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ABSTRACT

Background: Ischemia—reperfusion injury (IRI) of renal grafts may cause remote organ injury including lungs. The authors
aimed to evaluate the protective effect of xenon exposure against remote lung injury due to renal graft IRI in a rat renal trans-
plantation model.

Methods: For in vitro studies, human lung epithelial cell A549 was challenged with H,O,, tumor necrosis factor-a, or con-
ditioned medium from human kidney proximal tubular cells (HK-2) after hypothermia—hypoxia insults. For iz vivo studies,
the Lewis renal graft was stored in 4°C Soltran preserving solution for 24 h and transplanted into the Lewis recipient, and the
lungs were harvested 24 h after grafting. Cultured lung cells or the recipient after engraftment was exposed to 70% Xe or N,.
Phospho (p)-mammalian target of rapamycin (mTOR), hypoxia-inducible factor-1a. (HIF-1a), Bcl-2, high-mobility group
protein-1 (HMGB-1), TLR-4, and nuclear factor kB (NF-kB) expression, lung inflammation, and cell injuries were assessed.
Results: Recipients receiving ischemic renal grafts developed pulmonary injury. Xenon treatment enhanced HIF-1a, which
attenuated HMGB-1 translocation and NF-KB activation in A549 cells with oxidative and inflammatory stress. Xenon treat-
ment enhanced p-mTOR, HIF-1a, and Bcl-2 expression and, in turn, promoted cell proliferation in the lung. Upon grafting,
HMGB-1 translocation from lung epithelial nuclei was reduced; the TLR-4/NF-kB pathway was suppressed by xenon treat-
ment; and subsequent tissue injury score (nitrogen vs. xenon: 26+ 1.8 vs. 10.7 +2.6; n = 6) was significantly reduced.

Conclusion: Xenon treatment confers protection against distant lung injury triggered by renal graft IRI, which is likely

through the activation of mTOR-HIF-1a pathway and suppression of the HMGB-1 translocation from nuclei to cytoplasm.
(ANESTHESIOLOGY 2015; 122:1312-26)

LINICALLY, renal grafts routinely undergo “pro-
longed” cold preservation before recipient surgery. The
consequent ischemia—reperfusion injury (IRI) is associated

What We Already Know about This Topic

* Remote lunginjury could occur after renal ischemia—reperfusion
injury.
What This Article Tells Us That Is New

e Xenon given to kidney transplant recipients after receiving the
ischemic renal grafts decreased pulmonary damage and inflam-
mation. The molecular mechanisms involved in the pulmonary
protection are likely due to the mammalian target of rapamycin—
hypoxia-inducible factor-1a pathway activation and the high-
mobility group protein-1/TLR-4/nuclear factor-kB signaling
pathway inhibition by xenon.

with early dysfunction of transplanted grafts.! In addition,
clinical evidence has demonstrated that renal IRI causes sys-

temic inflammatory responses, which contribute to the injury
of distant organs including the lungs.? Remote lung injury is
a recognized clinical complication in patients with acute renal
injury, which is associated with high morbidity after IRL.?
The precise molecular mechanisms of remote lung injury
after renal IRI remain unknown, but proinflammatory cyto-
kines are likely to be responsible.*> The systemic release of

inflammatory mediators from injured renal tissue, coupled
with decreased kidney clearance, promotes distant organ
dysfunction.® All these pathogenic responses triggered by
renal IRI induce respiratory complications, which have been
reported in the models of intestinal,” hepatic,® and limb

The disruption of the alveolar-capillary barrier and devel-
opment of pulmonary edema severely impaired the lung
function during acute lung injury.!® The damage of alveolar
epithelium increased barrier permeability and reduced alveo-
lar fluid clearance'; therefore, the protection of lung alveo-

20z UoleN €1 uo 3senb Aq Jpd'$2000-0 00905 L0Z/E97692/Z L€ L/9/2Z 1 /4Pd-Blo1e/ABOj0ISBUISOUE/LI0D JIEYOIBAIS ZSE//:d}jY WOl papeojumoq

IRI.” However, the acute lung injury after renal transplant  lar epithelium serves as an important therapeutic strategy for

has not been explored yet. preserving the lung function.
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Recently, it was found that hypoxia-inducible fac-
tor-1 (HIF-1) mediated protective responses against organ
injury through its potent effects on cell survival and pro-
liferation.!*!? HIF-1 is a heterodimer that consists of HIF-
la (120kDa) and HIF-1f (91 to 94kDa)."* HIF-1f is
expressed constitutively in all cells regardless of oxygen ten-
sion. At normoxic conditions, HIF-1a combines with the
tumor suppressor Von Hippel-Lindau (VHL) protein and
is then hydroxylated by prolyl-4-hydroxylases in the cyto-
plasm. This interaction causes HIF-1a to be ubiquitinated
and targeted by proteasome-mediated protein degradation.'?
Under hypoxic conditions, oxygen deficiency inhibits the
activity of prolyl-hydroxylases and leads to the accumulation
of HIF-1o.. HIF-1a synthesis is directly controlled via the
Akt-mammalian target of rapamycin pathway.'? The anti-
apoptotic effect of HIF-1 has been shown to be mediated
by its downstream effectors such as erythropoietin,® glucose
transporter 1,'° and heme oxygenase-1.!7'8 The HIF-1a
upstream pathway phosphatidylinositol 3 kinase (PI3K)/
Akt/mTOR is involved in cell survival and proliferation,'
which is crucial for the recovery of organ injury from acute
insults. In addition, PI3K/Akt/mTOR plays a vital role in
promoting cell survival, through up-regulation of Bcl-2 and
inhibition of caspase-3 activation."”! Thus, a therapeutic
strategy targeting the PI3K/Akt/mTOR/HIF-a pathway
could be effective against remote lung injury.

Xenon, an anesthetic gas, has been demonstrated to be
protective against acute injury in the heart?? and the brain.?
In addition, xenon has been shown to be a potent activator
of HIF-1a. under normoxic conditions?* and activates PI3K/
Akt pathway in brain?® and kidney.?® We hypothesized that
xenon could confer protection against remote lung injury
after receiving ischemic renal grafts. The acute lung injury
and xenon-mediated protection were investigated through
using a Lewis-to-Lewis rat renal isograft transplant model.
If this is confirmed, xenon applied in the early postoperative
period would be beneficial for enhancing the patients’ recov-
ery from renal graft IRI.

Materials and Methods

In Vitro Cell Gulture, Hypothermia—Hypoxia Challenge, and
Conditioned Medium

Human renal proximal tubular HK-2 cells and human lung
alveolar epithelial A549 cells (European Cell Culture Col-
lection, United Kingdom) were used for this study and have
been used for study of pathophysiology and pharmacology
in kidney IRI* and acute lung injury.”® HK-2 and A549
cells were cultured in RPMI 1640 medium, and culture
medium was supplemented with 10% fetal bovine serum
(Invitrogen, United Kingdom), 2mM t-glutamine (Invitro-
gen), and 100 U/ml penicillin—streptomycin (Invitrogen). /n
vitro hypothermia—hypoxia model was used for this study?®
in brief, HK-2 cells were then incubated at 4°C for 24h
in Soltran preserving solution (Baxter Healthcare, United
Kingdom) in a closed and purpose-built airtight chamber
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containing 8% O, and 5% CO, balanced with nitrogen.
Cells were then recovered for 24 h at 37°C in RPMI 1640
medium in a normal cell incubator. After hypoxia—reoxygen-
ation, the HK-2 cell medium was collected and was used to
stimulate A549 cells.

Xenon Exposure In Vitro

Lung A549 Cells were treated with conditioned medium
(CM), H,0,, or tumor necrosis factor (TNF)-a. Gas treat-
ment (70% Xe or N, and 5% CO, balanced with oxygen)
was given to A549 cells for 2h at 37°C in the gas chamber

mentioned previously.

Cell Treatments In Vitro

To assess the protective effects of xenon, a cohort of A549
cultures were treated with TNF-a (2ng/ml; Sigma-Altrich,
United Kingdom) or H,O, (100 uM) for 24h (Sigma-
Altrich). Another cohort of cultures were treated with
human HIF-1a small interfering RNA (siRNA) or scram-
bled siRNA (Qiagen, United Kingdom) for 6h before gas
exposure or an inhibitor of PI3K, LY294002 (Cell Signaling,
United Kingdom) at 20 pM or dimethyl sulfoxide (DMSO)
vehicle for 16 h before gas exposure or an inhibitor of mMTOR
rapamycin (Tocris Bioscience, United Kingdom) 100 nM or
DMSO vehicle after gas exposure. [z vitro HIF-1aw siRNA
transfections were carried out using lipofectamine (Invitro-
gen). siRNA targeting human HIF-1a (Qiagen; sense strand;
5’-GAAGAACUAUGAACAUAAATT-3" and antisense
strand: 5-UUUAUGUUCAUAGUUCUUCCT-3") were
administered to A549 cells in a dose of 20 nM. Scrambled
siRNA served as a negative control. Cells were incubated
with siRNA for 6h at 37°C in humidified air containing 5%
CO,, after which they were then incubated with experimen-
tal medium followed by xenon gas treatment.

Animals and Renal Transplantation

Inbred adult male Lewis rats weighing 225 to 250g were
purchased from Harlan, United Kingdom. All animal proce-
dures were carried out in accordance with the United King-
dom Animals (Scientific Procedures) Act of 1986. All the
animal experiments conform to the United Kingdom Ani-
mal Research: Reporting of /n Vivo Experiments (ARRIVE)
guidelines.”” Efforts were made to minimize the used num-
ber and/or suffering of animals throughout. Lewis rat (LEW;,
RT1') to Lewis rat renal transplantation were used, and the
effects of immune rejection were excluded. Rat donor kid-
neys were transplanted orthotopically into recipients using
standard microvascular techniques. The donor’s left kid-
ney was extracted, flushed, and stored in 4°C heparinized
Soltran preserving solution (Baxter Healthcare). After the
specified period of cold ischemia, the recipient’s left kidney
was extracted, and anastomosis of donor and recipient renal
artery, vein, and ureter was performed. The total surgical
ischemia time was restricted to less than 45 min. The contra-
lateral native kidney was excised immediately after surgery.

Zhao et al.
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Renal grafts or lungs with or without fixation were harvested
24h after engraftment under terminated anesthesia.

Gas Exposure In Vivo and Rapamycin Treatment

Rats were exposed to either 70% xenon or 70% N, balanced
with 30% O, for 2 h via an anesthetic chamber. Gas (xenon
or nitrogen) was given immediately after grafting the renal
transplant to the recipient. Gas concentrations of xenon and
oxygen were constantly monitored by a xenon monitor (Air
Products Model No. 439Xe; Bradford, United Kingdom)
and Datex monitor (Datex-Ohmeda, United Kingdom),
respectively. For Rapamycin treatment, rats are treated with
rapamycin (Tocris Bioscience) 0.2 mg/kg through intraperi-
toneal injection as described previously?® or DMSO vehicle.

Hydrodynamic Tail Vein Injection

Hypoxia-inducible factor-la.  siRNA  or scrambled
siRNAs (negative control) (Qiagen) were dissolved in
siRNA suspension buffer and further diluted in RNase-
free phosphate-buffered saline (PBS) before use. siRNA
targeting rat HIF-lo (sense strand: 5-GGAAAC-
GAGUGAAAGGAUATT-3’; antisense strand: 5’-UAUC-
CUUUCACUCGUUUCCAA-3’) was administered
through hydrodynamic tail vein injection. HIF-1la or
scrambled siRNA (200 pg in 10 ml of PBS) was rapidly
injected (within 30 s) via a tail vein under anesthesia and
allow to recover for 24 h before xenon treatment.

Hematoxylin and Eosin Staining

Lung samples were sectioned and then stained with hema-
toxylin and eosin for injurious assessment. Animals were
perfused with 4% paraformaldehyde, and their kidneys
and lungs were further fixed in 4% paraformaldehyde for
24h, embedded in paraffin, sectioned into 5 pum, and
stained with hematoxylin and eosin. Lung cell morphol-
ogy (10 fields in the cortex at x20 magnifications) was
evaluated by an observer blinded to the experimental
protocols. The score for each field was calculated from
the sum score of 10 areas chosen randomly. The injury of
the lung alveolar epithelial cells’® was categorized into:
grade 0: normal appearance and negligible damage; grade
1: mild-moderate interstitial congestion and neutrophil
leukocyte infiltrations; grade 2: perivascular edema for-
mation, partial destruction of pulmonary architecture,
and moderate neutrophil leukocyte infiltration; grade 3:
moderate destruction of the pulmonary architecture and
intensive neutrophil leukocyte infiltration; and grade 4:
highly intensive cell infiltration and severe damage to
pulmonary architecture.

Immunohistochemistry

The expression of key protein markers was assessed by
immunofluorescence. For in wvivo fluorescence stain-
ing, 25-pm frozen lung sections were incubated with
rabbit anti-p-mTOR (1:200; Cell Signaling), mouse
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anti-HIF-1a (1:200; Novus, U.S.A.), rabbit anti-Ki-67
(1:200; Abcam, United Kingdom), rabbit anti-Bcl-2
(1:200; Abcam), goat anti-TLR-4 (Santa Cruz, USA),
rabbit anti-nuclear factor kB (NF-xB) p65 (1:200;
Abcam), mouse anti-CD68 (1:200; Abcam), and rabbit
antineutrophil elastase (1:200; Abcam) at 4°C overnight.
After washing with phosphate-buffered saline with Tri-
ton, the slides were incubated with fluorochrome-conju-
gated secondary antibodies (Millipore, United Kingdom).
For in wvitro fluorescence staining, cells were fixed in
paraformaldehyde in 0.1 M PBS solution. Cells were
then incubated in 10% normal donkey serum in 0.1 M
phosphate-buffered saline with Triton and then incubated
overnight with rabbit anti-p-Ake (1:200; Cell Signal-
ing), rabbit anti-p-mTOR (1:200; Cell Signaling), rabbit
anti-high-mobility group protein-1 (HMGB-1, 1:200;
Abcam), mouse anti-HIF-1o (1:200; Novus), and rabbit
anti-NF-xB p65 (1:200; Abcam), followed by second-
ary antibody for 1 h. HIF-1a/HMGB-1, HIF-10/Bcl-2,
HIF-10/Ki-67, and HMGB-1/TLR-4 were used for dou-
ble-labeling immunofluorescence. After which, the tissues
or cells were counterstained with nuclear dye 4',6-diamid-
ino-2-phenylindole and mounted with VECTASHIELD
Mounting Medium (Vector Lab, USA). The slides were
examined using an Olympus (United Kingdom) BX4
microscope except HMGB-1 in the lung tissue being
examined through confocal microscopy. Immunofluo-
rescence was quantified using Image] (NIH, USA). Ten
representative regions per section (in vivo) or field (in
vitro) were randomly selected by an assessor blinded to
the treatment groups. Data of fluorescence intensity are
normalized against basal value of naive control and are
expressed as a percentage of that in naive control.

Western Blotting

Lung samples were mechanically homogenized in lysis
buffer. The cell lysates were centrifuged and then super-
natant was collected, and total protein concentration in
the supernatant was quantified by the Bradford protein
assay (Bio-Rad, United Kingdom). The protein extracts
(40 pg per sample) were heated, denatured, and loaded
on a NuPAGE 4 to 12% Bis-Tris gel (Invitrogen) for
electrophoresis and then transferred to a polyvinylidene
difluoride membrane. The membrane was treated with
blocking solution (5% dry milk in tris-buffered saline
with 0.1% Tween-20) for 2h and probed with the fol-
lowing primary antibodies; rabbit anticleaved caspase-3,
rabbit anti-NF-xB p65 (1:1,000; Abcam) in tris-buff-
ered saline and Tween-20 overnight at 4°C, followed
by horseradish peroxidase-conjugated secondary anti-
body for 1 h. The loading control was the constitutively
expressed protein o-tubulin (1:10,000; Sigma-Aldrich).
The blots were visualized with enhanced chemilumines-
cence system (Santa Cruz) and analyzed with GeneSnap
(Syngene, United Kingdom). Protein band intensity was
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normalized with a-tubulin and expressed as a ratio of
control for data analysis.

Enzyme-linked Immunosorbent Assay
Rat lung tissue TNF-a and interleukin (IL)-1f were mea-
sured by enzyme-linked immunosorbent assay (ELISA, rat

TNF-o and IL-1f ELISA kits; Invitrogen).

Pulmonary Wet/Dry Ratio

Pulmonary edema was assessed by lung wet-to-dry ratio. The
lungs harvested from the animals were weighed to obtain
wet weight and then dried for 48 h at 80°C to obtain the dry
weight. The wet-to-dry ratio was calculated as an indicator
of pulmonary edema.

Statistical Analysis

All numerical data were expressed as median * interquartile
range. Kruskal-Wallis one-way ANOVA, followed by Dunn
post hoc test, was performed for multiple comparisons of
the histology scores; one-way ANOVA followed by post hoc
Student—Newman—Keuls test was performed for multiple
comparisons of the wet-to-dry ratio or the data obtained
from the ELISA measurements. Two-tailed Mann-Whitney
U test was used for comparisons of immunofluorescence

Cl Ohr + WR

B SSAIEHT W cors

Scoring (arbitrary unit) 0

NC CIOhr Cl4hr Cl16hr Cl24hr
+ WR 24hr

and western blotting data of two groups (GraphPad Prism
5.0 Software, USA). A P value of less than 0.05 was con-
sidered to be statistically significant. Statistical analysis was
carried out on at least four independent experiments for
meaningful comparison.

Results

IRI in Renal Grafts Led to Remote Lung Injury

To examine the relation between IRI in renal grafts and
remote lung injury, Lewis renal grafts were stored for 0 to
24h in cold preserving solution and then transplanted into
Lewis recipients. As shown in figure 1A, renal grafts with
24-h cold ischemia developed significant acute renal injury,
indicated by increased tubular epithelial necrosis, leukocyte
infiltration, and intratubular cast deposition. Renal graft IRI
resulted in remote lung injury, which was characterized by
acute inflammation of the air spaces and parenchyma with
accumulation of inflammatory cells (fig. 1A). The level of
injury correlated strongly with the level of renal graft IRT (fig.
1B). HMGB-1 can elicit a potent inflammatory response
when released into the extracellular space.*> HMGB-1
immunofluorescence in pulmonary epithelium was exam-
ined by confocal fluorescence microscopy, which revealed

24hr  CI 24hr + WR 24hr

Fig. 1. Renal grafts ischemia-reperfusion injury led to remote lung injury. Lewis renal graft was stored in 4°C Soltran preserving
solution for 0-24 h (cold ischemia [CI] 24 h) and then transplanted into Lewis recipient, and the graft was finally harvested 24 h
after transplantation (warm reperfusion [WR] 24 h in renal grafts). (A) Histology (hematoxylin and eosin staining) of renal grafts
and lung, scale bar: 50 pm. (B) Injury scores of lung morphology. (C) Confocal florescence microscopy showed the cytoplasmic
translocation of high-mobility group protein-1 (HMGB-1) (green fluorescence) lung epithelial cells after grafting ischemic grafts
(Cl 24h CI + 24h WR). Nuclei were counterstained with 4',6-diamidino-2-phenylindole, normal lung as naive control (NC). Left:
scale bar: 50 um, right: enlarged boxed area, scale bar: 10 um. Data are expressed as median + interquartile range (n = 5) (*P <
0.01 significantly different from NC rats). rIRI = renal graft ischemia—-reperfusion injury.
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significant HMGB-1 translocation from the nucleus to the
cytoplasm after grafting with ischemic renal grafts (fig. 1C).
This indicated that the acute lung injury might be mediated
by nuclear-cytosolic relocalization of HMGB-1 in the lung
after acute renal graft injury.

Treatment with Xenon Activated PI3K/Akt/mTOR Pathway,
Leading to Enhanced HIF-10. Production in Pulmonary
Epithelial Cells

To determine whether xenon exposure activates PI3K/Akt-
mTOR-HIF-1a in the lung epithelial cells, we measured
HIF-1a protein expression in the human lung cell line
A549 cells after exposure to 70% Xe or N, and 5% CO,
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balanced with oxygen for 2h. Highly intensive phospho-
Akt, phospho-mTOR, and HIF-1a expression was found
24h after xenon exposure (fig. 2, A-D). This indicated
that activation of PI3K/Akt/mTOR pathway and therefore
enhanced HIF-1a production controlled directly through
this pathway. We then exposed Lewis rats to 70% Xe or
N,, balanced with 30% O, for 2h. Compared with the
nitrogen treatment, 24 h after gas exposure, colocalization
of p-mTOR and HIF-1a, HIF-1a and Bcl-2, and HIF-1a
and Ki-67 was evident in lung the epithelium (fig. 2, E-G),
and the expression of p-mTOR, HIF-1a, Bcl-2, and Ki-67
was significantly enhanced by the xenon exposure (fig. 2,
H-K). This indicated that xenon exposure was associated
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Fig. 2. Xenon exposure activated hypoxia-inducible factor-1a (HIF-1a) in lung epithelium both in vitro and in vivo and enhanced
cell survival and proliferation. A549 cells were treated with 70% Xe or N, and 5% CO, balanced with oxygen for 2h and then re-
covered in the normal cell incubator for 24 h. (A) Expression of phospho-Akt (p-Akt), phospho-mTOR, and HIF-1a. (red) is shown
24 h after gas exposure. Florescence intensity of (B) phospho-Akt, (C) phospho-mTOR, and (D) HIF-10. was shown. Lewis rats
were exposed to xenon gas (70% Xe balanced with 30% O,) for 2h and then room air for 24 h. Immunofluorescent dual labeling of
(E) HIF-1a and p-mTOR, (F) HIF-10. and Bcl-2, and (G) HIF-1a and Ki-67 on lung epithelium treated with xenon. Florescence in-
tensity of (H) p-mTOR (/) HIF-1a, (J) Bcl-2, and (K) percentage of Ki-67+ cells. Scale bar: 50 um. Data are expressed as median +
interquartile range (n = 8) (P < 0.05, P < 0.01, and **P < 0.001, 70% Xe-treated rats significantly different from 70% N,-treated
cells or rats). Scale bar: 50 um. mTOR = mammalian target of rapamycin; NC = naive control; Xe = xenon.
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with the activation of mTOR, up-regulation of HIF-1a,
and enhanced cell survival and proliferation under nor-
moxic conditions.

Xenon Attenuated HMGB-1 Translocation and NF-xB
Activation of A549 Cells after Oxidative and

Inflammatory Stress

To test the effects of xenon on HMGB-1 translocation dur-
ing external injury, the CM from HK-2 cells after hypo-
thermia—hypoxia—reoxygenation was collected. A540 cells
were challenged with CM or H,O, or TNF-a cells for 24 h.
The A549 cells were exposed to gas (70% Xe or N, and
5% CO, balanced with oxygen for 2 h) before the challenge.

To further investigate the role of HIF-1a. on xenon-induced
lung protection, A549 cells were transfected with HIF-1a
siRNA (fig. 3). CM challenge induced nuclear fragmenta-
tion and HMGB-1 translocation (fig. 3, A and C), whereas
treatment with xenon restrained HMGB-1 inside the nuclei.
Interestingly, xenon treatment enhanced HIF-la expres-
sion and increased nuclear translocation correlated well with
nuclear localization of HMGB-1, which indicated that HIF-
Lo activation protected the cells and prevented the release
of HMGB-1. This is further supported by the observation
that HIF-1o. siRNA abolished xenon-enhanced HIF-1a
up-regulation and resulted in HMGB-1 translocation to
cytoplasm from nuclei, whereas these changes could not

NC CM+Xe+S CM+Xe+H

A

B NF-kB

CM+N,

CM+Xe

2
* - * 7}
c $ 100 . f . . . Dégsoo . . ‘.
s © . — =5 * —_—
£ 0 $ I ; 3 £ 400 f £ &— N
[ s 0
%g 60 % ;0 . . §2300 . o % e o ‘
° 5 40 . . 8 'S 200 %5 *
kB 55 . o
B‘Eg 20 t ;{ ; 50100- ‘*’ ;- . * t %
2
= 9L S -
& QL 4e W 48 W g0 2 RN o® a2 B |.z|.' L @4 g0 ‘m.‘gaeff’ 2 A% QP 4% 3

4¢ 4 .‘gx .1_0: +°x _‘gx ¢ 4@ +°x *?u .‘9: +°x

TNF-a  H,0; CM TNF-« H;0, CM

Fig. 3. Xenon attenuated high-mobility group protein-1 (HMGB-1) translocation and nuclear factor kB (NF-«B) activation of A549
cells after oxidative and inflammatory stress. HK-2 cells were given 24 h hypothermia—hypoxia challenge (4°C Soltran preserving
solution under 8% O,) and then followed by 24 h reoxygenation (37°C culture medium in normal cell incubator). The conditioned
medium (CM) at the end of reoxygenation was collected. A549 cells were challenged with CM or H,O, or tumor necrosis factor
(TNF)-a. cells for 24 h. Gas exposure (70% Xe or N, and 5% CO, balanced with oxygen for 2h) was given to A549 cells before the
challenge, and inhibitor of phosphatidylinositol 3 kinase (PI3K) LY294002 (Ly) or inhibitor of mammalian target of rapamycin (Ra)
was given to A549 cells after xenon gas treatment. Small interfering RNA (siRNA) (scrambled or hypoxia-inducible factor [HIF]-
1a) was given to A549 6 h before xenon gas treatment. (A) The cytoplasm and nucleus were immunolabeled with anti HMGB-1
(green), HIF-1a (red), and 4',6-diamidino-2-phenylindole (DAPI) nuclear stain (blue). HMGB-1 (green) translocated from nucleus
to cytoplasm in nitrogen-treated groups, whereas xenon treatment restricted the translocation through enhanced HIF-1a ex-
pression in cytoplasm and nuclear translocation. HIF-1a siRNA abolished these effects. (B) Expression of NF-kB and nuclear
translocation. (C) Percentage of cells with HMGB-1 nuclear to cytoplasmic translocation. (D) Fluorescence intensity of NF-xB.
Scale bar: 50 pm. Data of fluorescence intensity are expressed as a percentage of basal value in naive control (NC) rats. Data are
expressed as median = interquartile range (n = 8) (*P < 0.05 significantly different from vehicle or scramble siRNA-treated cells).
Scale bar: 50 um. H or H siRNA = HIF-1a siRNA; S or S siRNA = scrambled siRNA; Ve = vehicle; Xe = xenon.
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be seen in cells treated with scrambled siRNA. We further
checked the activation of NF-xB; HMGB-1 translocation
correlated well with NF-xB nuclear translocation (fig. 3B).
Xenon treatment caused a significant reduction of NF-xB
expression, induced by CM, H,O,, or TNF-a challenge
(fig. 3D). Furthermore, this inhibition of HMGB-1 trans-
location and NF-kB activation was abolished by PI3K
inhibitor LY294002 or mTOR inhibitor rapamycin or HIF-
la siRNA (fig. 3, B-D). These results indicate that xenon
protects the pulmonary epithelial cells against oxidative or
inflammatory stress through activation of HIF-1q, and this
protection is mediated by PI3K/Akt/mTOR pathway.

Xenon Induced Protective Protein Expression in the Lungs
and Prevented HMGB-1/TLR-4/NF-xB Activation after
Renal Transplantation

To further confirm the iz vitro finding previously described,
the effects of xenon on the translocation of HMGB-1 were
also examined in vivo. Twenty-four hours after renal trans-
plantation, immunofluorescence analysis revealed a significant
increase in HIF-1al (xenon us. nitrogen, P < 0.05) and Bcl-2
(xenon us. nitrogen, P < 0.05, n = 4) in the lung after xenon
gas exposure (fig. 4, A-C). A significantly high number of
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Ki-67* cells were found in lung epithelium after xenon treat-
ment (fig. 4D). These results indicate that xenon enhanced cell
survival and proliferation, which could enable quick recovery
from external injury or rapid replacement of damaged cells.
Parallel to these changes, HMGB-1 expression and transloca-
tion were also investigated (fig. 5). Xenon treatment decreased
the expression of HMGB-1 in lung epithelium (fig. 5, A and
D; P < 0.05, xenon vs. nitrogen, n = 4). The translocation
of HMGB-1 into the cytoplasm was effectively prevented,
as demonstrated by confocal immunofluorescent microscopy
(fig. 5C). Expression of TLR-4 was reduced (fig. 5, A and E;
P < 0.05, xenon vs. nitrogen, n = 4), and NF-xB expression
and nuclear translocation were decreased in the lung tis-
sue (fig. 5, A and F; P < 0.05, xenon vs. nitrogen, n = 4).
This effect could be explained by less HMGB-1 ligand
binding to TLR-4, which is supported by the finding of
less HMGB/TLR-4 colocalization on lung tissue (fig.
5B). Consistent with these observations, macrophage and
neutrophil infiltration was markedly reduced with xenon
treatment (fig. 6, A and B). Levels of proinflammatory
cytokines in lung tissue, including IL-1f and TNF-a,
were reduced by xenon treatment but not affected by
nitrogen treatment (fig. 6, C and D).
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Fig. 4. Effects of xenon exposure on hypoxia-inducible factor (HIF)-1a, Bcl-2, and Ki-67 expression in lung epithelium after renal
transplantation. The Lewis renal graft was stored in 4°C Soltran preserving solution for 24 h (cold ischemia [CI] 24 h) and then trans-
planted into Lewis recipient, and the lung was harvested 24 h after transplantation (warm reperfusion [WR] 24 h, in renal grafts). The

xenon gas (70% Xe balanced with 30%

O,) was given to recipientimmediately after organ engraftment. Animals receiving nitrogen

gas (70% N, balanced with 30% O,) served as treatment control. (A) Expression of HIF-1a (red) and Bcl-2 (red) in lung epithelium.
Mean fluorescence intensity of HIF-1a (B) and Bcl-2 (C) in lung epithelium (% of naive control [NC]). (D) Ki-67+ cells (green) in lung
epithelium and percentage of Ki-67* cells in lung epithelium. Cell nuclei were counterstained with 4',6-diamidino-2-phenylindole
(DAPI) nuclear stain (blue). Data of fluorescence intensity are expressed as a percentage of basal value in NC rats. Data are
expressed as median + interquartile range (n = 4) (*P < 0.05 and **P < 0.01, 70% Xe-treated rats significantly different from 70%
N,-treated rats). Scale bar: 50 um. rIRI = renal graft ischemia—reperfusion; Xe = xenon.
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Fig. 5. Effects of xenon treatment on high-mobility group protein-1 (HMGB-1), Toll-like receptor (TLR)-4, and nuclear factor
kB (NF-kB) expression in lung epithelium after renal transplantation. The Lewis renal graft was stored in 4°C Soltran preserv-
ing solution for 24 h (cold ischemia [CI] 24 h) and then transplanted into Lewis recipient, and the lung was harvested 24 h after
transplantation (warm reperfusion [WR] 24 h, in renal grafts). The xenon gas (70% Xe balanced with 30% O,) was given to recipi-
ent immediately after organ engraftment. Animals receiving nitrogen gas (70% N, balanced with 30% O,) served as treatment
control. (A) Expression of HMGB-1 (green), TLR-4 (red), and NF-kB (red) in lung tissue. (B) Immunofluorescent dual labeling of
HMGB-1 and TLR-4 on lung tissue. Scale bar: 50 um. (C) Analysis of HMGB-1 (green) by confocal fluorescence microscopy,
and cell nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI) nuclear stain (blue). HMGB-1 translocated from
nucleus to cytoplasm in nitrogen-treated groups, whereas xenon treatment restricted the translocation. Scale bar: 10 um. Mean
fluorescence intensity of (D) HMGB-1, (E) TLR-4, and (F) NF-xB in lung tissue (% of naive control [NC]). Data of fluorescence
intensity are expressed as a percentage of basal value in NC rats. Data are expressed as median + interquartile range (n = 4) (*P
< 0.05, 70% Xe-treated rats significantly different from 70% N,-treated rats). rIRI = renal graft ischemia-reperfusion; Xe = xenon.

Xenon Protected the Lung against Remote Injury after
Renal Transplantation

A reduced inflammatory response viz suppression of the
HMGB-1/TLR-4/NF-kB pathway by xenon could reduce
the pulmonary cell injury. When lung morphology was
evaluated, it was found that xenon treatment significantly
preserved it. In contrast, nitrogen-treated lung exhibited
diffuse alveolar damage, characterized by disruption of the
alveolar-capillary interface, deposition of protein and fluid
in interstitial and alveolar spaces, and mononuclear cell
infilcration (fig. 7A). The average injury score was signifi-
cantly lower in the xenon-treated lung (score: 26 +1.8 vs.
10.7 £ 2.6, nitrogen vs. xenon, n = 6) (fig. 7B). Western blot
analysis showed significant reduction of caspase-3 (xenon
vs. nitrogen, P < 0.05) and NF-xB expression (xenon us.
nitrogen, P < 0.05, n = 4) (fig. 7, C and 7D). Therefore,
pulmonary edema was considerably reduced, indicated by a
higher wet/dry ratio in xenon-treated lung compared with
nitrogen-treated group (fig. 7E).

Anesthesiology 2015; 122:1312-26 1319

Blocking mTOR-HIF-10. Abolished Xenon-mediated
Pulmonary Protection
To explore the central role of mTOR-HIF-1o. pathway in
xenon-mediated pulmonary protection, rapamycin, the mTOR
blocker, was coadministered with xenon to the rats. The up-
regulation of protective proteins p-mTOR, HIF-10,, and Bcl-2
was abolished in the lung, and alveolar epithelial proliferation
was reduced by xenon—rapamycin treatment (fig. 8, A-G).
When given HIF-1o siRNA to the animals before xenon
treatment, the up-regulation of mMTOR was maintained, but the
increased expression of HIF-1ol was abolished after gas expo-
sure. Both Bcl-2 expression and number of Ki-67* cells were
reduced by HIF-1aw siRNA, but not completely abolished, as
observed in rapamycin treatment (fig. 8, H-N). This indicated
that HIF-1a is a downstream effector of mTOR and partially
controls the survival and proliferation enhanced by xenon. In
addition, mTOR might directly mediate the cell survival and
proliferation. To confirm the central role of mMTOR, rapamycin
was given to the Lewis recipient receiving renal grafts with 24-h
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Fig. 6. Effects of xenon treatment on inflammatory response in lung epithelium after renal transplantation. The Lewis renal
graft was stored in 4°C Soltran preserving solution for 24 h (cold ischemia [CI] 24 h) and then transplanted into Lewis recipient,
and the lung was harvested 24h after transplantation (warm reperfusion [WR] 24h, in renal grafts). The xenon gas (70% Xe
balanced with 30% O,) was given to recipient immediately after organ engraftment. Animals receiving nitrogen gas (70% N, balanced
with 30% O,) served as treatment control. (A) CD68* (red) cells and neutrophil elastase (red) expression in lung epithelium
and (B) statistical analysis of number of CD68* cells and fluorescence intensity of neutrophil elastase, (C) interleukin (IL)-1f, and
(D) tumor necrosis factor (TNF)-a concentration was assessed by enzyme-linked immunosorbent assay. Data of fluorescence
intensity are expressed as a percentage of basal value in naive control (NC) rats. Data are expressed as median + interquartile
range (n = 4) ("P < 0.05 and **P < 0.001: 70% Xe-treated rats significantly different from 70% N_-treated rats). Scale bar: 50 um.

rIRI = renal graft ischemia-reperfusion; Xe = xenon.

cold ischemia, cytoplasmic releases of HMGB-1 occurred with
xenon—rapamycin treatment (fig. 9A), the lung morphology
deteriorated markedly (fig. 9, B and C), and pulmonary edema
was markedly increased (fig. 9D).

Discussion

Our findings are the first report on the protective effects of
xenon against remote lung injury in the rodent transplant
model. Xenon given to recipients after receiving ischemic
renal grafts significantly decreased pulmonary damage and
inflammation. Herein, we demonstrated that the molecular
mechanisms involved in pulmonary protection are likely due
to the mTOR-HIF-1a pathway activation and the HMGB-1/
TLR-4/NF-kB signaling pathway inhibition, leading to pro-
tection from pulmonary cell injury induced by distant renal
graft IRI and/or associated systemic inflammation.
Accumulating clinical evidence has demonstrated that
the lungs are particularly vulnerable to injury induced by
acute renal injury, and morbidity attributable to the deleteri-
ous kidney—lung interactions is increased profoundly during
severe renal insults.” Acute kidney injury has been associ-
ated with increased reliance on mechanical ventilation,* and
studies have shown that combined lung and kidney injury
resulted in significantly higher mortality rate than those

patients with acute lung injury only.>*3

Anesthesiology 2015; 122:1312-26

The precise molecular mechanisms underlying remote
lung injury remain incompletely understood. It has been
suggested that remote lung injury occurs as a consequence of
pulmonary edema associated with impaired renal fluid excre-
tion, accumulation of toxic waste due to reduced renal clear-
ance, impaired metabolism due to imbalance of mediators
secreted from the kidney, and enhanced inflammation due
to cytokine release from the ischemic kidney.*> Inflamma-
tory cytokines can initiate and promote acute lung injury, as
previously demonstrated in several animal studies.>>*¢ It was
also reported that systemic oxidative stress increased vascular
permeability and enhanced leukocyte infiltration in the lung
together with increased membrane lipid peroxidation and
pulmonary cell lysis.*”*® Consequently, extensive pulmonary
epithelial damage and destruction occur due to enhanced
inflammatory and oxidative stress, originating in distant
kidney injury. Moreover, recent studies have showed that
renal injury induced transcriptional activation of apoptosis-
related genes in the lung,*” and renal IRI also led to increased
pulmonary vascular permeability, together with interstitial
edema and alveolar hemorrhage.® In line with these studies
of kidney—lung crosstalk, our study showed that pulmonary
damage correlated strongly with severity of renal graft IRL
The alveolar epithelium consists of alveolar epithelial type I
cells and alveolar epithelial type II cells and plays a critical
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Fig. 7. Xenon treatment attenuated morphological change, cell injury, and tissue edema in lung after renal transplantation. The
Lewis renal graft was stored in 4°C Soltran preserving solution for 24 h (cold ischemia [CI] 24 h) and then transplanted into Lewis
recipient, and the lung was harvested 24 h after transplantation (warm reperfusion [WR] 24 h, in renal grafts). The xenon gas (70%
Xe balanced with 30% O,) was given to recipient immediately after organ engraftment. Animals receiving nitrogen gas (70% N,
balanced with 30% O,) served as treatment control. (A) Hematoxylin and eosin staining of lung and (B) statistical analysis of
injury score. (C) Cleaved caspase-3 expression in lung through Western blot and (D) nuclear factor kB (NF-kB) p65 expression
in lung through Western blot. (E) Wet/dry ratio of lung samples. Data of fluorescence intensity are expressed as a percentage of
basal value in naive control (NC) rats. Data are expressed as median =+ interquartile range (n = 6 for wet/dry ratio; n = 6 for histol-
ogy; n = 4 for others) ("P < 0.05 and **P < 0.001: 70% Xe-treated rats significantly different from 70% N,-treated rats). Scale
bar: 50 um. IRI = renal graft ischemia—reperfusion injury (rIRI); Xe = xenon.

role in the pathogenesis of acute lung injury.!"¥! Damage of
alveolar epithelial cells causes the deficiency of gas exchange
and disruption of fluid clearance.? However, other cell
types, especially resident alveolar macrophages and other
immune cells, are also critical for the acute lung injury,!
and their role was not sufficiently explored in this study and
warrants further investigation.

Our study demonstrated that xenon exposure induced
protective pathway PI3K-Ake-mTOR and up-regulation of
HIE-1a. The expression of p-Akt was significantly enhanced
in cultured lung epithelial cells, and the downstream mTOR
expression was markedly increased in pulmonary alveoli
after exposure to xenon. In addition, lung cell survival and
proliferation were significantly enhanced. Previous studies
showed that blocking of mTOR signaling has been associ-
ated with enhanced cigarette smoke—induced pulmonary
injury and emphysema.” HIF-1 is the downstream effec-
tor of mTOR' and can transcriptionally activate a range
of genes that are involved in processes such as angiogenesis,
erythropoiesis, energy metabolism, cell proliferation, and
survival in response to external stress.!® This translocation of
HMGB-1 in cytoplasm was restored in the lung cells after

Anesthesiology 2015; 122:1312-26 1321

either blocking HIF-10. or mTOR or PI3K. In addition, our
finding indicated that xenon likely promoted rapid repair and
replacement of dead cells in the alveolar after acute insults
through enhancing cell proliferation. HMGB-1 ligand bind-
ing to TLR-4 activated the NF-kB signaling pathway, which
is pivotal in regulating inflammatory immune responses and
cell death.*-4¢ Recent studies have demonstrated a critical
role for TLR-4 in the pathophysiology of acute lung injury
in response to hepatic IRL.%” In this study, we demonstrated
that xenon treatment ameliorated lung damage and inflam-
mation by suppressing HMGB-1 release and TLR-4 acti-
vation. Consequently, xenon attenuated NF-kB activation
in A549 lung epithelial cells after challenged with TNF-q,
H,0, and injured HK-2 cells CM, indicating cytoprotection
against inflammatory and oxidative stress of xenon, and this
was also the case that both caspase-3 and NF-xB expression
were markedly reduced after xenon treatment iz vivo. Taken
together, our data clearly showed that activation of PI3K/Akt/
mTOR-HIF-1a pathway by xenon exposure prevented cyto-
plasmic translocation of HMGBI in the lung cells induced
by oxidative and inflammatory stress, and xenon ultimately
attenuated lung injury after kidney transplantation (fig. 10).
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Fig. 8. Blocking of mammalian target of rapamycin (mTOR)-hypoxia-inducible factor (HIF)-1a pathway abolished enhanced pro-
tective protein expression mediated by xenon. Lewis rats were treated with rapamycin (Ra)/vehicle (Ve) or HIF-1 o siRNA (H siRNA)
or scramble siRNA (s siRNA) and then exposed to xenon gas (70% Xe balanced with 30% O,) for 2h and then room air for 24 h.
Immunofluorescent dual labeling of (A) HIF-1a and p-mTOR, (B) HIF-1a and Bcl-2, and (C) HIF-1a and Ki-67 on lung epithelium
after rapamycin—-xenon treatment (n = 4). Mean florescence intensity of (D) p-mTOR, (E) HIF-1a, (F) Bcl-2, and percentage of (G)
Ki-67+ cells. Immunofluorescent dual labeling of (H) HIF-1a and p-mTOR, (/) HIF-1a and Bcl-2, and (J) HIF-1a and Ki-67 on lung
epithelium after siRNA-xenon treatment. Mean florescence intensity of (K) p-mTOR, (L) HIF-1a, (M) Bcl-2, and percentage of data
of fluorescence intensity are expressed as a percentage of basal value in naive control (NC) rats. (N) Percentage of Ki-67* cells
(n = 4). Data are expressed as median + interquartile range (P < 0.05 and **P < 0.01: rapamycin/siRNA-treated rats significantly
different from vehicle/scramble siRNA-treated rats). Scale bar: 50 um. H siNRA = HIF-1a siRNA; HSI = HIF-1a siRNA; s siRNA
= scrambled siRNA; siRNA = small interfering RNA; SSI = scrambled siRNA; Xe = xenon.

Recent studies have shown that protein kinase C (PKC)-8
is required for the regulation of the PI3K/Akt/mTOR sig-
naling cascade and affects HIF-1o. activity, and PKC-
inhibition is associated with a low expression of NF-kB in
airway cells.”® PKC has been demonstrated to be involved
in organoprotection mediated by volatile anesthetics®
although it is uncertain which isoforms play the key role.>
Previous studies have shown that xenon mediated cardiopro-
tection through activation of PKC-€,°1>2 whereas evidence
exploring the effects of xenon on PKC-0 is very limited.
It is known that activation of PKC-0 and PKC-¢ has been
shown to have opposing effects on the progression of IRI.>?
Opverexpression of PKC-¢ confers cellular protection against
ischemia—reperfusion—associated damage, whereas enhanced
expression of PKC-9 is detrimental to the tissue, which was
reversed by PKC-8 inhibition.”*>> Furthermore, activation
of PKCe facilitated proteasome-mediated degradation of

Anesthesiology 2015; 122:1312-26

PKCd.°¢ PKC9 is known to potentiate NF-KB on airway
epithelial cells.® All these evidence could explain how xenon
gas treatment reduced NF-xB activation in lung epithelium.
We could hypothesize that xenon could potentially alter the
balance between PKC-¢ and PKC-9, leading to reduced
NF-kB activation in the lung during acute injury. It cer-
tainly warrants further investigation for the effects of xenon
gas on the PKCS activity in the lung under normoxic, oxida-
tive, and inflammatory conditions in future studies.

In general, when cells become more resistant to the
insults or when repair mechanisms are initiated promptly
after xenon treatment, the cell nuclei could be stabilized,
and HMGB-1 translocation into cytoplasm and then sub-
sequent release into extracellular space could be inhibited.
However, it could be possible that xenon may inhibit the
HMGB-1/TLR-4/NF-kB  pathway through targeting
directly to the HMGB-1 or the TLR-4, which warrants

1322 Zhao et al.
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Fig. 9. Rapamycin treatment abolished xenon-mediated pulmonary protection. The Lewis renal graft was stored in 4°C Soltran
preserving solution for 24 h (cold ischemia [CI] 24 h) and then transplanted into Lewis recipient, and the lung was harvested 24 h
after transplantation (warm reperfusion [WR] 24 h, in renal grafts). The xenon gas (70% Xe balanced with 30% O,) was given to
recipient immediately after organ engraftment together with rapamycin (Ra) or vehicle (Ve). (A) Analysis of high-mobility group
protein-1 (green) by confocal fluorescence microscopy, and cell nuclei were counterstained with 4',6-diamidino-2-phenylindole
nuclear stain (blue). High-mobility group protein-1 (green) translocated from nucleus to cytoplasm in rapamycin-treated groups.
Scale bar: 10 um. (B) Hematoxylin and eosin staining of lung. (C) Statistical analysis of injury score. (D) Wet/dry ratio of lung
samples. Data of fluorescence intensity are expressed as a percentage of basal value in naive control (NC) rats. Data are ex-
pressed as median = interquartile range (n = 4) (*P < 0.05 and ***P < 0.001: rapamycin-treated rats significantly different from
vehicle-treated rats). Scale bar: 50 pm. rIRI = renal graft ischemia-reperfusion; Xe = xenon.
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Fig. 10. Putative molecular mechanism for xenon-mediated protection against remote lung injury. Proposed molecular mecha-
nisms for xenon-mediated protection against remote lung injury due to renal graft ischemia-reperfusion injury (IRI). Xenon activated
phosphatidylinositol 3 kinase (PI3K)-Akt-mammalian target of rapamycin (mTOR)-hypoxia-inducible factor (HIF)-1a, leading to
enhanced cell survival and proliferation in lung, which prevented high-mobility group protein-1 (HMGB-1) translocation from nuclei
to cytoplasm due to damage by oxidative and inflammatory stress, caused by distant renal graft IRI. The pulmonary inflammation
and injury were attenuated by xenon treatment. NF-kB = nuclear factor xB; TLR-4 = Toll-like receptor-4; Xe = xenon.

further studies. Our study is the first one to report such investigated 24 h after transplant surgery, and the long-term
effect, and no other anesthetic gas mixture is known to effects remained to be elucidated. Second, we have demon-
induce such effect to our knowledge. strated that xenon conferred protection against IRI in rat

Odur study is not without limitations. First, the pulmonary renal graft.’” It is difficult to conclude whether the observed
protection mediated by xenon on acute lung injury was only attenuation of pulmonary injury was due to direct effects of

Anesthesiology 2015; 122:1312-26 1323 Zhao et al.
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xenon on the lung or the indirect effects of xenon on the kid-
ney or both. The effects of xenon on the lung are supported
by the following evidence: (1) NF-xB activation in lung
epithelial cells after oxidative and inflammatory challenge
was attenuated by xenon treatment. (2) Protective proteins
such as HIF-1a and Bcl-2 were enhanced in animals with-
out receiving ischemic renal grafts. Based on this, our results
suggest that both renal and pulmonary protection could be
possible, and the protection is likely to be synergistically
enhanced through effects on both organs. Finally, we have
demonstrated the protective effects of xenon on syngeneic
transplant model, most clinical cases of human transplanta-
tion are allogeneic, and xenon-mediated protection against
remote lung injury in such settings remains unknown, and
this warrants further studies in future.

Our study has significant clinical implications. Clinical
management of remote lung injury frequently encounters
frustration due to lack of efficient therapies. Clinical stud-
ies have shown that artificially restoring the renal function
could not prevent the vigorous extrarenal complications,
and limited improvement in the acute lung injury was
made despite advances in dialysis technology.’® Remote
lung injury may cause or aggravate respiratory problems
in traumatized or vulnerable patients during postoperative
recovery after transplantation surgery. The morbidity and
mortality rates are significantly increased in patients with
previous pulmonary insufficiency, older age, and comorbid
conditions, such as active malignancy, septic, or aspiration-
related etiology.”

Xenon has been used as an anesthetic in the surgical the-
ater for several decades. It has a remarkable safety record.®
Gas delivery of xenon to patients could be carried out
through commercially available anesthetic machines, and
the cost could be reduced through circulatory and scav-
enging systems.®! This strategy represents a novel approach
to protect vital organs in the clinical setting, which could
improve the prognosis of transplant patients.
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