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Abstract: Organoprotective effects of noble gases are subject of current research. One important
field of interest is the effect of noble gases on hepatic regenerative capacity. For the noble gas argon,
promising studies demonstrated remarkable experimental effects in neuronal and renal cells. The aim
of this study was to investigate the effects of argon on the regenerative capacity of the liver after
ischemia/reperfusion injury (IRI). Male, Sprague-Dawley rats underwent hepatic IRI by clamping of
the hepatic artery. Expression of hepatoproliferative genes (HGF, IL-1β, IL-6, TNF), cell cycle markers
(BrdU, TUNEL, Ki-67), and liver enzymes (ALT, AST, Bilirubin, LDH) were assessed 3, 36, and 96 h
after IRI. Expression of IL-1β and IL-6 was significantly higher after argon inhalation after 36 h (IL-1β
5.0 vs. 8.7 fold, p = 0.001; IL-6 9.6 vs. 19.1 fold, p = 0.05). Ki-67 was higher in the control group
compared to the argon group after 36 h (214.0 vs. 38.7 positive cells/1000 hepatocytes, p = 0.045).
Serum levels of AST and ALT did not differ significantly between groups. Our data indicate that
argon inhalation has detrimental effects on liver regeneration after IRI as measured by elevated
levels of the proinflammatory cytokines IL-1β and IL-6 after 36 h. In line with these results, Ki-67 is
decreased in the argon group, indicating a negative effect on liver regeneration in argon inhalation.

Keywords: liver surgery; transplantation; ischemia/reperfusion; injury; liver regeneration; argon;
interleukin 6

1. Introduction

Ischemia-reperfusion injury (IRI) is an undesirable consequence of organ transplantation
and frequently occurs in other clinical settings such as major liver surgery or circulatory shock
after resuscitation [1–3]. It is one of the most important determinants of organ dysfunction
(i.e., liver failure) and determines short- and long-term morbidity and mortality after liver resection
and transplantation [4–6].

Extensive research has been undertaken to discover and establish strategies to reduce or prevent
hepatic IRI [7,8]. Recently, the use of noble gases has gained attention. Previous studies showed some
remarkable cytoprotective effects of noble gases in different clinical settings. For instance, helium was
associated with cytoprotective effects in kidney cells and after traumatic brain injury [9,10]. For the
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noble gas xenon, neuroprotective effects have also been described [11,12], while anti-inflammatory
effects have been demonstrated in cardiac surgery patients [13] Concerning the effect of these noble
gases on the liver, helium does not appear to have a protective effect in hepatic IRI [14]. In contrast,
some studies suggest a slightly positive effect of xenon on the liver function [15,16]. The noble gas argon
seems to have similar effects at least with regard to IRI in kidney transplantation [17]. Furthermore,
Argon was reported to be associated with cytoprotective effects after neuronal, retinal, and cardiac
injury following ischemic stress [10,18–24]. Of interest is that the noble gas argon is cheaper and wider
available in comparison to xenon or helium. All of these characteristics make the noble gas argon
a promising candidate for reducing hepatic IRI. Nevertheless, the influence of argon on hepatic IRI has
not been investigated yet. Therefore, the goal of the present study is to evaluate the effect of argon on
IRI in an animal model of hepatic injury.

2. Results

2.1. Effect of Argon on Hepatocytes Proliferation and Apoptosis after I/R

The amount of Ki67 positive cells per 1000 hepatocytes in the control group was significantly
increased compared to all other conditions at 36 h (F (7,50) = 3.922, p = 0.0018; ARG 36 h vs. CO 36 h:
p = 0.045).

The same pattern was observed for BrdU except that there was no difference between the group
receiving argon and the control group (F (7,49) = 4.162, p = 0.001, ARG 36 h vs. CO 36 h p = 0.455,
significance bars are not indicated in Figure 1).
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Figure 1. Quantitative analysis of immunohistochemistry data. (A) the number of BrdU positive cells 

/ 1000 hepatocytes is shown for all experimental conditions. A significant increase in the number of 

BrdU positive cells compared to all groups was observed in the control group after 36 h (significance 

bars are not indicated). Yet, this increase was not significantly different from the Argon group at 36 h 

(ns = not significant).(B) the number of Ki67+ cells / 1000 hepatocytes is shown. The increase in Ki67+, 

which occurs in the control group at 36 h is prevented by Argon treatment, shown by a significant 

difference between the Argon and control group at 36 h (* = p < 0.05). (C) the number of TUNEL+ cells 

is shown. There were no significant differences between the experimental groups. 

 
Figure 1. Quantitative analysis of immunohistochemistry data. (A) the number of BrdU positive
cells/1000 hepatocytes is shown for all experimental conditions. A significant increase in the number of
BrdU positive cells compared to all groups was observed in the control group after 36 h (significance
bars are not indicated). Yet, this increase was not significantly different from the Argon group at 36 h
(ns = not significant). (B) the number of Ki67+ cells/1000 hepatocytes is shown. The increase in Ki67+,
which occurs in the control group at 36 h is prevented by Argon treatment, shown by a significant
difference between the Argon and control group at 36 h (* = p < 0.05). (C) the number of TUNEL+ cells
is shown. There were no significant differences between the experimental groups.

There were no significant differences for the number of TUNEL positive cells between the different
groups (F (7,60) = 1,891, p = 0.0869).

Stainings for BrdU, Ki67, and TUNEL are shown in Figure 2.
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Figure 2. Immunostainings of BrdU (A), Ki-67 (B) and TUNEL (C). 
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Figure 2. Immunostainings of BrdU (A), Ki-67 (B) and TUNEL (C).
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2.2. Argon Modulates the Expression of Cytokines

There were significant differences in the concentration of HGF (F (7,46) = 10.17, p < 0.0001),
IL-1β (F (7,45) = 39.29, p < 0.001), IL-6 (F (7,46) = 17.26, p < 0.001) and TNF-α (F (7,44) = 33.36, p < 0.001)
between the different time points and groups. Between the control and argon group, there was
a significant difference at 36 h for IL-1β (p = 0.001) and IL-6 (p = 0.050) (see Figure 3) at 36 h. There
were no differences between argon and control group for HGF and TNF-α at any time point.
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Figure 3. Relative mRNA expression of HGF (A), IL-1β (B), IL-6 (C), and TNF-α (D). There was
a significant increase in the mRNA amount of IL-1β and IL-6 in the Argon treated group after 36 h.
Only significant difference between the argon and control group are shown (* = p ≤ 0.05, ** = p < 0.001).
Significant differences between time points are omitted.

2.3. Plasma Biochemical Data and Parameters of Liver Function (Liver Specific Values)

One-way ANOVA analysis revealed a significant difference for the following parameters between
the various time points: AP (F (7,51) = 9.653, p < 0.0001), AST (F (7,49) = 10.51, p < 0.0001),
ALT (F (7,50) = 10.29, p < 0.0001), LDH (F(7,48) = 8.610, p < 0.0001), and protein content (F (7,51) = 3.660,
p = 0.0028). Yet, none of these values as well as Bilirubin and total protein count differed significantly
between the argon and control group (see Figure 4).
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Figure 4. Laboratory parameters assessed in the different groups. There were no statistically 

significant differences between the argon and control group at any time point. Abbreviations: alkaline 

phosphatase (AP), aspartate aminotransferase (AST), alanine aminotransferase (ALT), Lactate 

dehydrogenase (LDH). 

Figure 4. Laboratory parameters assessed in the different groups. There were no statistically significant
differences between the argon and control group at any time point. Abbreviations: alkaline phosphatase
(AP), aspartate aminotransferase (AST), alanine aminotransferase (ALT), Lactate dehydrogenase (LDH).

2.4. Liver Injury after IRI Measured by Suzuki’s Score

HE stainings and Suzuki’s score revealed significant liver injury starting 3h after IRI with a peak
after 36 h (see Figures 5 and 6). There was no difference between argon and control group at any
time point.
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Figure 6. Liver regeneration evaluated by Liver/Body weight Ratio and Mitotic Index. Mitotic Index
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time points are omitted.

3. Methods

The protocol for this study was approved by the government agency for animal use and
protection (Protocol number: 84-02.04.2012.A014 approved by “Landesamt für Natur, Umwelt und
Verbraucherschutz NRW” (LANUV), Recklinghausen, Germany). All experiments were performed in
accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council
(US), and the Committee for the Update of the Guide for the Care and Use of Laboratory Animals;
8th edition, 2011).

3.1. Animals and Study Design

Experiments were carried out with male, Sprague-Dawley (SD) rats (Charles River, Sulzfeld,
Germany), aged 12–14 weeks old. The animals were housed for at least one week before surgery
with access to standard diet and water ad libitum on a 12-h light/dark cycle under SPF (specific
pathogen free) conditions. Animals were randomly assigned to treatment groups either undergoing
sham surgery with argon inhalation (sham experimental group, ARG Sham, n = 8) or without argon
inhalation (CO Sham, n = 8), ischemia/reperfusion (I/R) injury with argon inhalation (ARG3, ARG36,
ARG96, n = 8 per group and time point) or I/R without argon inhalation (CO3, CO36, CO96, n = 8 per
group and time point). Rats were sacrificed after 3, 36 or 96 h after the operation. Survival times were
determined according to a previously performed experiment [25].
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3.2. Anesthesia

All surgical procedures were performed under inhalation anesthesia as previously described [26].
Prior to the operation, animals were exposed to either 50 Vol% argon (argon group) or 50 Vol% nitrogen
(control group) balanced with 48 Vol% oxygen and 2 Vol% Isoflurane for 60 min (preconditioning).
Concentrations were based on the findings of a previous study [25]. Directly thereafter, surgery was
performed under isoflurane anesthesia (1.5 Vol%) and the argon inhalation was stopped. Gas mixtures
were administered with a total flow of 700 mL/min and animals were breathing spontaneously through
a rat facemask (ZUA-82-ANÄ-MAS-MA/RA-MMH; Föhr Medical Instruments GmbH), which covered
the mouth and snout of the animals. Argon and nitrogen were provided with a purity ≥99.998% (Linde
AG, Pullach, Germany). A heating pad maintained the body temperature of the animals at 37–37.5 ◦C
(Fine Science Tools Inc, Heidelberg, Germany).

3.3. Surgical Procedure and Postoperative Care

Under sterile conditions, hepatic IRI was performed. Following a median laparotomy, an atraumatic
clip (Aesculap, Tuttlingen, Germany) was applied with a clip applicator to interrupt arterial and
portal venous blood supply to the left and middle lobes (70% liver volume). Discoloration of the liver
indicated correct positioning of the clip. Using this method of partial hepatic ischemia, portal vein
congestion and subsequent bacterial translocation into the portal venous blood was avoided. After
45 min, clamps were removed, and reperfusion was started. Once the liver regained color the abdominal
cavity was closed using continuous sutures in double-layer technique. In sham-operated controls,
all procedures were identical, but no vascular occlusion was performed. Postoperatively, gas delivery
was discontinued, the facemask removed, and animals were breathing ambient air spontaneously and
were returned to their heated cages. Once they were mobile, rats received postoperative analgesia
(Buprenorphine 0.03 mg/kg body weight) subcutaneously. Animals were sacrificed 3, 36 and 96 h after
IRI under terminal anesthesia (isoflurane) by exsanguination. Two hours before sacrifice, 200 µL BrdU
(3 mg/mL) was injected intrapertioneally.

3.4. Histology

The whole liver was removed and half of it methanol-stabilized formaldehyde (3.5%) was
used for emersion fixation. The other part was spared for RNA analysis. Next, the tissue was
dehydrated and embedded in paraffin and cut in 3-µm sections on a microtome and mounted on slides.
Paraffin-embedded liver sections for immunohistochemistry were immersed in three changes of xylene
and hydrated with a graded series of alcohol. Hematoxylin and eosin staining (H&E) was used to
evaluate the regenerative capacity of the liver by determination of Mitotic Index and the liver damage
by Suzuki’s score [27]. Suzuki’s score was obtained by a single blinded pathologist experienced in
liver histology.

3.5. Immunohistochemistry

Immunohistochemistry was performed on paraffin-embedded liver sections. Microwave treatment
was used for unmasking antigens. Pathologic quantification was conducted independently by two
experienced pathologists, blinded to the treatment group. In each specimen, positive cells were counted
in five randomly selected fields (40x).

3.5.1. Bromodeoxyuridine

For determining the number of hepatocytes undergoing DNA synthesis, bromodeoxyuridine
(BrdU) was used. Sections were incubated with a monoclonal mouse anti-BrdU antibody (1:200;
Dako, Clone Bu20a, Glostrup, Denmark) over night at 4 ◦C. Consequential, sections were incubated
with secondary anti-mouse-antibody (1:300, Dako, Glostrup, Denmark) and sections were treated
with an avidin-biotin-peroxidase system (ABC kit; Vector Laboratories, Inc., Burlingame, CA).
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3,3′diaminobenzidine (DAB) (Sigma-Aldrich, Steinheim, Germany) was used for detecting the sites of
peroxidase-binding and the sections were counterstained with Haematoxylin according to standard
protocol. In total, 1000 nuclei of hepatocytes were counted (per field of view) and the fraction of BrdU
positive cells was determined.

3.5.2. KI-67

The cell cycle marker Ki-67 was analyzed using a combination of primary monoclonal mouse
antibody (1:10; Dako; Glostrup, Denmark) and secondary biotinylated rabbit anti-mouse antibody
(1:300; Dako; Glostrup, Denmark). For visualization, DAB (Sigma-Aldrich; Steinheim, Germany) was
used and nuclei were counterstained using haematoxylin (Sigma-Aldrich; Steinheim, Germany).

3.5.3. TUNEL

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) was used to quantify the
number of apoptotic cells by using the in situ apoptosis detection kit (ApopTag Peroxidase Kit, S7100;
Intergen, Oxford, UK). All steps were performed according to the supplier’s instruction. Labeled DNA
fragments were visualized by DAB (Sigma-Aldrich Steinheim, Germany). Nuclei were stained with
haematoxylin (Sigma-Aldrich, Steinheim, Germany).

3.6. RNA Isolation and Quantitative RT-PCR

Gene expression of pro- and anti-inflammatory cytokines Interleukin-1β (IL-1β), Interleukin-6
(IL-6) and Tumor Necrosis Factor-α (TNF-α) at the specified time points was measured as follows:
RNA was extracted with the Nucleospin RNA-II Kit (Macherey-Nagel, Dueren, Germany) from
cryopreserved, homogenized liver tissue. Afterwards conversion into cDNA was performed by using
the Omniscript reverse transcriptase kit (Qiagen, Hilden, Germany). A total of 1500 ng RNA was used.
All procedures were performed in accordance with manufacturers guidelines.

The gene expression analysis was performed on an ABI 7500 Real-Time PCR system
(Life Technologies, Darmstadt, Germany). Quantitative expression of HGF, IL-1β, IL-6 and TNF-α
was analyzed. Murine qPCR Primers were designed using the Primer BLAST tool provided by the
NCBI website. The applied primer pairs were exon-exon junction spanning or at least separated by
an intron. The design strategy included secondary structure analysis (mfold analysis), a species-wide
specificity check, and an evaluation of potential homo- and heterodimerization of primers. SYBR-Green
technology (Applied Biosystems, California, USA) was used for detecting the PCR products. Melt curve
analysis and TAE-buffered DNA agarose gel electrophoresis of the PCR product were used to determine
primer specificity. Amplification efficiency was calculated using LinRegPCR 2015.3 (Heart Failure
Research Center, Amsterdam, The Netherlands) as previously described [28]. Target gene expression
was normalized by a reference gene index including the expression of β2-microglobulin (B2M), β-actin
(ActB) and ribosomal protein L13a (RPL13A). These genes were determined as the most suitable for
normalization in this study. This reference gene evaluation using geNorm calculation (as part of the
qbase+ software) was performed beforehand. Qbase+ 2.6.1 (Biogazelle, Zwijnaarde, Belgium) was
used for calculating changes in gene expression [29].

3.7. Blood Samples

After sacrifice approximately 0.6 mL of blood was collected from the heart of the rats. The blood
was centrifuged and serum was stored at –70.8 ◦C in a refrigerator. Serum levels of aspartate
aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (AP), Bilirubin, Lactate
dehydrogenase (LDH) and total protein were measured by standard enzymatic method using a Vitros
250 analyzer (Ortho-Clinical-Diagnostics; Raritan, NJ, USA).



Int. J. Mol. Sci. 2020, 21, 5457 9 of 13

3.8. Quantification and Statistical Analysis

We performed a One-way ANOVA analysis between and within group comparisons and corrected
for multiple comparison by means of a Tukey Posthoc test. Outliers were identified and excluded based
on the Robust regression and Outlier removal methods with Q1%. The resulting sample sizes after
outlier exclusion is shown in the according dotplots. All data are indicated as means with standard
errors of the mean except indicated otherwise. For analysis, GraphPad Prism 6.0 software; San Diego,
CA, USA was used.

4. Discussion

Ischemia/reperfusion injury (IRI) occurs in several clinical settings, including hepatic surgery,
liver transplantation, and haemorrhagic shock. Impaired liver function after I/R injury goes along with
an inflammatory response that may cause significant cellular damage and organ dysfunction. Based on
the current evidence about the organoprotective effects of argon in renal and neuronal cells, this noble
gas appeared to be a promising candidate to reduce hepatic IRI [17–22].

To our knowledge, this is the first study investigating the effect of argon inhalation on hepatic IRI
by measuring apoptosis, regenerative capacity, the modulation of the inflammatory response, and the
effect on laboratory parameters. The main effect of IRI on the liver was noticed after 36 h in this study.
At this time point, the Mitotic Index was significantly higher in the control group when compared to the
argon group. In line with these findings, KI-67 was significantly higher in the control group, suggesting
lower regenerative potential in the argon group. A similar effect was observed for BrdU, even though
statistical significance was not reached. Conversely, there was a significantly higher expression of IL-1β
and IL-6 after 36 h in the argon group compared to the control group. Both genes have been described
to be crucial for the inflammatory response in liver injury. Together, these findings demonstrate that
treatment with argon increases the pro-inflammatory response and reduces regenerative capacity after
IRI. In line with this, aggravating effects of the noble gas argon on the inflammatory response have
been reported earlier in the setting of myocardial ischemia/reperfusion [13].

The cytokines IL-1β, IL-6, and TNF-α are released by hepatic Kupffer cells and endothelial cells
in liver injury [2,30,31]. This is of interest since IL-1β and TNF-α appear to be the protagonists
in hepatic IRI [3,32–35]. Mechanisms of action include mediation of neutrophil adhesion and
transmigration [2,3,36,37] and direct triggering of apoptosis [30]. Additionally, IL-1β enhances
neutrophil-mediated production of free radicals [37,38]. In line with these findings, survival of
IL-1β knockout mice has been shown to be superior to wild type mice after hepatic failure induced by
administration of D-galactosamine together with endotoxin, suggesting an aggravating role of IL-1β in
liver injury [39]. Consequently, administration of IL-1β-antagonists proved to be protective in a mouse
model of acute alcoholic hepatitis [40].

The role of IL-6 in hepatic regeneration after injury appears to be unclear [41]. Several studies have
assigned hepatoprotective effects to IL-6 after liver injury [42–46], while others report a hepatotoxic
effect [47]. Most likely this contradiction is explained by the concentration of IL-6. While physiologic
concentrations of IL-6 have hepatoprotective effects, hyperstimulation with IL-6 has been shown to
impair liver regeneration [48].

Interestingly, we found the highest expression of IL-1β, IL-6 and TNF-α after 36 and 96 h,
suggesting an impact of the type of liver injury on the different mechanism of regeneration.

In line with the proinflammatory effect of argon claimed in this study, higher levels of Ki-67
were seen in the control group in comparison to the argon group, suggesting lower levels of liver
regeneration after argon inhalation. There has been no difference in the number of apoptotic cells
measured by TUNEL staining neither between different time points nor between the control and argon
group in our study. This is of interest, as one would expect that clamping of the hepatic artery results
in a significant amount of cell death in the obstructed liver lobe. One explanation could be that recent
studies have suggested a leading role for oncotic necrosis instead of apoptosis in hepatic IRI with no
significant change of TUNEL+ cells in longer periods of ischemia [30,49]. In line with this, we did not
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find a difference neither in AP, Bilirubin, LDH, protein or AST and ALT between argon group and
control group. There were, however, significant elevations of the liver specific laboratory values AST
and ALT when compared to sham-operated animals, indicating manifest hepatic IRI in our model.

There are several limitations to this study. First, there is still a lack of systematic studies that
address a dose-dependent effect of argon in general and on liver IRI in particular. It thus remains
speculative as to whether a better effect on IRI could be achieved using a different argon concentration
and/or duration of application. Furthermore, in our study setting we tested the influence of argon after
an ischemia-time of 45 min. A longer ischemic time might cause more pronounced effects. It would
be desirable in the future to apply standardized protocols for the evaluation of the effects of argon in
order to facilitate a better comparison of the data. Last, in extension to the measured AST and ALT
levels, a more comprehensive evaluation of the functional outcomes such as short- and long-term
survival after liver injury should be part of future studies. Furthermore, for a deeper understanding
of the underlying mechanisms of hepatic regeneration after IRI, evaluation of protein levels such as
HIF1-α might be an objective for further studies [27].

To summarize, liver IRI is a common and severe condition and therapeutic strategies are required.
In this study, we could not find hepatoprotective effects of the noble gas argon, while we were able to
show that on the contrary, argon seems to aggravate hepatic IRI via up-regulation of IL-1 β and IL-6.
Consequently, the mitotic index was lower in the argon group than in the control group which was
reflected in lower levels of Ki-67. Together, these findings suggest an impaired regeneration rather
than the expected hepatoprotective effect of argon.

5. Conclusions

This is the first study to describe the effects of argon on liver regeneration after warm I/R of the liver
in rats. Contrary to a described cytoprotective effect of argon on other organs, argon aggravated the
inflammatory response in the liver via up-regulation of IL-1β and IL-6 after 36 h. This was reflected in
lower levels of Ki-67 and a lower mitotic index. These findings pave the way to further understanding
of underlying mechanisms and therapeutic options in liver IRI.

Author Contributions: S.M.S., M.C., U.P.N., together with T.F.U. conceived the study; S.M.S and T.F.U drafted the
manuscript; H.D., T.F.U, C.S., and P.H.A. performed the experiments and data acquisition; H.D., A.F. and P.H.A.
analyzed the blood samples, S.M.S., T.F.U., C.S., M.C., S.S. and A.F., together with U.P.N. analyzed the obtained
data; C.S., S.S., M.C., U.P.N. and P.H.A. revised the manuscript. All authors revised and approved the final version
of the manuscript. All authors agree to be accountable for all aspects of the work and ensure that questions related
to the accuracy or integrity of any part of the work were appropriately investigated and resolved.

Funding: There was no funding for this study.

Conflicts of Interest: No conflicts of interests are declared.

References

1. Eipel, C.; Glanemann, M.; Nuessler, A.K.; Menger, M.D.; Neuhaus, P.; Vollmar, B. Ischemic preconditioning
impairs liver regeneration in extended reduced-size livers. Ann. Surg. 2005, 241, 477–484. [CrossRef]
[PubMed]

2. Lentsch, A.B.; Kato, A.; Yoshidome, H.; McMasters, K.M.; Edwards, M.J. Inflammatory mechanisms and
therapeutic strategies for warm hepatic ischemia/reperfusion injury. Hepatology 2000, 32, 169–173. [CrossRef]
[PubMed]

3. Serracino-Inglott, F.; Habib, N.A.; Mathie, R.T. Hepatic ischemia-reperfusion injury. Am. J. Surg. 2001, 181,
160–166. [CrossRef]

4. Saidi, R.F.; Kenari, S.K. Liver ischemia/reperfusion injury: An overview. J. Investig. Surg. 2014, 27, 366–379.
[CrossRef]

5. Maksan, S.M.; Kraus, T.; Hofmann, W.J.; Mehrabi, A.; Gebhard, M.M.; Herfarth, C.; Klar, E. Hepatocellular
injury early after reperfusion is correlated with liver microcirculation and predicts outcome after
transplantation. Transpl. Proc. 1998, 30, 3716–3717. [CrossRef]

http://dx.doi.org/10.1097/01.sla.0000154264.41201.51
http://www.ncbi.nlm.nih.gov/pubmed/15729071
http://dx.doi.org/10.1053/jhep.2000.9323
http://www.ncbi.nlm.nih.gov/pubmed/10915720
http://dx.doi.org/10.1016/S0002-9610(00)00573-0
http://dx.doi.org/10.3109/08941939.2014.932473
http://dx.doi.org/10.1016/S0041-1345(98)01207-X


Int. J. Mol. Sci. 2020, 21, 5457 11 of 13

6. Casillas-Ramirez, A.; Mosbah, I.B.; Ramalho, F.; Rosello-Catafau, J.; Peralta, C. Past and future approaches to
ischemia-reperfusion lesion associated with liver transplantation. Life Sci. 2006, 79, 1881–1894. [CrossRef]

7. Guimaraes Filho, M.A.; Cortez, E.; Garcia-Souza, E.P.; Soares Vde, M.; Moura, A.S.; Carvalho, L.; Maya, M.C.;
Pitombo, M.B. Effect of remote ischemic preconditioning in the expression of IL-6 and IL-10 in a rat model of
liver ischemia-reperfusion injury. Acta Cir. Bras. 2015, 30, 452–460. [CrossRef]

8. Zhang, Y.; Chen, Z.; Feng, N.; Tang, J.; Zhao, X.; Liu, C.; Xu, H.; Zhang, M. Protective effect of propofol
preconditioning on ischemia-reperfusion injury in human hepatocyte. J. Thorac. Dis. 2017, 9, 702–710.
[CrossRef]

9. Coburn, M.; Maze, M.; Franks, N.P. The neuroprotective effects of xenon and helium in an in vitro model of
traumatic brain injury. Crit. Care Med. 2008, 36, 588–595. [CrossRef]

10. Liu, Y.; Xue, F.; Liu, G.; Shi, X.; Liu, Y.; Liu, W.; Luo, X.; Sun, X.; Kang, Z. Helium preconditioning attenuates
hypoxia/ischemia-induced injury in the developing brain. Brain Res. 2011, 1376, 122–129. [CrossRef]

11. Veldeman, M.; Coburn, M.; Rossaint, R.; Clusmann, H.; Nolte, K.; Kremer, B.; Hollig, A. Xenon Reduces
Neuronal Hippocampal Damage and Alters the Pattern of Microglial Activation after Experimental
Subarachnoid Hemorrhage: A Randomized Controlled Animal Trial. Front. Neurol. 2017, 8, 511. [CrossRef]
[PubMed]

12. Wilhelm, S.; Ma, D.; Maze, M.; Franks, N.P. Effects of xenon on in vitro and in vivo models of neuronal injury.
Anesthesiology 2002, 96, 1485–1491. [CrossRef] [PubMed]

13. Breuer, T.; Emontzpohl, C.; Coburn, M.; Benstoem, C.; Rossaint, R.; Marx, G.; Schalte, G.; Bernhagen, J.;
Bruells, C.S.; Goetzenich, A.; et al. Xenon triggers pro-inflammatory effects and suppresses the
anti-inflammatory response compared to sevoflurane in patients undergoing cardiac surgery. Crit. Care 2015,
19, 365. [CrossRef] [PubMed]

14. Braun, S.; Plitzko, G.; Bicknell, L.; van Caster, P.; Schulz, J.; Barthuber, C.; Preckel, B.; Pannen, B.H.; Bauer, I.
Pretreatment with helium does not attenuate liver injury after warm ischemia-reperfusion. Shock 2014, 41,
413–419. [CrossRef]

15. Reinelt, H.; Marx, T.; Kotzerke, J.; Topalidis, P.; Luederwald, S.; Armbruster, S.; Schirmer, U.; Schmidt, M.
Hepatic function during xenon anesthesia in pigs. Acta Anaesthesiol. Scand. 2002, 46, 713–716. [CrossRef]

16. Wilke, H.J.; Moench, C.; Lotz, G.; Bechstein, W.; Zacharowski, K. Xenon anesthesia for liver transplant
surgery: A report of four cases. Transplant. Proc. 2011, 43, 2683–2686. [CrossRef]

17. Irani, Y.; Pype, J.L.; Martin, A.R.; Chong, C.F.; Daniel, L.; Gaudart, J.; Ibrahim, Z.; Magalon, G.; Lemaire, M.;
Hardwigsen, J. Noble gas (argon and xenon)-saturated cold storage solutions reduce ischemia-reperfusion
injury in a rat model of renal transplantation. Nephron. Extra 2011, 1, 272–282. [CrossRef]

18. Alderliesten, T.; Favie, L.M.A.; Neijzen, R.W.; Auwärter, V.; Nijboer, C.H.A.; Marges, R.E.J.;
Rademaker, C.M.A.; Kempf, J.; van Bel, F.; Groenendaal, F. Neuroprotection by argon ventilation after
perinatal asphyxia: A safety study in newborn piglets. PLoS ONE 2014, 9, e113575. [CrossRef]

19. Zhuang, L.; Yang, T.; Zhao, H.; Fidalgo, A.R.; Vizcaychipi, M.P.; Sanders, R.D.; Yu, B.; Takata, M.; Johnson, M.R.;
Ma, D. The protective profile of argon, helium, and xenon in a model of neonatal asphyxia in rats.
Crit. Care Med. 2012, 40, 1724–1730. [CrossRef]

20. Fahlenkamp, A.V.; Rossaint, R.; Coburn, M. Neuroprotection by noble gases: New developments and
insights. Anaesthesist 2015, 64, 855–858. [CrossRef]

21. Pagel, P.S.; Krolikowski, J.G.; Shim, Y.H.; Venkatapuram, S.; Kersten, J.R.; Weihrauch, D.; Warltier, D.C.;
Pratt, P.F. Noble gases without anesthetic properties protect myocardium against infarction by activating
prosurvival signaling kinases and inhibiting mitochondrial permeability transition in vivo. Anesth. Analg.
2007, 105, 562–569. [CrossRef] [PubMed]

22. Jawad, N.; Rizvi, M.; Gu, J.; Adeyi, O.; Tao, G.; Maze, M.; Ma, D. Neuroprotection (and lack of neuroprotection)
afforded by a series of noble gases in an in vitro model of neuronal injury. Neurosci. Lett. 2009, 460, 232–236.
[CrossRef] [PubMed]

23. Li, X.; Zhang, Z.W.; Wang, Z.; Li, J.Q.; Chen, G. The role of argon in stroke. Med. Gas Res. 2018, 8, 64–66.
[CrossRef] [PubMed]

24. Ulbrich, F.; Schallner, N.; Coburn, M.; Loop, T.; Lagrèze, W.A.; Biermann, J.; Goebel, U. Argon inhalation
attenuates retinal apoptosis after ischemia/reperfusion injury in a time- and dose-dependent manner in rats.
PLoS ONE 2014, 9, e115984. [CrossRef]

http://dx.doi.org/10.1016/j.lfs.2006.06.024
http://dx.doi.org/10.1590/S0102-865020150070000002
http://dx.doi.org/10.21037/jtd.2017.02.80
http://dx.doi.org/10.1097/01.CCM.0B013E3181611F8A6
http://dx.doi.org/10.1016/j.brainres.2010.12.068
http://dx.doi.org/10.3389/fneur.2017.00511
http://www.ncbi.nlm.nih.gov/pubmed/29021779
http://dx.doi.org/10.1097/00000542-200206000-00031
http://www.ncbi.nlm.nih.gov/pubmed/12170064
http://dx.doi.org/10.1186/s13054-015-1082-7
http://www.ncbi.nlm.nih.gov/pubmed/26467531
http://dx.doi.org/10.1097/SHK.0000000000000125
http://dx.doi.org/10.1034/j.1399-6576.2002.460614.x
http://dx.doi.org/10.1016/j.transproceed.2011.06.029
http://dx.doi.org/10.1159/000335197
http://dx.doi.org/10.1371/journal.pone.0113575
http://dx.doi.org/10.1097/CCM.0b013e3182452164
http://dx.doi.org/10.1007/s00101-015-0079-6
http://dx.doi.org/10.1213/01.ane.0000278083.31991.36
http://www.ncbi.nlm.nih.gov/pubmed/17717207
http://dx.doi.org/10.1016/j.neulet.2009.05.069
http://www.ncbi.nlm.nih.gov/pubmed/19500647
http://dx.doi.org/10.4103/2045-9912.235129
http://www.ncbi.nlm.nih.gov/pubmed/30112168
http://dx.doi.org/10.1371/journal.pone.0115984


Int. J. Mol. Sci. 2020, 21, 5457 12 of 13

25. Ulmer, T.F.; Fragoulis, A.; Dohmeier, H.; Kroh, A.; Andert, A.; Stoppe, C.; Alizai, H.; Klink, C.;
Coburn, M.; Neumann, U.P. Argon Delays Initiation of Liver Regeneration after Partial Hepatectomy
in Rats. Eur. Surg. Res. 2017, 58, 204–215. [CrossRef]

26. Ryang, Y.-M.M.; Fahlenkamp, A.V.; Rossaint, R.; Wesp, D.; Loetscher, P.D.; Beyer, C.; Coburn, M.
Neuroprotective effects of argon in an in vivo model of transient middle cerebral artery occlusion in
rats. Crit. Care Med. 2011, 39, 1448–1453. [CrossRef]

27. Sun, P.; Lu, Y.X.; Cheng, D.; Zhang, K.; Zheng, J.; Liu, Y.; Wang, X.; Yuan, Y.F.; Tang, Y.D. Monocyte
Chemoattractant Protein-Induced Protein 1 Targets Hypoxia-Inducible Factor 1alpha to Protect Against
Hepatic Ischemia/Reperfusion Injury. Hepatology 2018, 68, 2359–2375. [CrossRef]

28. Ramakers, C.; Ruijter, J.M.; Deprez, R.H.L.; Moorman, A.F.M. Assumption-free analysis of quantitative
real-time polymerase chain reaction (PCR) data. Neurosci. Lett. 2003, 339, 62–66. [CrossRef]

29. Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res.
2001, 29, e45. [CrossRef]

30. Jaeschke, H. Molecular mechanisms of hepatic ischemia-reperfusion injury and preconditioning. Am. J.
Physiol. Gastrointest. Liver Physiol. 2003, 284, G15–G26. [CrossRef]

31. Wanner, G.A.; Ertel, W.; Müller, P.; Höfer, Y.; Leiderer, R.; Menger, M.D.; Messmer, K. Liver ischemia and
reperfusion induces a systemic inflammatory response through Kupffer cell activation. Shock 1996, 5, 34–40.
[CrossRef] [PubMed]

32. Jiménez-Castro, M.B.; Cornide-Petronio, M.E.; Gracia-Sancho, J.; Peralta, C. Inflammasome-Mediated
Inflammation in Liver Ischemia-Reperfusion Injury. Cells 2019, 8, 1131. [CrossRef] [PubMed]

33. Shito, M.; Wakabayashi, G.; Ueda, M.; Shimazu, M.; Shirasugi, N.; Endo, M.; Mukai, M.; Kitajima, M.
Interleukin 1 receptor blockade reduces tumor necrosis factor production, tissue injury, and mortality after
hepatic ischemia-reperfusion in the rat. Transplantation 1997, 63, 143–148. [CrossRef] [PubMed]

34. Kamo, N.; Ke, B.; Ghaffari, A.A.; Shen, X.D.; Busuttil, R.W.; Cheng, G.; Kupiec-Weglinski, J.W.
ASC/caspase-1/IL-1beta signaling triggers inflammatory responses by promoting HMGB1 induction in liver
ischemia/reperfusion injury. Hepatology 2013, 58, 351–362. [CrossRef]

35. Teoh, N.C.; Farrell, G.C. Hepatic ischemia reperfusion injury: Pathogenic mechanisms and basis for
hepatoprotection. J. Gastroenterol. Hepatol. 2003, 18, 891–902. [CrossRef]

36. Jaeschke, H.; Hasegawa, T. Role of neutrophils in acute inflammatory liver injury. Liver Int. 2006, 26, 912–919.
[CrossRef]

37. Kato, A.; Gabay, C.; Okaya, T.; Lentsch, A.B. Specific role of interleukin-1 in hepatic neutrophil recruitment
after ischemia/reperfusion. Am. J. Pathol. 2002, 161, 1797–1803. [CrossRef]

38. Shirasugi, N.; Wakabayashi, G.; Shimazu, M.; Shito, M.; Kawachi, S.; Kitajima, M. Interleukin-1
receptor blockade attenuates oxygen-derived free radical production and microcirculatory disturbances in
ischemia/reperfusion injury in the liver. Transpl. Proc. 1997, 29, 371–373. [CrossRef]

39. Sultan, M.; Ben-Ari, Z.; Masoud, R.; Pappo, O.; Harats, D.; Kamari, Y.; Safran, M. Interleukin-1alpha and
Interleukin-1beta play a central role in the pathogenesis of fulminant hepatic failure in mice. PLoS ONE 2017,
12, e0184084. [CrossRef]

40. Iracheta-Vellve, A.; Petrasek, J.; Gyogyosi, B.; Bala, S.; Csak, T.; Kodys, K.; Szabo, G. Interleukin-1 inhibition
facilitates recovery from liver injury and promotes regeneration of hepatocytes in alcoholic hepatitis in mice.
Liver Int. 2017, 37, 968–973. [CrossRef]

41. Fausto, N.; Campbell, J.S.; Riehle, K.J. Liver regeneration. Hepatology 2006, 43, S45–S53. [CrossRef] [PubMed]
42. Camargo, C.A.; Madden, J.F.; Gao, W.; Selvan, R.S.; Clavien, P.A. Interleukin-6 protects liver against warm

ischemia/reperfusion injury and promotes hepatocyte proliferation in the rodent. Hepatology 1997, 26,
1513–1520. [CrossRef] [PubMed]

43. Clavien, P.A. IL-6, a key cytokine in liver regeneration. Hepatology 1997, 25, 1294–1296. [CrossRef] [PubMed]
44. Teoh, N.; Field, J.; Farrell, G. Interleukin-6 is a key mediator of the hepatoprotective and pro-proliferative

effects of ischaemic preconditioning in mice. J. Hepatol. 2006, 45, 20–27. [CrossRef]
45. Klein, C.; Wustefeld, T.; Assmus, U.; Roskams, T.; Rose-John, S.; Muller, M.; Manns, M.P.; Ernst, M.;

Trautwein, C. The IL-6-gp130-STAT3 pathway in hepatocytes triggers liver protection in T cell-mediated
liver injury. J. Clin. Investig. 2005, 115, 860–869. [CrossRef]

46. Blindenbacher, A.; Wang, X.; Langer, I.; Savino, R.; Terracciano, L.; Heim, M.H. Interleukin 6 is important for
survival after partial hepatectomy in mice. Hepatology 2003, 38, 674–682. [CrossRef]

http://dx.doi.org/10.1159/000466690
http://dx.doi.org/10.1097/CCM.0b013e31821209be
http://dx.doi.org/10.1002/hep.30086
http://dx.doi.org/10.1016/S0304-3940(02)01423-4
http://dx.doi.org/10.1093/nar/29.9.e45
http://dx.doi.org/10.1152/ajpgi.00342.2002
http://dx.doi.org/10.1097/00024382-199601000-00008
http://www.ncbi.nlm.nih.gov/pubmed/8821101
http://dx.doi.org/10.3390/cells8101131
http://www.ncbi.nlm.nih.gov/pubmed/31547621
http://dx.doi.org/10.1097/00007890-199701150-00026
http://www.ncbi.nlm.nih.gov/pubmed/9000676
http://dx.doi.org/10.1002/hep.26320
http://dx.doi.org/10.1046/j.1440-1746.2003.03056.x
http://dx.doi.org/10.1111/j.1478-3231.2006.01327.x
http://dx.doi.org/10.1016/S0002-9440(10)64456-2
http://dx.doi.org/10.1016/S0041-1345(96)00124-8
http://dx.doi.org/10.1371/journal.pone.0184084
http://dx.doi.org/10.1111/liv.13430
http://dx.doi.org/10.1002/hep.20969
http://www.ncbi.nlm.nih.gov/pubmed/16447274
http://dx.doi.org/10.1002/hep.510260619
http://www.ncbi.nlm.nih.gov/pubmed/9397992
http://dx.doi.org/10.1002/hep.510250544
http://www.ncbi.nlm.nih.gov/pubmed/9141458
http://dx.doi.org/10.1016/j.jhep.2006.01.039
http://dx.doi.org/10.1172/JCI23640
http://dx.doi.org/10.1053/jhep.2003.50378


Int. J. Mol. Sci. 2020, 21, 5457 13 of 13

47. Sun, R.; Jaruga, B.; Kulkarni, S.; Sun, H.; Gao, B. IL-6 modulates hepatocyte proliferation via induction of
HGF/p21cip1: Regulation by SOCS3. Biochem. Biophys. Res. Commun. 2005, 338, 1943–1949. [CrossRef]

48. Wüstefeld, T.; Rakemann, T.; Kubicka, S.; Manns, M.P.; Trautwein, C. Hyperstimulation with interleukin 6
inhibits cell cycle progression after hepatectomy in mice. Hepatology 2000, 32, 514–522. [CrossRef]

49. Gujral, J.S.; Bucci, T.J.; Farhood, A.; Jaeschke, H. Mechanism of cell death during warm hepatic
ischemia-reperfusion in rats: Apoptosis or necrosis? Hepatology 2001, 33, 397–405. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.bbrc.2005.10.171
http://dx.doi.org/10.1053/jhep.2000.16604
http://dx.doi.org/10.1053/jhep.2001.22002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Effect of Argon on Hepatocytes Proliferation and Apoptosis after I/R 
	Argon Modulates the Expression of Cytokines 
	Plasma Biochemical Data and Parameters of Liver Function (Liver Specific Values) 
	Liver Injury after IRI Measured by Suzuki’s Score 

	Methods 
	Animals and Study Design 
	Anesthesia 
	Surgical Procedure and Postoperative Care 
	Histology 
	Immunohistochemistry 
	Bromodeoxyuridine 
	KI-67 
	TUNEL 

	RNA Isolation and Quantitative RT-PCR 
	Blood Samples 
	Quantification and Statistical Analysis 

	Discussion 
	Conclusions 
	References

