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Abbreviations: IRI (ischemia-reperfusion injuryfP (pirfenidone), WI (warm

ischemia), W/D ratio (wet to dry weight ratio), PGrimary graft dysfunction), IPF

(idiopathic pulmonary fibrosis), FgXfraction of inspiratory oxygen), SSDNA (single

strand DNA), HPFs (high power fields), PCR (polyass chain reaction), TNdé:-

(tumor necrosis factor-alpha), mRNA (messenger RNIALP (interleukin-1 beta),

MPO (myeloperoxidase), NkB (nuclear factor-kappa B), cDNA (complementary

DNA), RQ (relative quantity), GAPDH (glyceraldehy8ehosphate dehydrogenase),

UPLC-MS (ultra performance liquid chromatographyssiapectrometry)

Central picture

Pirfenidone alleviates lung ischemia-reperfusigaryin a rat model.

Central message

Pirfenidone attenuated deterioration of pulmonancfion by suppressing

inflammation in lung ischemia-reperfusion injury.

Per spective message



36 Administration of pirfenidone before ischemia-repsion injury alleviated lung edema

37 and inflammation in the acute phase. Pirfenidong beauseful as a new option for

38  treatment of lung IRI.
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Abstract

Objective: Lung ischemia-reperfusion injury (IR$)ane of the complications after lung

transplantation resulting in morbidity and mortal®irfenidone (PFD), an anti-fibrotic

agent for the treatment of idiopathic pulmonaryrdi#s, is reported to have

cytoprotective properties in various disease modehe purpose of this study was to

investigate the effect of PFD on lung IRI.

Methods: Male Lewis rats (260-290g) were dividethiB groups: sham group (n=5),

warm ischemia (WI) group (n=10), and WI plus PFDI{®RFD) group (n=10). The

sham group underwent 210 minutes of perfusion withechemia. The WI and

WI+PFD groups underwent 90 minutes of warm ischemma 120 minutes of

reperfusion. In the WI+PFD group, PFD (300mg/kgswadministered orally by gavage

30 minutes prior to ischemia. After reperfusionteaal blood gas analysis, lung

mechanics, lung wet-to-dry weight (W/D) ratio, dmstological findings were obtained.

The gene expression of pro-inflammatory cytokineduing tissue was measured by

quantitative reverse transcription polymerase chedation.

Results: Compared to the WI group, the WI+PFD grdwga significantly better

dynamic pulmonary compliance (p<0.01) and oxygematevels (p<0.05). W/D ratio

was lower in the WI+PFD group (p<0.05). Histologi@nalysis showed that the
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WI+PFD group had reduced perivascular edema andrapdul infiltration. The

expression of TNFee MRNA was decreased in the WI+PFD group (p<0.05).

Conclusion: Our results revealed that in a ratrldlamp model, PFD alleviated lung

ischemia-reperfusion through anti-inflammatory eff$e

(231/250 words)
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Introduction

Lung ischemia-reperfusion injury (IRI) is characted by nonspecific alveolar damage,
lung edema, and hypoxemia that can occur in sewéiratal situations, such as lung
transplantatior;> pulmonary embolis, cardiopulmonary bypass cardiac surgery,
single lung ventilatioff, and high volume resuscitatién.Particularly in lung
transplantation, IRI is the main cause of primargfigdysfunction (PGD), which is a
major cause of mortality and morbidity in the poperative period.Furthermore, lung
IRI is associated with an increased risk of chromig allograft dysfunctiol.Therefore,
it is important to alleviate lung IRl to improve ethsurvival rate after lung
transplantation.

Pirfenidone (PFD) is an anti-fibrotic agent useditbopathic pulmonary fibrosis (IPF)
and IPF is one of the diseases for which lung ptamsation is performetf. Thus, PFD
is often taken orally in pre-transplant patientsthwisevere IPF. The potential
anti-inflammatory role of PFD has been well docutednin various studie: 2 In
addition, it has been already reported that PFBnatited IRI in other organs (small
intestiné® and liver”). However, the effect of PFD on lung IRI is unkmowThe

purpose of this study was to investigate the etd¢&FD on lung IRI in a rat model.
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Materials and Methods

Animals

All experimental protocols received approval frdme Ethics Committee of the

Graduate School of Medicine at Kyoto University.

We used male Lewis rats, 11 weeks-old, weighing2®80y (Japan SLC, Hamamatsu,

Japan).

Chemicals

PFD for administration to the animal was providgd3hionogi & Co., Ltd. (Osaka,

Japan).

PFD for concentration measurement was purchased Tokyo Chemical Industry Co.

Ltd. (Tokyo, Japan) and carbamazepine was purchas@dSigma-Aldrich Co. (St.

Louis, MO, USA). All other chemicals were of thegjhest purity available.

This study consisted of 2 experiments (Experimeand Experiment 2). Experiment 1

was to investigate the function and inflammatorgrale in the lung after

ischemia-reperfusion injury. Experiment 2 was teestigate concentrations of PFD in

blood and lung tissue.



100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

Experiment 1

Rat left hilar clamp model

Rats were randomly assigned to 3 groups: sham dretf), warm ischemia (W1)

group (n=10), and WI plus PFD (WI+PFED) group (n=1D (300 mg/kg) dissolved

with 1ml of 0.5% carboxymethyl cellulose was adrsiered orally by gavage in the

WI+PFED group, and 1 ml of 0.5% carboxymethyl celkd was administered in both

the sham group and the WI group.

All rats were anesthetized with an intraperitonegdction of sodium pentobarbital (120

mg/kg). Tracheotomy and mechanical ventilation werdormed with a tidal volume of

10 ml/kg, a respiratory rate of 70 breaths/minpsifove end-expiratory pressure of 2

cmH;O and a fraction of inspiratory oxygen (R)@f 1.0. Heparin (50 1U) was injected

through the jugular vein, then a left thoracotorhtha fifth intercostal space was

performed.

The sham group underwent 210 min of perfusion with&chemia. In the WI groups,

the left pulmonary hilum was occluded with a vaacalamp to induce warm ischemia

30 minutes after PFD or vehicle administration. iBgiclamping of the left hilum, the

tidal volume was adjusted to 6 ml/kg. After 90 nigsiof ischemia, the clamp was
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removed to begin reperfusion for 120 minutes aeditkal volume recovered to 10

ml/kg.

Lung mechanics measurements

After 120 minutes of reperfusion, a median stermgtevas performed. The right

pulmonary hilum was occluded with a vascular claarmg the left lung was ventilated

with a tidal volume of 5 ml/kg for five minutes. &h, an arterial blood sample was

obtained through the ascending aorta. After thatyat was connected to a flexiVent

(SCIREQ, Montreal, Quebec, Canada) to measuresthpulmonary function. We

measured the compliance, mean airway pressurgeaidairway pressure by

alternating perturbations of the single forced lkeiton families in a closely spaced

manner (SnhapShot).

Lung wet-to-dry weight ratio

After measurement of pulmonary function, the lefig was harvested to obtain tissue

samples, and divided into three parts.
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The upper part was used to calculate the lung o+t weight (W/D) ratio. The wet
weight was measured soon after harvesting, andriheeight was measured after 24

hours at 100 °C. The ratio was calculated as wejtwelivided by dry weight.

Pathological evaluation

The middle part of the left lung was fixed in 10&trhalin and stained with
hematoxylin-eosin. Naphtol AS-D chloroacetate esterstaining was used to count
neutrophil infiltration into the perivascular ares, previously reported.For
immunohistochemical staining to detect the apopteils, the Avidin-Biotin complex
method was used. After deparaffinization and blegkvith normal bovine serum, the
section was incubated with a primary antibody ¢amtgle strand DNA (SSDNA)
antibody) and then with a biotin labeled secondanybody in a standard manner. The
number of red blood cell was expressed by the geemamber in 5 randomly chosen
hi-power fields (HPFs) per section at a magnifmatf 400.The number of neutrophils
was expressed by the average number in 5 randdrobea HPFs per section at a
magnification of 400x. The number of sSDNA positoedls, as apoptotic cells, was
expressed by the average number in 5 randomly oHfedds at a magnification of

200x. Three separate investigators evaluated Imddal manner. The degrees of

10
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bleeding and pulmonary edema were divided intoadlgs ranging from - to +++, and

the three values were averaged.

Quantitative real-time polymerase chain reacticORP

The lower part of the left lung was obtained foanqtitative real time PCR to evaluate
gene expression of tumor necrosis factor alpha emges RNA (TNFee mRNA),
interleukin-1beta mRNA (IL-B  mRNA), myeloperoxidase mRNA (MPO mRNA),
and nuclear factor kappa B subunit 1 mRNA (R&mRNA). The tissue was stabilized
using RNAater® (QIAGEN, Hilden, Germany) and RNA was extractethg an
RNeasy Plus Mini Kitl (QIAGEN, Hilden, Germany), according to the mawtiizger’s
protocol. The total RNA concentration was deterrdibg spectrophotometer and the
quality was evaluated with a 260/280 nm ratio (A.@). Then, the total RNA was
reverse transcribed to complementary DNA (cDNAphgdready-To-Go You-Prime
First-Strand Beads (GE Healthcare, Pittsburgh, PA). Each cDNA wastdil to 10
ug/ul, and 2ul of cDNA was mixed with the Thunderbirdprobe gPCR Mix (Toyobo,
Osaka, Japan) and TagMan Gene Expression Assag peblfThermo Fisher Scientific,
Waltham, MA). The PCR was performed on the Step@sf¥ Real-time PCR system

(Thermo Fisher Scientific, Waltham, MA). The relatiquantity (RQ) was calculated

11
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using the comparativ®ACT method. Glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) was used as a reference gene and the saoftlee sham group were used as

controls. Analysis of each sample was run in twgtle. The probes used for PCR were

as follows: GAPDH (NM_017008), TNE-mRNA ( NM_012675), IL-13 mRNA

(NM_031512), MPO mRNA (NM_001107036), NéB mRNA (NM_1276711).

Experiment 2

Concentration of PFD in rat hilar clamp model

PFD administration (300 mg/kg), 90 minutes clammhghe left hilum, and 120

minutes of reperfusion were performed as descrilbesperiment 1 (n=10).

To confirm the concentration of PFD in the mode¢ tltra-performance liquid

chromatography mass spectrometry (UPLC-MS) methasiwged. In this experiment, a

blood sample was collected through the inferioraveava, and the lungs were harvested

at 30 minutes after PFD administration and 120 tesafter reperfusion (n=5, in each

condition).

Lung weight was measured with an analytical baldBtemadzu Corp., Kyoto, Japan)

before concentration measurement. Next, the lurege wdded saline to make total 10

12
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times volumes and homogenized with a Polytron FODI3 (KINEMATICA AG,

Luzern, Switzerland).

Fifty microliters of collected plasma and the Iumgmogenized samples followed by the

addition of 10QuL of methanol with the internal standard (IS) wakisolution

(carbamazepine 500 ng/mL) were used for measuredieat vortex-mixing for 1 min,

the sample was centrifuged at 13,000 rpm for 8 mihse supernatant was injected into

an ACQUITY UPLC system (Waters Corp., Milford, MASA) for analysis. The

standards were prepared in the same way.

The calibration curves were constructed in the eatration range of 5-2,000 ng/mL

and samples exceeding 2,000 ng/mL were measuré&d\agh the appropriate dilution.

Chromatographic separation was achieved on an ACQUIPLC system with an

Acquity BEH C18 column, 2.1 mm x 50 mm, Juih particle size column (Waters

Corp., Milford, MA, USA) maintained at 30°C. A griadt program was employed with

the mobile phase combining solvent A (0.1% fornaiclan water) and solvent B

(methanol) as follows: 30-90% B (0-1.9 min), 90-38%i.9-2.0 min). A 1-minute

period of re-equilibration was allowed before tlextinjection. The flow rate was 0.4

mL/min. PFD and the IS were detected with an ACQUQDa Detector (Waters Corp.,

Milford, MA, USA) using positive ion electrospragnization. The detected m/z was

13
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186.2 for PFD and 237.1 for carbamazepine (IS)alatlyses were performed with

EmpowerTM3 software (Waters Corp., Milford, MA, URA

Statistical analysis

All values are presented as the mean + the starmteod Analyses were performed

using JMP pro 12.2.0 software (SAS Institute, CBI@). One-way analysis of variance

(ANOVA) was used to compare the means of the tgreaps and a two-tailed

Dunnett’s t-test was then performed to determifferdnce. We also performed

sensitivity analysis using Kruskal-Wallis test take sure the results of ANOVA. The

correlations between plasma concentration andtissge concentration of PFD were

calculated with the Pearson product moment coroglatnalysis. A p-value < 0.05 was

considered statistically significant.

14
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Results

Pulmonary function of the left lung

The results of the lung function analyses are shiowg. 1.

Dynamic pulmonary compliance was significantly leghn the WI+PFD group than

that in the WI group (p<0.01, Fig. 1A). Airway psese was lower in the WI+PFD

group (p<0.05, Fig. 1B-C). The WI+PFD group haddredxygenation levels (p<0.05,

Fig 1D).

Histological findings

The left lungs harvested from the sham group shomletbst normal histology. In

contrast, those from the WI group showed severevgmular edema, alveolar wall

swelling and hemorrhage into the alveolar areasé&timdings were ameliorated in the

WI+PFD group, and the W/D ratio was significantlyver in the WI+PFD group

compared to the WI group (p<0.05, Fig. 2A-D). Weaswged the perivascular cuff area

in histologic sections of lungs isolated from fsfeam (15 vessels), 10 WI (30 vessels),

and 10 WI+PFD (30vessels) animals. We calculated itldex of perivascular cuff

area/vessel area to eliminate variations due tselesize. The index was significant

lower in the WI+PFD group compared to the WI gr¢pg0.01, Fig 2E).

15
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The number of red blood cells in alveolar space @asessed by the average number

in 5 randomly chosen high-power fields (HPFs) peatisn at a magnification of 400

using dynamic cell count (B4F analyzer, Keyenc@add. The number was significant

lower in the WI+PFD group compared to the WI gr¢pg0.05, Fig 2F).

The number of neutrophil infiltrations into the pascular area was markedly increased

in the WI group as compared to the sham group. mdphil infiltration was

significantly lower in the WI+PFD group comparedie WI group (p<0.05, Fig. 3).

Immunostaining for ssSDNA showed the number of aptptcells was lower in the

WI+PFD group compared to the WI group (p<0.05, Big.

Gene expression of TN&-IL-1p, and NFxB in the lung tissue

Gene expression of TN&MRNA was significantly reduced in the WI+PFD group

compared to the WI group (p<0.05, Fig. 5A). Althbumpt significant, the expression of

IL-18 mRNA and MPO mRNA were lower in the WI+PFD gropg0.15, p=0.19,

respectively. Fig. 5B, 5C).

In the WI group, the expression of MB-mRNA was increased by 1.7-fold compared

to the sham group. However, in the WI+PFD group,dkpression was only increased

16
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by 1.2-fold compared to the sham group, and the® avsignificant difference between

the WI+PFD group and the WI group (p<0.05, Fig.)5 D

Concentration of PFD in plasma and lung tissue

The PFD concentrations in plasmag/ml), right lung (1g/lung g), and left lung

(ng/lung g) at 30 minutes after administration we2e9310.8, 34.0+10.5, and

30.848.60, respectively. At 120 minutes after rgpon, they were 19.0+4.32,

17.3+£3.90, 16.6%3.02, respectively. The bilatewalg concentrations were strongly

correlated with plasma concentrations (right lu=.99, p<0.01; left lung, r=0.98,

p<0.01).
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Comment

In the present study, we demonstrated that admatiish of PFD in lung IRI improved
pulmonary function, oxygenation level, pulmonaryerd, and neutrophil infiltration.
Furthermore, PFD decreased the number of apoptails and pro-inflammatory
cytokines in lung tissue.

There have been some reports that PFD suppredsesidi due to rejection and
inflammatory change in the chronic or subacute eleder lung transplantatidfi’® but
there are no reports of the acute phase, espeuwighin 72 hours, after transplantation.
In this study, it was shown that administratiorPé1D was effective prior to the onset of
lung IRI, which is the main cause of acute lungiipjafter lung transplantation. Liu H
reported that PFD inhibit lung fibrosis through eesing TGH3 and arginase activity
at 21 days after lung transplantation, but theyrditlevaluate acute lung injuf¥y/In our
study, we focused on lung IRI with administratidnRé-D. The results clearly showed
that the lung IRl was alleviated from the acute gghéy PFD through inhibition of
TNF-a and NF«B.

In clinical practice PFD is used for the treatmehiPF. Some studies have reported that
it is possible to reduce the incidence of acutecestation of IPF associated with

surgery by orally administering PFD before andrastegery® 2°

18
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The molecular target of PFD has yet to be identifferevious reports have suggested
direct inhibition of TNFe and reduction of inflammatory cytokines via the -k
pathway. NF<B is known as a crucial transcription factor of thkammatory response.
Oxidation by reactive oxygen species causes tleaselof the inhibitory subunits of the
NF-kB inhibitor and activation of N&B, which generate pro-inflammatory signalittg.
In this study, PFD decreased MB-mRNA in the lung tissue as previously reported an
it had a protective effect on acute lung injury. ielmver, NFkB and TNFe have an
effect on cell survivat? 2 The present study showed that PFD significantlyresed
both of these and reduced apoptotic cells in thenunohistochemical staining of
ssDNA on lung IRI. Thetaining with anti-ssDNA antibody was a specific ashsitive
procedure for the detection of apoptotic cells carad to TUNEL staining?

In experiment 2, our results demonstrated that adtnation of PFD orally by gavage
in a rat IRl model increased concentration of PRblood and lung tissue within the
experimental perio®?’

Several limitations of this study should be ackremged. Pirfenidone had a protective
effect on lung IRl in a rat hilar clamp model, lowtr findings cannot be directly applied
to human lung transplantation at the present sté¢ge chose the hilar-clamp model in

this study for two reasons. First, IRl occurs in npaclinical settings and a

19



300  clamp/vascular occlusion model has been utilizethen study of IRI in other organs
301  such as kidney, liver and intestifie'* ?*°Second, the hilar clamp model is a simpler
302 and more consistently reproducible procedure whampared to a transplant model.
303  For a proof-of-concept experiment examining PF[@, ¢tkamp model was employed to
304 limit variability in IRI.

305  However, the hilar-clamp model differs from clinicdaing transplantation in three
306  aspects. The first is the difference in ischemicedition. In this experiment, reperfusion
307  occurs after warm ischemia alone. In contrast, lwmagsplantation involves a period of
308 cold ischemia followed by warm ischemia of the gré8econd, in clinical lung
309  transplantation, there is no PFD present in tragadifit prior to implantation during cold
310  ischemia. Recipients taking PFD pre-transplant iaae lower circulating levels of the
311  drug given that the last dose might be nearly 2drdi@rior to transplant. And so the
312 reperfused donor lung will be exposed to zero to doses of recipient-derived PFD. In
313 this study, it cannot be distinguished whether Ririhe donor lung is effective during
314  ischemia or PFD in the blood and/or donor lung figctive for the reperfusion.
315  Furthermore, in this study, we had only set oneed880 mg/kg) for the PFD group, but
316 by using pre-surgical administration and titratioh dosage, we could get useful

317  information for clinical use in lung transplantatidn addition, because it is assumed

20
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that in lung transplantation it will only be adnstered to the recipient, it is necessary to

consider using the transplant model with administraof PFD only in the recipient.

Third, the response of the immune system of ratifisrent from that of humans. We

need to confirm our findings in other animal modeéfore applying these results to

humans.

This was an observational study of the effectsk Rnd we did not clarify the drug’s

mechanism. Further investigation will be necessargefine the mechanism associated

with the protective effect of pirfenidone.

In conclusion, PFD administration before ischemitermiated lung IRI through

inhibition of pulmonary edema, production of prdkammatory cytokines, and

apoptosis in a rat model. PFD may be useful asvaopgion for treatment of lung IRI.
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Figure 1

Pulmonary function of the left lung. (A) Dynamiclpwonary compliance. (B) Mean

airway pressure. (C) Peak airway pressure. (D)risftpartial pressure of oxygen. All

parameters were significantly improved in the WIBP§roup compared to the Wi

group.

Sham: sham group; WI: warm ischemia group; WI+PRarm ischemia plus

pirfenidone group. Bars and error bars show meadnstandard error of mean; *p<0.05,

**p<0.01.
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Figure 2

Hematoxylin and eosin staining and lung wet-to\deyght (W/D) ratio

Sham group. (B) WI group. (C) WI+PFD group. (D) Wthatio. (E) The index of

perivascular cuff areal/vessel area. (F) The nunobbeed blood cells in the alveolar

space per high-power field (HPF).

Arrows indicate perivascular edema.

Bars and error bars show mean and standard errea; *p<0.05, **p<0.01
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Figure 3

Naphtol AS-D chloroacetate esterase staining teatieteutrophils.

(A) Sham group. (B) WI group. (C) WI+PFD group. (Dhe number of neutrophils in

the perivascular area per high-power field (HPF).

Neutrophil infiltration (arrows) was significantlgwer in the WI+PFD group compared

to the WI group. Bars and error bars show mearsgamttlard error of mean; *p<0.05
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Figure 4

Immunostaining for sSSDNA to detect apoptotic cells.

(A) Sham group. (B) WI group. (C) WI+PFD group. (D)e number of ssSDNA positive

cells per high-power field (HPF).

The number of ssDNA positive cells (arrow) was lowethe WI+PFD group compared

to the WI group. Bars and error bars show mearsgamttlard error of mean; *p<0.05
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Figure 5

Gene expression in the left lung. (A) TNFMRNA. (B) IL-13 mRNA. (C) MPO

mMRNA (D) NFxB mRNA.

Gene expression of TNé&-and NFkB mRNA were significantly reduced in the

WI+PFD group compared to the WI group.

Bars and error bars show mean and standard erroeai; *p<0.05
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462  Figure 6

463  Graphical abstract

464  Administration of PFD in lung ischemia-reperfusiomjury improved pulmonary
465  function and decreased pro-inflammatory cytokimeking tissue.

466  WI; warm ischemia, PFD; pirfenidone, TN&: tumor necrosis factor-alpha, mRNA:

467  messenger RNA
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