anti-ischemic properties are not established. Determining whether 52 

argon could provide specific benefits for MOF prevention with multiple cross-talks be-53 

tween end-organ injuries is thus crucial [3,11]. In the present study, we hypothesized that 54 

this link could actually involve High Mobility Group Box 1 (HMBG1), since this 55 

well-known activator of innate immunity is released by ischemic cell death and has been 56 

shown to be reduced after argon exposure in a rat cardioplegia model [15,16].  57 

Accordingly, the aim of this study was to investigate whether argon-induced attenuation 58 

during MOF is associated with HMGB1 release inhibition and provides similar benefits 59 

than the direct pharmacological inhibition of HMGB1. For the latter purpose, we used the 60 

well-known HMGB1 inhibitor glycyrrhizin [17–19]. We used a model of MOF through 61 

aortic cross-clamping in rabbits, that allows to investigate cardiovascular, intestinal, he-62 

patic and renal injuries, as well as blood inflammatory biomarkers.  63 

2. Results 64 

 65 

2.1. Hemodynamic parameters 66 

Seven rabbits were included into each experimental group (Figure 1). As illustrated 67 

by Figure 2, cardiac output, heart rate and mean arterial pressure were similar among 68 

groups before aortic cross-clamping. During aortic cross-clamping, cardiac output was 69 

significantly higher in Argon as compared to Control and Glycyrrhizin groups. After 70 

aortic cross-clamping, a gradual decrease in cardiac output was further observed in all 71 

groups, with higher values in Argon and Glycyrrhizin groups at the end of the follow-up, 72 

as compared to Control (60±4, 49±4 and 33±8 ml/min/kg, respectively; Figure 2A; 73 

p=0.0002 between Argon and Control and p=0.0213 between Glycyrrhizin and Control). 74 

This was not related to any differences in heart rate, which were similar among groups 75 

throughout follow-up (Figure 2B). Mean arterial pressure was also not significantly dif-76 

ferent between groups (Figure 2C) but norepinephrine requirements were reduced in 77 

Argon and Glycyrrhizin groups as compared to Control (3.2±1.3, 5.9±2.1 and 12.6±3.0 78 

μg/kg/min at the end of the follow-up, respectively; Figure 2D). 79 
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 81 

Figure 1. Schematic representation of the experimental protocol. 82 

ACC: aortic cross-clamping; Control (n=7), Argon (n=7), Glycyrrhizin (n=7). 83 

 84 

 85 

Figure 2. Cardiac output (Panel A), heart rate (Panel B), mean arterial pressure (Panel C) and 86 

norepinephrine regimen of administration (Panel D) throughout protocol. 87 

ACC: Aortic cross clamping; *, p<0.05 between Control and Argon; †, p<0.05 between Control and Glycyr-88 

rhizin; ‡, p<0.05 between Argon and Glycyrrhizin; Control (n=7), Argon (n=7), Glycyrrhizin (n=7). 89 
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2.2. Biochemical alterations of shock 91 
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As shown in Figure 3, biochemical hallmarks of shock were evidenced in all ani-92 

mals. In the Control group, aortic cross-clamping resulted in severe metabolic acidosis 93 

and renal injury. In comparison, arterial pH was significantly higher at the end of the 94 

follow-up in Argon and Glycyrrhizin groups vs Control (7.16±0.06, 7.21±0.06 and 95 

6.91±0.09, respectively; Figure 3A; p=0.0003 between Argon and Control and p<0.0001 96 

between Glycyrrhizin and Control), along with higher plasma bicarbonate concentrations 97 

(17.7±2.8, 15.8±2.3 and 8.3±2.7 mmol/L, respectively; Figure 3B; p=0.0002 between Argon 98 

and Control and p=0.0025 between Glycyrrhizin and Control), lower lactate concentra-99 

tions (7.8±2.6, 8.0±2.2 and 14.6±2.4 mmol/L, respectively; Figure 3C; p=0.0019 between 100 

Argon and Control and p=0.0025 between Glycyrrhizin and Control) and reduced 101 

creatinine blood levels (132±22, 123±15 and 181±24 µmol/L, respectively; Figure 3D; 102 

p=0.0038 between Argon and Control and p=0.0126 between Glycyrrhizin and Control). 103 

104 
Figure 3. Arterial pH (Panel A) and blood levels of HCO3- (Panel B), arterial lactate (Panel C) and 105 

plasma creatinine (Panel D). 106 

ACC: Aortic cross clamping; *, p<0.05 between Control and Argon; †, p<0.05 between Control and Glycyr-107 

rhizin; Control (n=7), Argon (n=7), Glycyrrhizin (n=7). 108 

2.3. Cytokine blood levels 109 

As illustrated in Figure 4A, a progressive and large increase in blood IL-6 concen-110 

trations was observed after unclamping in the Control group, with a significant reduction 111 

in Argon and Glycyrrhizin groups vs Control (7504±2481, 3251±1229 and 13420±383 112 

pg/ml, respectively; p=0.0296 between Argon and Control and p<0.0001 between 113 

Glycyrrhizin and Control). Conversely, blood IL-1β concentrations were not modified 114 

during follow-up and among groups (47.4±12.8, 39.4±14.4 and 54.4±50.5 pg/ml at the end 115 

of follow-up; Figure 4B; p=0.4273 between Argon and Control and p=0.6536 between 116 

Glycyrrhizin and Control).  117 

At baseline, blood HMGB1 concentration did not differ between groups. After 60 118 

minutes of reperfusion, an early and significant decrease in blood HMGB1 concentration 119 

was observed in Argon and Glycyrrhizin groups vs Control (14.2±4.2, 4.5±0.1 and 120 

37.5±9.7 pg/ml, respectively; p=0.0021 between Argon and Control and p<0.0001 between 121 

Glycyrrhizin and Control). At 300 minutes of reperfusion, blood HMGB1 concentration 122 

was still significantly lower in Argon and Glycyrrhizin groups, while a secondary in-123 

crease was observed in Control (3.4±1.9 and 4.7±0.1 vs. 35.8±14.1 pg/ml, respectively; 124 
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Figure 4C; p<0.0001 between Argon and Control and p<0.0001 between Glycyrrhizin and 125 

Control).  126 

127 
Figure 4. Blood levels of interleukin 6 (Panel A), interleukin 1 (Panel B) and High Mobility Group 128 

Box 1 (Panel C). 129 

ACC: Aortic cross clamping; *, p<0.05 between Control and Argon; †, p<0.05 between Control and Glycyr-130 

rhizin; Control (n=7), Argon (n=7), Glycyrrhizin (n=7). 131 

2.4. Histopathological evaluation 132 

 Histopathological lesions revealed ischemic lesions in most organs (score > 0). In 133 

myocardium and pulmonary samples (Figure 5A and 5B), myocardial necrosis and lung 134 

congestion lesions were similar in all groups. In contrast, tubular necrosis lesions were 135 

less pronounced in Argon group (without significant difference) but significantly lower 136 

in Glycyrrhizin group, as compared to Control (Figure 5C). Conversely, liver lesions of 137 

centrilobular clarification were significantly attenuated with Argon but not Glycyrrhizin, 138 

as compared to Control (Figure 5D). No significant difference was observed on intestinal 139 

necrosis lesions (Figure 5E). 140 
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 141 

Figure 5. Histopathological score of alteration in the different organs. 142 

*, p<0.05 between Control and Argon; †, p<0.05 between Control and Glycyrrhizin. 143 

2.5. Immunohistochemistry 144 

Since the pathologist observed a strong inflammation during the blind evaluation of 145 

the lung samples, we performed immunohistochemical analysis for the evaluation of 146 

macrophages (RAM11+ cells) or T cells (CD3+ cells) in pulmonary parenchyma (Figure 6). 147 

No difference was observed regarding lung infiltration with RAM11+ cells (macrophag-148 

es) among groups. A non-significant increase was observed in Glycyrrhizin group as 149 

compared to Argon and Control. Conversely, a trend toward a reduction in CD3+ cells 150 

was observed in both Argon and Glycyrrhizin groups vs Control. 151 
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 152 

Figure 6. Immunochemistry in lung parenchyma. 153 

A- Morphological appearance of the immunohistochemical staining for macrophage identification using the 154 

RAM11 polyclonal antibody. 155 

B- Morphological appearance of the immunohistochemical staining for T cells identification using a CD3 156 

antibody. 157 

C- Semiquantification of RAM11 and CD3 positive cells in the pulmonary samples from the different groups. 158 

3. Discussion 159 

In the present study, argon inhalation and HMGB1 inhibition by glycyrrhizin at-160 

tenuated MOF induced by aortic cross-clamping. This situation mimics various medical 161 

or postoperative scenes encountered in critically ill patients. The benefits were observed 162 

on cardiac output, norepinephrine requirements, metabolic acidosis, and renal or hepatic 163 

damages. In the Argon group, cardiovascular benefits followed a multi-phasic pattern of 164 

improvements, with an initial improvement in cardiac output during aortic 165 

cross-clamping, and then a deterioration with an ultimate re-increase at the end of the 166 

follow-up. In the Glycyrrhizin group, cardiac output was only improved at the end of the 167 

follow-up vs. Control. In both groups, blood levels of HMGB1 and IL-6 were significantly 168 

reduced, as compared to Control.  169 

The present results reinforce our previous observations with argon alone in similar 170 

experimental conditions in rabbits [2]. In this previous study, argon inhalation reduced 171 

hemodynamic alterations with maximal benefits when inhaled throughout aortic 172 

cross-clamping and unclamping as compared to post-clamping only. As opposite to the 173 

present study, we did not observe any increase in cardiac output with argon during aor-174 

tic cross-clamping as compared to Control, but only after unclamping. During the pre-175 

vious study, the mechanical ventilation led to a positive end-expiratory pressure (~3-5 176 

cmH2O), which was not the case in the current experiment with zero end-expiratory 177 

pressure. This difference could have hampered the vasodilatory effect of argon on pul-178 

monary vessels, which might contribute to the cardiac output increase in the present 179 

study [20]. Obviously, this is still only a hypothesis that deserves further investigation 180 
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but that could open perspectives for argon use during cardiogenic shock. In the same 181 

line, the recent study of Fumagalli et al. in a porcine model of cardiac arrest also reported 182 

hemodynamic benefits with argon after resuscitation [9]. 183 

More importantly, the present study shows that argon reduced HMGB1 blood levels 184 

while the direct inhibition of this protein with glycyrrhizin also provided benefits. Then, 185 

argon could exert an initial direct anti-ischemic effect that reduces the passive release of 186 

the nuclear HMGB1. Several studies have indeed shown that argon could exert, for in-187 

stance, direct anti-apoptotic effects through caspase-3 inhibition or modulation of the 188 

Bcl2 pathway [13,21]. Argon was also shown to increase Extracellular signal-Regulated 189 

Kinases (ERK ½) phosphorylation, which increases cells resistance to ischemic damages 190 

[6,14]. These effects could reduce the initial drop in HMGB1 blood levels, which could 191 

explain the later anti-inflammatory effects of argon on IL-6 blood levels [16].  192 

Indeed, the use of the direct HMGB-1 inhibitor glycyrrhizin just before aortic 193 

cross-unclamping reduced HMGB1 and IL-6 blood levels with a similar magnitude than 194 

argon. This liquorice-derived glycoside is known to act through a direct binding to 195 

HMGB1, which reduced subsequent cytokine production [22]. For instance, it was shown 196 

to provide neuroprotection after spinal cord ischemia–reperfusion injury or 197 

cardioprotection after myocardial infarction model [18,23]. Since glycyrrhizin completely 198 

blunted HMGB1 blood concentration increase after unclamping, this protein is probably 199 

promoting a proper vicious circle after aortic cross-clamping with an initial minor release 200 

due to ischemia and then a continuous active secretion promoted by the protein itself on 201 

immune cells. Similar auto-promotion of HMGB1 release was indeed well demonstrated 202 

in other conditions and could perpetuate the inflammatory reactions during MOF or after 203 

ischemic injuries [24]. Then, argon might exert its benefit through an initial reduction of 204 

HMGB1 by pure anti-ischemic effect and then lead to secondary benefits with the sub-205 

sequent blunting of HMGB1 inflammatory vicious circle. It is supported by our previous 206 

study showing that argon administration before and just after aortic-cross clamping 207 

prevented MOF with a magnitude close to that afforded by argon inhalation throughout 208 

the ischemic and reperfusion period [2]. It could be important since it suggests that argon 209 

may not directly alter the inflammatory reaction, but rather exerts pure anti-ischemic ef-210 

fect that might just attenuate the subsequent innate immunity activation. As shown by 211 

the lung immunohistochemical analyses, this attenuation did not blunt lung immune 212 

cells infiltration, even if a trend toward less T cells infiltration was importantly observed.  213 

This study has several limitations. First, it was not possible to address directly the 214 

link between argon and HMGB1, since it would require a direct activation of HMGB1 215 

pathway on top of argon, expecting a loss of protection. We would need analogs of 216 

HMGB1 which are activating its receptors, such as the receptor for advanced glycation 217 

end-products (RAGE), while HMGB1 is known to exert more complex effects, depending 218 

upon its redox status and multiple receptors [24]. The direct activation of RAGE would 219 

then lead to much stronger inflammatory reaction with multiple deleterious effects that 220 

could limit the relevance of this experiment. We have then chosen to compare argon and 221 

glycyrrhizin, with a concomitant evaluation of HMGB1 blood level. Second, glycyrrhizin 222 

is acting through HMGB1 inhibition but might also exert other pharmacological effects 223 

on mineralocorticoids pathways [25]. However, if the latter effect is known to participate 224 

to the hypertensive effect of glycyrrhizin after chronic exposure, it is believed to be ir-225 

relevant after a single exposure, explaining why this molecule is typically used for 226 

HMGB1 mitigation [26]. In addition, we conducted preliminary experiments that con-227 

firmed that glycyrrhizin did not exert any proper hemodynamic effects in sham animals 228 

(data no shown). Finally, one would be surprised by the large increase in IL-6 blood lev-229 

els in our conditions, while IL-1 blood levels were not modified. In previous report after 230 

generalized ischemia, we indeed also observed that IL-6 was activated very early, 231 
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whereas IL-1 or tumor necrosis factor-alpha were not [27]. An increase in IL-6 has been 232 

also reported in swine undergoing infra-renal clamping [28]. Conversely, argon did not 233 

significantly modify mRNA blood levels of several cytokines in a previous study in sim-234 

ilar conditions, suggesting that argon only reduced reactivity of inflammatory cells 235 

through reduced HMGB1 level but not transcription levels. However, we only investi-236 

gated a few markers and did not decipher the immune response after aortic 237 

cross-clamping, which was not the goal of the study. More importantly, argon could also 238 

likely modify other pro-inflammatory markers of cell injury even if we here focused on 239 

HMGB1. 240 

4. Materials and Methods 241 

All experiments were conducted in compliance with the French legislation govern-242 

ing animal research. The experimental procedure was approved by the institutional re-243 

view board for animal research (APAFIS#17800-2020012017214953).  244 

 245 

4.1. Animal preparation  246 

As previously described [2,29], male New Zealand rabbits (2.0-3.0 kg) were anes-247 

thetized using a mixture of zolazepam and tiletamine (12.5 mg/kg i.v), thiopental (10 248 

mg/kg i.v) and methadone chlorhydrate (0.6 mg/kg i.v). After tracheal intubation, me-249 

chanical ventilation was started with inspired fraction of oxygen set at 30%, tidal volume 250 

at 10 ml/kg and respiratory rate at 28-30 cycles/minute. Electrocardiogram was continu-251 

ously monitored, as well as blood pressure through a pressure catheter inserted into the 252 

right carotid artery. A rectal temperature probe was inserted for body temperature con-253 

trol at 38.0±0.5°C with heating pads. After left thoracotomy, a 4-mm diameter flow probe 254 

was placed around the ascending aorta to continuously measure cardiac output 255 

(PS-Series Probes, Transonic, NY, USA). Then, a left laparotomy incision was performed 256 

to isolate the abdominal supra-coeliac aorta. After instrumentation, saline (NaCl 0.9%, 10 257 

mL/kg i.v) and heparin (250 IU/kg i.v) were administered. Bladder was emptied before 258 

aortic cross-clamping to measure urinary output. 259 

 260 

4.2. Protocol of aortic cross-clamping  261 

After a period of stabilization, supra-coeliac aorta was occluded with a vascular 262 

clamp. The occlusion was released after 30 min of aortic cross-clamping, as previously 263 

described [2,28]. To optimize hemodynamics, additional administration of saline (10 264 

mL/kg i.v) was performed just after unclamping, followed by a continuous infusion (10 265 

mL/kg/h i.v) until the end of experiment. Norepinephrine administration was adjusted to 266 

target a mean arterial pressure of 70 mmHg. Animals were then monitored for 300 267 

minutes of reperfusion after aortic unclamping. Then, they were euthanized using a le-268 

thal dose of pentobarbital (60 mL.kg-1 i.v). Lungs, heart, liver, gut and kidneys were 269 

sampled and fixed in formaldehyde (4%) for blinded histological analysis. 270 

 271 

4.3. Experimental protocol 272 

Prior to aortic cross-clamping, the animals were assigned to one of the 3 experi-273 

mental groups using a block randomization (Figure 1). In the Control group, animals 274 

underwent conventional mechanical ventilation with a mixture of nitrogen (inspired 275 

fraction 70%) and oxygen (30%). In the Argon group, animals inhaled mixture of argon 276 

(70%) and oxygen (30%). Argon inhalation started 30 minutes before aortic 277 

cross-clamping and was maintained until the end of the protocol, i.e. 300 minutes after 278 

reperfusion. In the Glycyrrhizin group, mechanical ventilation was performed with ni-279 

trogen/oxygen mixture (70%/30%) with an administration of glycyrrhizin (4 mg/kg i.v) 280 

five minutes before reperfusion [30]. The investigator taking care of the animals was not 281 

blinded of the treatment group. 282 

 283 
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4.4. Immuno-assay and histology 284 

Plasma concentrations of IL-6, IL1-β and HMBG1 were evaluated by enzyme-linked 285 

immunosorbent assay (IL-6 and IL1-β: R&DSystems®, Minneapolis, USA; HMBG1: 286 

Abbexa®, Cambridge, UK). Heart, lungs, kidneys, liver and gut were submitted to 287 

blinded histopathological analyses after haematoxylin-eosine-safran staining. For the 288 

heart, kidney and liver, ischemic injury was blindly graded using a score from 0 (normal 289 

tissue) to 3 (extensive cell necrosis). For the lung, a score of lung congestion and alveolar 290 

edema was attributed from 0 (no congestion and edema) to 3 (severe congestion and se-291 

rous alveolar edema). Finally, intestinal damages were graded using a modified Chiu 292 

score from 0 (normal) to 5 (severely damaged), as previously described [2]. 293 

Since we observed lung inflammation during histopathological evaluation, 294 

immunohistochemical analyses were further performed to quantify the invasion of the 295 

pulmonary parenchyma by immune cells. T-cells were detected with a monoclonal an-296 

tibody against a CD3 antigen (Orb323391, BIORBYT, Cliniscience, Nanterre, France). 297 

Macrophages were detected with a monoclonal antibody (RAM11, VWR, 298 

Fontenay-sous-Bois, France). Cell infiltration was blindly graded from 0 to 3.  299 

4.5. Statistical analysis 300 

Data are expressed as mean±SEM for continuous parameters and individual values 301 

and medians for histological scores, respectively. The primary outcome was the cardiac 302 

output at the end of the follow-up. Secondary outcomes were other hemodynamic, bio-303 

chemical and histopathological parameters. Hemodynamic parameters were compared 304 

between groups by a two-way analysis of variance (ANOVA) for repeated measurements 305 

at baseline, during aortic cross-clamping (at 5, 15 and 25 minutes) and during reperfusion 306 

(at 60, 120, 180, 240 and 300 minutes). If necessary, a post-hoc Holm-Sidak test was per-307 

formed for comparison to Control value at each time (no between-time comparison). Bi-308 

ochemical parameters (except cytokines) were compared between groups by the same 309 

statistical analysis, except for the baseline value, where a non-parametric Student's test 310 

was performed (one time only). Inflammatory markers were compared with a 311 

Kruskall-Wallis analysis followed if necessary by a Mann-Whitney test. Significant dif-312 

ferences were determined at p≤0.05. 313 

5. Conclusions 314 

Both argon and glycyrrhizin attenuated MOF in a rabbit model of aortic-cross 315 

clamping, leading to improved cardiac output and attenuated shock and renal and he-316 

patic ischemic lesions. The action of argon could involve multiple mechanisms including 317 

direct hemodynamic benefits during aortic-cross clamping, reduced cell death at reper-318 

fusion and attenuation of damages perpetuation through HMGB1 release initial inhibi-319 

tion. 320 

6. Patents 321 

Quentin de Roux, Matthieu Chalopin, Géraldine Farjot, Catherine Billoet, Nicolas 322 

Mongardon and Renaud Tissier are named as co-inventors on a patent application re-323 

lated to the use of inhaled argon in patients cardiovascular diseases. 324 

Author Contributions: Conceptualization, Quentin de Roux, Matthieu Chalopin, Géraldine Farjot, 325 

Catherine Billoet, Nicolas Mongardon and Renaud Tissier; Data curation, Quentin de Roux, Fanny 326 

Lidouren and Emilie Boissady; Formal analysis, Quentin de Roux, Matthias Kohlhauer, Matthieu 327 

Chalopin, Géraldine Farjot, Catherine Billoet, Bijan Ghaleh, Nicolas Mongardon and Renaud 328 

Tissier; Funding acquisition, Nicolas Mongardon and Renaud Tissier; Investigation, Quentin de 329 

Roux, Fanny Lidouren, Agathe Kudela, Lina Slassi, Emilie Boissady, Patrick Bruneval and Renaud 330 

Tissier; Methodology, Quentin de Roux, Géraldine Farjot, Catherine Billoet, Patrick Bruneval and 331 

Renaud Tissier; Writing – original draft, Quentin de Roux, Nicolas Mongardon and Renaud Tissier; 332 



Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 11 of 12 
 

 

Writing – review & editing, Matthias Kohlhauer, Matthieu Chalopin, Géraldine Farjot, Catherine 333 

Billoet, Patrick Bruneval, Bijan Ghaleh, Nicolas Mongardon and Renaud Tissier. 334 

Funding: Quentin de Roux was supported by a Grant from the « Fondation pour la Recherche 335 

Médicale » (FRM). The study was supported by Air Liquide Santé International. 336 

Institutional Review Board Statement: All experiments were conducted in compliance with the 337 

French legislation governing animal research. The experimental procedure was approved by the 338 

review board for animal research (APAFIS#17800-2020012017214953). 339 

Informed Consent Statement: Any research article describing a study involving humans should 340 

contain this statement. Please add “Informed consent was obtained from all subjects involved in 341 

the study.” OR “Patient consent was waived due to REASON (please provide a detailed justifica-342 

tion).” OR “Not applicable.” for studies not involving humans. You might also choose to exclude 343 

this statement if the study did not involve humans. 344 

Data Availability Statement: In this section, please provide details regarding where data sup-345 

porting reported results can be found, including links to publicly archived datasets analyzed or 346 

generated during the study. Please refer to suggested Data Availability Statements in section 347 

“MDPI Research Data Policies” at https://www.mdpi.com/ethics. You might choose to exclude this 348 

statement if the study did not report any data. 349 

Conflicts of Interest: M.C., G.F. and C.B. are employees of Air Liquide Santé International. 350 

 351 

References 352 

 353 

1. Mongardon, N.; Dyson, A.; Singer, M. Is MOF an Outcome Parameter or a Transient, Adaptive State in Critical Illness? 354 

Curr Opin Crit Care 2009, 15, 431–436, doi:10.1097/MCC.0b013e3283307a3b. 355 

2. Savary, G.; Lidouren, F.; Rambaud, J.; Kohlhauer, M.; Hauet, T.; Bruneval, P.; Costes, B.; Cariou, A.; Ghaleh, B.; 356 

Mongardon, N.; et al. Argon Attenuates Multiorgan Failure Following Experimental Aortic Cross-Clamping. Br J Clin 357 

Pharmacol 2018, 84, 1170–1179, doi:10.1111/bcp.13535. 358 

3. Nespoli, F.; Redaelli, S.; Ruggeri, L.; Fumagalli, F.; Olivari, D.; Ristagno, G. A Complete Review of Preclinical and Clinical 359 

Uses of the Noble Gas Argon: Evidence of Safety and Protection. Annals of Cardiac Anaesthesia 2019, 22, 122, 360 

doi:10.4103/aca.ACA_111_18. 361 

4. Azzopardi, D.; Robertson, N.J.; Bainbridge, A.; Cady, E.; Charles-Edwards, G.; Deierl, A.; Fagiolo, G.; Franks, N.P.; Grif-362 

fiths, J.; Hajnal, J.; et al. Moderate Hypothermia within 6 h of Birth plus Inhaled Xenon versus Moderate Hypothermia 363 

Alone after Birth Asphyxia (TOBY-Xe): A Proof-of-Concept, Open-Label, Randomised Controlled Trial. Lancet Neurol 364 

2016, 15, 145–153, doi:10.1016/S1474-4422(15)00347-6. 365 

5. Ryang, Y.-M.; Fahlenkamp, A.V.; Rossaint, R.; Wesp, D.; Loetscher, P.D.; Beyer, C.; Coburn, M. Neuroprotective Effects of 366 

Argon in an in Vivo Model of Transient Middle Cerebral Artery Occlusion in Rats. Crit. Care Med. 2011, 39, 1448–1453, 367 

doi:10.1097/CCM.0b013e31821209be. 368 

6. Lemoine, S.; Blanchart, K.; Souplis, M.; Lemaitre, A.; Legallois, D.; Coulbault, L.; Simard, C.; Allouche, S.; Abraini, J.H.; 369 

Hanouz, J.-L.; et al. Argon Exposure Induces Postconditioning in Myocardial Ischemia-Reperfusion. J. Cardiovasc. 370 

Pharmacol. Ther. 2017, 22, 564–573, doi:10.1177/1074248417702891. 371 

7. Ma, S.; Chu, D.; Li, L.; Creed, J.A.; Ryang, Y.-M.; Sheng, H.; Yang, W.; Warner, D.S.; Turner, D.A.; Hoffmann, U. Argon 372 

Inhalation for 24 Hours After Onset of Permanent Focal Cerebral Ischemia in Rats Provides Neuroprotection and Im-373 

proves Neurologic Outcome. Crit. Care Med. 2019, 47, e693–e699, doi:10.1097/CCM.0000000000003809. 374 

8. Goebel, U.; Scheid, S.; Spassov, S.; Schallner, N.; Wollborn, J.; Buerkle, H.; Ulbrich, F. Argon Reduces Microglial Activation 375 

and Inflammatory Cytokine Expression in Retinal Ischemia/Reperfusion Injury. Neural Regen Res 2021, 16, 192–198, 376 

doi:10.4103/1673-5374.290098. 377 

9. Fumagalli, F.; Olivari, D.; Boccardo, A.; De Giorgio, D.; Affatato, R.; Ceriani, S.; Bariselli, S.; Sala, G.; Cucino, A.; Zani, D.; et 378 

al. Ventilation With Argon Improves Survival With Good Neurological Recovery After Prolonged Untreated Cardiac Ar-379 

rest in Pigs. J Am Heart Assoc 2020, 9, e016494, doi:10.1161/JAHA.120.016494. 380 

10. Brücken, A.; Kurnaz, P.; Bleilevens, C.; Derwall, M.; Weis, J.; Nolte, K.; Rossaint, R.; Fries, M. Delayed Argon Administra-381 

tion Provides Robust Protection against Cardiac Arrest-Induced Neurological Damage. Neurocrit Care 2015, 22, 112–120, 382 

doi:10.1007/s12028-014-0029-1. 383 

11. Ulbrich, F.; Goebel, U. The Molecular Pathway of Argon-Mediated Neuroprotection. Int J Mol Sci 2016, 17, 384 

doi:10.3390/ijms17111816. 385 



Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 12 of 12 
 

 

12. Fahlenkamp, A.V.; Rossaint, R.; Haase, H.; Al Kassam, H.; Ryang, Y.-M.; Beyer, C.; Coburn, M. The Noble Gas Argon 386 

Modifies Extracellular Signal-Regulated Kinase 1/2 Signaling in Neurons and Glial Cells. Eur. J. Pharmacol. 2012, 674, 387 

104–111, doi:10.1016/j.ejphar.2011.10.045. 388 

13. Zhuang, L.; Yang, T.; Zhao, H.; Fidalgo, A.R.; Vizcaychipi, M.P.; Sanders, R.D.; Yu, B.; Takata, M.; Johnson, M.R.; Ma, D. 389 

The Protective Profile of Argon, Helium, and Xenon in a Model of Neonatal Asphyxia in Rats*. Critical Care Medicine 390 

2012, 40, 1724, doi:10.1097/CCM.0b013e3182452164. 391 

14. Ulbrich, F.; Kaufmann, K.; Roesslein, M.; Wellner, F.; Auwärter, V.; Kempf, J.; Loop, T.; Buerkle, H.; Goebel, U. Argon 392 

Mediates Anti-Apoptotic Signaling and Neuroprotection via Inhibition of Toll-Like Receptor 2 and 4. PLoS ONE 2015, 10, 393 

e0143887, doi:10.1371/journal.pone.0143887. 394 

15. Scaffidi, P.; Misteli, T.; Bianchi, M.E. Release of Chromatin Protein HMGB1 by Necrotic Cells Triggers Inflammation. Na-395 

ture 2002, 418, 191–195, doi:10.1038/nature00858. 396 

16. Kiss, A.; Shu, H.; Hamza, O.; Santer, D.; Tretter, E.V.; Yao, S.; Markstaller, K.; Hallström, S.; Podesser, B.K.; Klein, K.U. 397 

Argon Preconditioning Enhances Postischaemic Cardiac Functional Recovery Following Cardioplegic Arrest and Global 398 

Cold Ischaemia. Eur J Cardiothorac Surg 2018, 54, 539–546, doi:10.1093/ejcts/ezy104. 399 

17. Ogiku, M.; Kono, H.; Hara, M.; Tsuchiya, M.; Fujii, H. Glycyrrhizin Prevents Liver Injury by Inhibition of High-Mobility 400 

Group Box 1 Production by Kupffer Cells after Ischemia-Reperfusion in Rats. J. Pharmacol. Exp. Ther. 2011, 339, 93–98, 401 

doi:10.1124/jpet.111.182592. 402 

18. Cai, X.; Wang, X.; Li, J.; Chen, S. Protective Effect of Glycyrrhizin on Myocardial Ischemia/Reperfusion Injury-Induced 403 

Oxidative Stress, Inducible Nitric Oxide Synthase and Inflammatory Reactions through High-Mobility Group Box 1 and 404 

Mitogen-Activated Protein Kinase Expression. Exp Ther Med 2017, 14, 1219–1226, doi:10.3892/etm.2017.4617. 405 

19. Hua, S.; Ma, M.; Fei, X.; Zhang, Y.; Gong, F.; Fang, M. Glycyrrhizin Attenuates Hepatic Ischemia-Reperfusion Injury by 406 

Suppressing HMGB1-Dependent GSDMD-Mediated Kupffer Cells Pyroptosis. International Immunopharmacology 2019, 407 

68, 145–155, doi:10.1016/j.intimp.2019.01.002. 408 

20. Suleiman, S.; Klassen, S.; Katz, I.; Balakirski, G.; Krabbe, J.; von Stillfried, S.; Kintsler, S.; Braunschweig, T.; Babendreyer, 409 

A.; Spillner, J.; et al. Argon Reduces the Pulmonary Vascular Tone in Rats and Humans by GABA-Receptor Activation. 410 

Scientific Reports 2019, 9, 1902, doi:10.1038/s41598-018-38267-y. 411 

21. Spaggiari, S.; Kepp, O.; Rello-Varona, S.; Chaba, K.; Adjemian, S.; Pype, J.; Galluzzi, L.; Lemaire, M.; Kroemer, G. 412 

Antiapoptotic Activity of Argon and Xenon. Cell Cycle 2013, 12, 2636–2642, doi:10.4161/cc.25650. 413 

22. Mollica, L.; De Marchis, F.; Spitaleri, A.; Dallacosta, C.; Pennacchini, D.; Zamai, M.; Agresti, A.; Trisciuoglio, L.; Musco, G.; 414 

Bianchi, M.E. Glycyrrhizin Binds to High-Mobility Group Box 1 Protein and Inhibits Its Cytokine Activities. Chemistry & 415 

Biology 2007, 14, 431–441, doi:10.1016/j.chembiol.2007.03.007. 416 

23. Ni, B.; Cao, Z.; Liu, Y. Glycyrrhizin Protects Spinal Cord and Reduces Inflammation in Spinal Cord Ischemia–Reperfusion 417 

Injury. International Journal of Neuroscience 2013, 123, 745–751, doi:10.3109/00207454.2013.796551. 418 

24. Musumeci, D.; Roviello, G.N.; Montesarchio, D. An Overview on HMGB1 Inhibitors as Potential Therapeutic Agents in 419 

HMGB1-Related Pathologies. Pharmacol Ther 2014, 141, 347–357, doi:10.1016/j.pharmthera.2013.11.001. 420 

25. Kageyama, Y.; Suzuki, H.; Saruta, T. Glycyrrhizin Induces Mineralocorticoid Activity through Alterations in Cortisol 421 

Metabolism in the Human Kidney. Journal of Endocrinology 1992, 135, 147–152, doi:10.1677/joe.0.1350147. 422 

26. Wu, H.; Chen, Z.; Chen, J.-Z.; Pei, L.-G.; Xie, J.; Wei, Z.-H.; Kang, L.-N.; Wang, L.; Xu, B. High Mobility Group B-1 423 

(HMGB-1) Promotes Apoptosis of Macrophage-Derived Foam Cells by Inducing Endoplasmic Reticulum Stress. Cell 424 

Physiol Biochem 2018, 48, 1019–1029, doi:10.1159/000491970. 425 

27. Boissady, E.; Kohlhauer, M.; Lidouren, F.; Hocini, H.; Lefebvre, C.; Chateau-Jouber, S.; Mongardon, N.; Deye, N.; Cariou, 426 

A.; Micheau, P.; et al. Ultrafast Hypothermia Selectively Mitigates the Early Humoral Response After Cardiac Arrest. J Am 427 

Heart Assoc 2020, 9, e017413, doi:10.1161/JAHA.120.017413. 428 

28. Katseni, K.; Chalkias, A.; Kaparos, G.; Iacovidou, N.; Logothetis, E.; Dafnios, N.; Kotsis, T.; Karvouni, E.; Arapoglou V. The 429 

effects of n-acetylcysteine and desferoxamine on IL-6, TNF-a, and oxLDL after infrarenal aortic clamping. Hellenic Journal 430 

of Surgery 2015, 87, 407–414, doi.org/10.1007/s13126-015-0247-9. 431 

29. Mongardon, N.; Kohlhauer, M.; Lidouren, F.; Hauet, T.; Giraud, S.; Hutin, A.; Costes, B.; Barau, C.; Bruneval, P.; Micheau, 432 

P.; et al. A Brief Period of Hypothermia Induced by Total Liquid Ventilation Decreases End-Organ Damage and 433 

Multiorgan Failure Induced by Aortic Cross-Clamping. Anesth. Analg. 2016, 123, 659–669, 434 

doi:10.1213/ANE.0000000000001432. 435 

30. Gong, G.; Xiang, L.; Yuan, L.; Hu, L.; Wu, W.; Cai, L.; Yin, L.; Dong, H. Protective Effect of Glycyrrhizin, a Direct HMGB1 436 

Inhibitor, on Focal Cerebral Ischemia/Reperfusion-Induced Inflammation, Oxidative Stress, and Apoptosis in Rats. PLoS 437 

One 2014, 9, doi:10.1371/journal.pone.0089450. 438 


