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ABSTRACT

Objective: Ex vivo lung perfusion creates a proinflammatory environment leading
to deterioration in graft quality that may contribute to post-transplant graft
dysfunction. Triptolide has been shown to have a therapeutic potential in various
disease states because of its anti-inflammatory properties. On this basis, we
investigated the impact of triptolide on graft preservation during ex vivo lung
perfusion and associated post-transplant outcomes in a rat transplant model.

Methods: We performed rat normothermic ex vivo lung perfusion with acellular
Steen solution containing 100 nM triptolide for 4 hours and compared the data
with untreated lungs. Orthotopic single lung transplantation after ex vivo lung
perfusion was performed.

Results: Physiologic and functional parameters of lung grafts on ex vivo lung
perfusion with triptolide were better than those without treatment. Graft glucose
consumption was significantly attenuated on ex vivo lung perfusion with triptolide
via inhibition of hypoxia signaling resulting in improved mitochondrial function and
reduced oxidative stress. Also, intragraft inflammation was markedly lower in
triptolide-treated lungs because of inhibition of nuclear factor-kB signaling.
Furthermore, post-transplant graft function and inflammatory events were
significantly improved in the triptolide group compared with the untreated group.

Conclusions: Treatment of lung grafts with triptolide during ex vivo lung perfusion
may serve to enhance graft preservation and improve graft protection resulting in
better post-transplant outcomes. (J Thorac Cardiovasc Surg 2021;161:e65-74)
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CENTRAL MESSAGE

Treatment of lung grafts with TL
during EVLP may serve to
enhance graft preservation and
improve graft protection
resulting in better post-
transplant outcomes.
PERSPECTIVE
Although EVLP is a highly valued technique for
assessing and reconditioning marginal donor
lungs for transplantation, its disadvantages,
including the development of inflammation,
need to be addressed to maintain organ quality
during reevaluation. TL can effectively attenuate
these adverse events, thus improving clinical
outcomes after transplantation.

See Commentaries on pages e75, e77, and e79.
Video clip is available online.
For patients with end-stage lung disease for whom medical
management has been exhausted, lung transplantation
remains the ultimate lifesaving therapy. The past several
years have witnessed a steady increase in the number of
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Abbreviations and Acronyms
Cdyn ¼ dynamic lung compliance
ChIP ¼ chromatin immunoprecipitation
EPR ¼ electron paramagnetic resonance
EVLP ¼ ex vivo lung perfusion
HIF ¼ hypoxia-inducible factor
IkB ¼ inhibitor of kB
IL ¼ interleukin
MCP ¼ monocyte chemoattractant protein
mRNA ¼ messenger RNA
NF-kB ¼ nuclear factor-kB
P/F ratio ¼ PaO2/FIO2 ratio
PGD ¼ primary graft dysfunction
PVR ¼ pulmonary vascular resistance
TL ¼ triptolide
TNF ¼ tumor necrosis factor
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lung transplantations performed annually, yet the supply of
donor organs has remained relatively unchanged, creating a
demand–supply mismatch.

Ex vivo lung perfusion (EVLP) contributes to an
expanded donor pool by creating an increased time frame
between graft procurement and transplantation allowing
for additional evaluation under the dynamic platform for
marginal lungs previously deemed untransplantable.1

Despite these benefits, the accumulation of proinflamma-
tory cytokines in the perfusate over time has been reported
in preclinical and clinical EVLP.2-4 Also, some reports have
indicated that graft metabolism, specifically glucose
consumption and lactate production, during EVLP is
associated with graft quality and edema development.5 In
addition, our previous studies have demonstrated that
EVLP creates a proinflammatory environment resulting
from activated hypoxic signaling in the lungs and causing
subsequent graft damage to the mitochondria and
microvasculature.6,7 Despite EVLP use, significant
improvement regarding clinical outcomes in lung transplan-
tation has not been reported, with primary graft dysfunction
(PGD) and chronic lung allograft dysfunction still affecting
patient survival.8 In terms of PGD, biomarker studies have
revealed that mRNA upregulation of multiple proinflamma-
tory cytokine expression in preimplant lung grafts is
associated with severe PGD.9 More important, the
recipients’ PGD incidence is an important risk factor for
the development of chronic lung allograft dysfunction and
overall survival.10 Consequently, the preconditioning of
grafts with compounds that inhibit inflammation on EVLP
would be desired to potentially improve post-transplant
outcomes.11

Triptolide (TL) is a diterpenoid triepoxide with a broad
array of biological effects. It is extracted from Tripterygium
e66 The Journal of Thoracic and Cardiovascular Surg
wilfordii, a medicinal plant that has been extensively inves-
tigated because of its antitumorigenic, immunosuppressant,
and anti-inflammatory properties. Of note, TL has also been
shown to attenuate lung injury and obliterative airway
disease in rodent models.12 Additionally, recent evidence
suggests that Minnelide (Minneamrita Therapeutics,
Moline, Ill), a water-soluble form of TL, may improve
oxygen status and decrease in metabolic dysregulation
caused by hypoxia.13 In light of these insights, we
hypothesized that TL administration during EVLP may
improve overall graft preservation and function, ultimately
leading to better post-transplant outcomes.

In this study, we aimed to suppress or reduce
hypoxia-induced graft inflammation in lung grafts during
EVLP by assessing the effectiveness of TL as an EVLP
preconditioning agent.
MATERIALS AND METHODS
Animals

Inbred male Lewis (RT-1l) rats weighing 250 to 300 g were purchased

from Envigo RMS, Inc (Indianapolis, Ind). Animals were maintained in

laminar flow cages in a specific pathogen-free animal facility at the

University of Pittsburgh and given a standard diet and water ad libitum.

All procedures were performed according to the guidelines of the

Institutional Animal Care and Use Committee at the University of

Pittsburgh and the National Research Council’s Guide for the Humane

Care and Use of Laboratory Animals.

Ex Vivo Lung Perfusion in Rats
EVLP was performed using a commercial available rodent EVLP

system (IL-2 Isolated Perfused Rat or Guinea Pig Lung System, Harvard

Apparatus, Holliston, Mass) as described previously.3 Acellular Steen

solution (XVIVO Perfusion AB, G€oteborg, Sweden) was used for

perfusate, and TL (MilliporeSigma, St Louis, Mo) was administered

into perfusate at a final concentration at 100 nM in the treatment

group. Control group animals received Steen solution containing

methylprednisolone and cephalosporin only. Perfusion flow was started

at 10% of target flow and gradually increased for 1 hour toward a target

flow rate that was calculated as 20% of cardiac output (75 mL/min/250 g

donor body weight). Pulmonary artery pressure, peak airway pressure,

and airway flow were monitored continuously, and dynamic lung

compliance (Cdyn) and pulmonary vascular resistance (PVR) were

analyzed. Each hour for a total of 4 hours, the ex vivo perfused lung

was ventilated with 100% O2 for 5 minutes, and then the perfusate was

sampled for obtaining PaO2/FIO2 ratio (P/F ratio) and electrolyte analysis.

Sham-operated animals underwent anesthesia, tracheotomy, and

mechanical ventilation with 100% O2, and then the lungs were

immediately removed for analysis (Video 1).

Rat Orthotopic Left Lung Transplantation After
Ex Vivo Lung Perfusion

Orthotopic, single-lung transplantation of the left lung was performed

using the cuff method as described previously.6 After EVLP for 4 hours,

the lungs were precooled with 4�C Perfadex on the EVLP system and

stored at 4�C for 1 hour before transplantation. The recipient animals

were killed 2 hours after reperfusion. At the time of analysis of graft

function, the na€ıve lung was clamped, 100% O2 was administered for

5 minutes through a ventilator, and recipient’s blood was sampled from

the graft pulmonary vein for blood gas analysis (Video 1).
ery c January 2021



VIDEO 1. Experimental procedure of EVLP followed by single left lung

transplantation using 3-cuff technique in rats. Video available at:

https://www.jtcvs.org/article/S0022-5223(20)30191-4/fulltext.
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Real-Time Reverse Transcription-Polymerase Chain
Reaction

The levels of messenger RNA (mRNA) were assessed by SYBR Green

2-step, real-time, reverse transcription-polymerase chain reaction as

previously described.6 Graft tissues collected after 4 hours of EVLP and

2 hours after transplantation were examined for interleukin (IL)-6, IL-1b,

tumor necrosis factor (TNF)-a, monocyte chemoattractant protein

(MCP)-1, and glyceraldehyde-3-phosphate dehydrogenase. Also,

hypoxia-related genes such as hypoxia-inducible factor (HIF)-1a, glucose

transporter 1, heme oxygenase-1, and lysyl oxidase were also detected in

lung tissues after 4 hours EVLP. All gene expressions were normalized

with glyceraldehyde-3-phosphate dehydrogenase mRNA content.

Western Blot Analysis
Western blot analysis was performed on 30 mg of whole cell protein

from each lung graft after 4 hours EVLP as described previously.14

The following primary antibodies were used: anti-inhibitor of kB

(IkB)-a/p-IkB-a (Novus Biologicals, LLC, Centennial, Colo) and anti–b-

actin (MilliporeSigma). After incubation with horseradish-peroxidase

conjugated goat anti-rabbit or anti-mouse secondary antibodies (Pierce

Chemical, Rockford, Ill), the membranes were developed with the

SuperSignal detection system (Pierce Chemical), and signals were detected

by Imaging System (ChemiDoc, Bio-Rad, Hercules, Calif). Expression of

the listed proteins was quantified by ImageJ (National Institutes of Health)

and normalized with b-actin level.

Chromatin Immunoprecipitation
The chromatin immunoprecipitation (ChIP) assay was carried out per

the manufacturer’s instructions of the ChIP Assay Kit (MilliporeSigma).

Briefly, tissues after 4 hours EVLP were treated with 1% formaldehyde

for 10 minutes at 37�C to crosslink protein and associated chromatin.

Lysate samples were prepared by homogenizing the tissues with sodium

dodecyl sulfate buffer and sonication to shear DNA-protein complex.

The DNA-protein complexes were then immunoprecipitated by incubating

with mice anti–nuclear factor-kB (NF-kB) p65monoclonal antibody (Santa

Cruz Biotechnology, Inc, Dallas, Tex) overnight at 4�C followed by

incubation with protein A agarose beads for 1 hour at 4�C. After reverse
cross-linking, the associated DNA fragments were eluted. Conventional

polymerase chain reaction was performed on input DNA and ChIP DNA

samples using the following primer pairs: distal NF-kB motif (223 bp),

50-AGCATCTGGAGCTCATATTCCAGC-30 and 50-CAGTTAGCATAC
The Journal of Thoracic and Ca
GATGCAACACAGT-30 and proximal NF-kB motif (200 bp), 50-GCAG
CTTCATTTGCTCCCAGTAGT-30 and 50-TTATTGTAAGCCAGAGGG
TGGAGTCAGG-30.15

Mitochondrial Complex I Enzyme Activity Assay
Mitochondria were isolated from the lung tissues after 4 hours of EVLP

using a mitochondria isolation kit (Thermo Fisher Scientific, Rockford, Ill).

Mitochondrial proteins then were extracted and enzyme activities of

complex I were measured by spectrophotometric kinetic assay as described

earlier.14

Electron Paramagnetic Resonance Spectroscopy
The perfusate samples obtained at 1 hour and 4 hours during EVLP, as

well as homogenate of lung tissues 2 hours after transplantation, were

mixed with 0.2 mmol/L CMH electron paramagnetic resonance (EPR)

spin probe (Enzo Life Sciences Inc, Farmingdale, NY) and incubated for

20 minutes at 37�C. EPR spectra were recorded at room temperature using

a Bruker X-band EMX premiumX spectrometer (Bruker BioSciences,

Billerica, Mass). The following EPR instrument settings were used:

microwave frequency, 9.85 GHz; sweep width, 60 G; microwave power,

20 mW; modulation amplitude, 0.5 G; receiver gain, 30 dB; time constant,

5 ms; conversion time, 25 ms, sweep time, 30 s; number of scans, 10.

Wet-to-Dry Weight Ratio
The weight of lung tissues 2 hours after transplantation was measured

immediately after collection, and the tissues were placed in a 60�C oven

to dry for 72 hours. Tissues were weighed to determine the wet-to-dry

lung weight.

Statistical Analysis
All data were analyzed using SPSS Version 25 statistical software

(SPSS Inc, Chicago, Ill). Results are presented as a box and whisker

plot, showing the lower quartile, median and upper quartile as a box, and

minimum and maximum values in the data set as whisker plots. Multiple

observations over time were analyzed using 2-way repeated-measures

analysis of variance. The other data with multiple groups were analyzed

with 1-way analysis of variance followed by post hoc analysis with the

Bonferroni correction for multiple comparisons.

RESULTS
Triptolide Improved Graft Quality and Inhibited
Inflammatory Cascade During Ex Vivo Lung Perfusion
As a representation of lung physiologic and functional

status, the graft’s P/F ratio, Cdyn, and PVR showed an
overall trend of declining performance over the duration
of EVLP in control lungs, with an exacerbation in the last
hour of perfusion. Conversely, the same parameters
were significantly improved in the TL-treated lungs.
Furthermore, both the Cdyn and PVR values remained
steady throughout 4 hours of EVLP (Figure 1, A-C). No
marked difference in lung tissue architecture was observed
between the groups with hematoxylin–eosin staining for the
lung tissues after 4 hours EVLP (Figure 1, D).

Triptolide Blocked Nuclear Factor-kB Signaling
Pathway in Lung Grafts During Ex Vivo Lung
Perfusion
Lung tissue after 4 hours EVLP showed significantly

higher expression levels of TNF-a, IL-1b, IL-6, and MCP-1
rdiovascular Surgery c Volume 161, Number 1 e67
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FIGURE 1. TL improved EVLP parameters and graft quality. TL administration improved functional and physiologic graft parameters measured during

EVLP including (A) P/F ratio, (B) Cdyn, and (C) PVR. n ¼ 9 for each group. Red line: control, blue line: TL. *P<.05. D, Representative images of his-

topathologic analysis of the lungs after 4 hours EVLP. Scale bar¼ 100 mm. P/F, PaO2/FIO2 ratio; EVLP, ex vivo lung perfusion; Cdyn, dynamic lung compli-

ance; PVR, pulmonary vascular resistance; H&E, hematoxylin–eosin.
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mRNA compared with the sham group. TL treatment signif-
icantly suppressed gene expression of these inflammatory cy-
tokines in lung tissue after 4 hours EVLP except for IL-1b,
which exhibited a similar expression profile as sham group
(Figure 2,A). To examineTL’s inhibitory effect on proinflam-
matory pathways, we focused on NF-kB signaling after
EVLP. ChIP analysis showed the binding of p65 NF-kB to
the promoters ofMCP-1 gene in control-treated lungs; how-
ever, TL inhibited p65 NF-kB binding in the lung tissue after
4 hours of EVLP (Figure 2, B). In addition, the proportion of
phosphorylated to total IkBa expressed in the TL group was
significantly lower than in the control group (Figure 2, C).
Triptolide Attenuated Oxidative Stress and
Improved Mitochondrial Function Through
Metabolic Modulation in Lungs Exposed to Ex Vivo
Lung Perfusion

Hypoxia is associated with cellular glucose meta-
bolism and simultaneously creates a proinflammatory
microenvironment through increased reactive oxygen
species and mitochondrial dysfunction/damage, as well
as NF-kB activation.16-18 Accordingly, we assessed
whether TL could improve mitochondrial function of
lung grafts on EVLP. As shown in Figure 3, A and B,
e68 The Journal of Thoracic and Cardiovascular Surg
glucose levels declined and ionized calcium increased
over time in perfusate during EVLP in control lungs,
whereas TL significantly attenuated the change of these
metabolic parameters of the lungs during EVLP. EPR
spectroscopy, a technique used to detect free radicals,
and thus used as a measurement of oxidative stress,
showed the EPR signal amplitudes in perfusate were
augmented between 1 hour and 4 hours during EVLP
in control lungs; however, TL treatment during EVLP
significantly attenuated this signal augmentation
(Figure 3, C). Also, mitochondrial complex I activity
from lung tissues treated with TL after EVLP was signif-
icantly higher compared with control lung tissues
(Figure 3, D). Furthermore, mRNA expression profiles
of HIF-1a, glucose transporter 1, heme oxygenase-1
(both HIF-1a-regulated), and lysyl oxidase were signifi-
cantly upregulated in control tissues compared with
TL-treated tissues after 4 hours EVLP (Figure 3, E).
Pretreatment With Triptolide on Ex Vivo Lung
Perfusion Improved Post-Transplant Graft Function
and Reduced Graft Inflammation

The P/F ratio, as a marker of graft function, was
significantly higher in the TL-pretreated lungs versus
ery c January 2021
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control lungs 2 hours after transplantation (Figure 4, A). TL-
pretreated lungs also showed significantly lower mRNA
expression levels of proinflammatory cytokines TNF-a,
IL-6, IL-1b, and MCP-1 after transplantation compared
with lungs in the control group (Figure 4, C-F). In addition,
wet to dry ratio of lung tissues 2 hours after transplant was
significantly higher in the control group compared with the
sham group. However, pretreatment with TL during EVLP
markedly decreased wet to dry ratio compared with control
lungs 2 hours post-transplant (Figure 4, G). In agreement
with wet to dry ratio data, histopathologic findings indicated
increased congested alveolar wall and alveoli edema fluid in
control group transplanted grafts compared with sham
group lungs, whereas these characteristics presented
less frequently in the TL group transplanted grafts
The Journal of Thoracic and Ca
(Figure 4, B). Also, intragraft EPR signal amplitudes of
control-treated transplant grafts were significantly higher
than those of sham group lungs, whereas TL-treated
transplanted grafts demonstrated significantly attenuated
EPR signal amplitudes versus control-treated lung
transplant tissues (Figure 4, H).

DISCUSSION
With a well-established rat EVLP transplant model based

on current clinical EVLP settings requiring 3 to 6 hours for
graft evaluation,6,19 we first used TL as a preconditioning
agent in the setting of organ transplant and found that
4 hours of graft EVLP treatment with TL contributed to
improved lung graft quality with attenuated tissue inflam-
mation. Also, we demonstrated that TL reduced anaerobic
rdiovascular Surgery c Volume 161, Number 1 e69
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metabolism and oxidative stress in lung grafts during EVLP
via inhibition of NF-kB signaling, potentially through
downregulation of hypoxia signaling. Moreover, these
favorable graft preconditioning effects by TL during
EVLP were sustained, resulting in superior post-transplant
graft function and quality.

Pharmacologic Ex Vivo Lung Perfusion Approaches
Targeting Graft Inflammation to Prevent Post-
Transplant–Related Adverse Events

Donor/graft intervention is well acknowledged to
improve post-transplant outcomes using various strategies,
including gene transfection, regenerative medicine, and
surgery; however, each of these strategies comes with
inherent limitations and challenges.20 A promising
interventional approach that has gained popularity is the
delivery of pharmacologic agents to the lungs before trans-
plantation. Treatment with pharmacologic intervention on
EVLP is a highly feasible option in the clinical setting
and allows the ability to move forward from bench to
bedside in a relatively straightforward manner. Proposed
reasons for the enthusiasm underlying pharmacologic
reconditioning on EVLP include (1) ease of administration;
(2) ability to titrate doses to maximize desired effects;
e70 The Journal of Thoracic and Cardiovascular Surg
(3) the option to retain or wash out the reagent/drug of
interest; and (4) for drugs with narrow therapeutic indices,
the benefit of shielding other organs from adverse
consequences.21 Various drugs/prodrugs have been tested
on EVLP to treat/control inflammation, a key factor
reported in preclinical EVLP.1 Nevertheless, EVLP is not
without its challenges because ex vivo creates a
proinflammatory environment, suboptimal for lung quality
and performance. For example, grafts undergoing
EVLP have been found to demonstrate a heightened
proinflammatory state. It was reported that perfusate
cytokine levels such as IL-6, IL-8, and MCP-1 significantly
increased with time during EVLP.2 Also, the
DEVELOP-UK trial found that increased IL-1b perfusate
levels were found to be a potential predictive biomarker
for post-transplant outcomes.22 In addition, our previous
EVLP work in rats demonstrated that the graft itself was a
major source of inflammatory cytokines and that graft/
perfusate cytokine levels were significantly increased,
suggesting marginal lungs may be particularly susceptible
on EVLP and may express higher cytokine levels than those
normal-quality lungs.3 On the basis of these findings,
targeting inflammation during pharmacologic precondition-
ing could contribute to better transplant outcomes. In this
ery c January 2021



C

F
o

ld
 e

xp
re

ss
io

n

100

200

300

0

**

TNF-α

S Ctrl TL

E

10

0

20

30

**

IL-1β

S Ctrl TL

F

0

50

100

**

MCP-1

S Ctrl TL

D

0

200

400

**

IL-6

S Ctrl TL

800

600

H

0

4

2

1

3

S Ctrl TL

****

Tissue EPR signal amplitude
5

G

Wet/Dry ratio

10

***

S Ctrl TL

5

15

0

20

A

0

200

400

**

Sham Control Triptolide

P/F ratio

600

B

Sham Control Triptolide

FIGURE4. Assessment of lung grafts after transplantation. A, Improved lung function shown as P/F ratio in grafts 2 hours post-transplantation after 4 hours

of EVLPwith TL preconditioning. n¼ 5 for each group. **P<.01 versus control. B, Representative images of hematoxylin-eosin–stained lung grafts 2 hours

post-transplantation. Scale bar ¼ 100 mm. C-F, Real-time reverse transcription-polymerase chain reaction for proinflammatory mediators in lung grafts

2 hours post-transplantation after 4 hours of EVLP, including (C) TNF-a, (D) IL-6, (E) IL-1b, and (F)MCP-1. n¼ 5 for each group. **P<.01 versus control.

G, Wet-to-dry (Wet/Dry) weight ratio of graft tissue 2 hours post-transplant after 4 hours of EVLP was improved by TL preconditioning. n ¼ 5 for each

group. H, Preconditioning of TL decreased EPR signal amplitude indicating free radical level in post-transplant lung grafts. n ¼ 4 for each group.

*P<.05, **P<.01. P/F, PaO2/FIO2 ratio; TNF, tumor necrosis factor; S, sham; Ctrl, control; TL, triptolide; IL, interleukin;MCP, monocyte chemoattractant

protein; EPR, electron paramagnetic resonance.

Burki et al Thoracic: Lung Transplant: Basic Science

T
H
O
R

study, we examined the efficacy of TL as a preconditioning
EVLP agent and successfully demonstrated that TL
decreases EVLP-related inflammatory responses in
lung grafts, resulting in enhanced early post-transplant
The Journal of Thoracic and Ca
graft function and quality. Additionally, we showed
post-transplant graft dysfunction as a primary outcome
indicator resulted directly from multiple adverse factors,
including reactive oxygen species generation and edema
rdiovascular Surgery c Volume 161, Number 1 e71
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development. Our findings suggest that TL can be used to
reduce localized lung graft inflammation, thereby resulting
in better transplant outcomes.

Potential Mechanism for Anti-Inflammatory Effect
of Triptolide

The anti-inflammatory effects of TL have been well
documented both in vitro and in vivo; however, the precise
mechanism has not been clearly elucidated.23,24 Various
intracellular molecules have been identified as targets of
TL, suggesting TL predominantly exerts its pleiotropic
effects via binding intracellular molecular targets including
NF-kB. TL-induced inhibition of the NF-kB signaling
pathway via blocking the translocation of NF-kB into the
nucleus, obstructing NF-kB DNA binding, and inhibiting
IkB phosphorylation has been demonstrated.24-26 Similar
findings were obtained in this study as we showed that TL
decreased NF-kB p65 DNA binding activity and IkB
phosphorylation in the lungs after 4 hours of EVLP. As a
result of these findings, we focused our attention on the
activator of NF-kB signaling pathway and investigated
hypoxia-related events of lung grafts on EVLP.

Graft hypoxia–related events such as hyperglycolysis,
mitochondrial damage, and reactive oxygen species gener-
ation can be associated with de novo graft inflammation on
EVLP.6,7 Glucose consumption has been reported as a risk
e72 The Journal of Thoracic and Cardiovascular Surg
factor for the development of graft edema development,
ultimately affecting clinical decision-making regarding
graft use for transplantability after EVLP.5 Accordingly,
we have reported that this inflammatory state may be
associated with glucose consumption of lung grafts during
EVLP.27 Additionally, we have previously demonstrated
that this elevated graft glucose consumption requires lower
perfusate pO2 (deoxygenation in pulmonary artery flow)
within an acellular perfusate setting,6 suggesting current
clinical protocol for acellular EVLP could lead to graft
hypoxia. Although metabolic change, hypoxia, and
inflammation are often discussed together and well linked
to each other, hypoxia is known activate NF-kB signaling
and create a proinflammatory environment.16,17 TL has
been shown to inhibit hypoxia signaling or HIF-1a
accumulation and even improve hypoxia status.13 In this
study, we demonstrated that TL diminished the hypoxic
response in healthy rat lungs. Specifically, TL decreased
glucose metabolism, hypoxia-related gene expression, and
the overall lung proinflammatory environment during
EVLP, suggesting that TL may improve oxygen status in
lung grafts during EVLP. Furthermore, we showed that
TL treatment improved lung mitochondrial complex I
activity after 4 hours EVLP. Mitochondria are critical
organelles in which the biochemical processes of
respiration and energy production occur, and thus are
ery c January 2021
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extremely sensitive to cellular oxygenation status. It is
recognized that mitochondrial protection during transplant
process is a key factor to obtain better post-transplant
outcomes.28-30 Our findings in this study suggest that
TL helps maintain mitochondrial function and overall
improved graft quality and viability.

Related to mitochondrial damage, we found that TL
attenuated calcium elevation in lung perfusate during
EVLP. This elevation is a reflection of intracellular calcium
influx, which controls homeostasis and is an indicator of
cellular stress. We initially investigated endoplasmic
reticulum stress in the lungs after EVLP, although no
significant protein expression changes were observed for
C/EBP homologous protein and phosphorylated eukaryotic
translation initiation factor 2A in lungs � TL treatment as
well as gene expression for C/EBP homologous protein,
protein phosphatase 1 regulatory subunit 15A (GADD34),
and Trib3 (data are not shown). Consequently, we
considered this perfusate calcium increase as a direct
response of the mitochondria to hypoxia-induced stress as
we previously reported,31 and TL decreased their stress,
which may have resulted in reduced oxidative stress in the
grafts during EVLP. On the basis of our findings, it appears
that, mechanistically, the anti-inflammatory effects of TL
are mediated through the attenuation of NF-kB/hypoxia
signaling, resulting in enhanced oxygenation status in
lung tissue during EVLP.

Dual Action of Triptolide: Anti-Cancer and
Anti-Inflammatory Properties

Although TL has therapeutic effects against inflamma-
tory diseases as discussed, it is also well known for its
proapoptotic effects both in vitro and in vivo.32 We
previously demonstrated in A549 lung cancer cells that
TL exerts its anticancer activity through a mitochondrial-
related pathway in a p53-dependent manner.14 In the
absence of p53, we found that TL interrupts mitochondrial
function via Sirtuin 3 modulation. However, in this study,
we found that TL improved mitochondrial function in
normal lung tissue on EVLP, suggesting that TL-induced
cell death could be targeted in a cancer setting, and that
TL may switch between anticancer and anti-inflammation
effects depending on p53 expression. The role of p53
regarding inflammation has been well investigated,33 and
it is known that both hypoxia and inflammation increase
p53 transcriptional activity.34 Future investigation into a
potential switching mechanism of TL may be important to
understanding its efficacy against cancer or inflammation
and to enhancing those effects with combination therapy.

Study Limitations
In this study, we have little information regarding the

pharmacokinetics of TL during EVLP and did not
investigate pharmaceutical drug delivery or cellular
The Journal of Thoracic and Ca
internalization of TL. Because TL is more soluble in
dimethyl sulfoxide than aqueous solvents, treatment with
Minnelide, a water-soluble form of TL, may maximize
the impact in the lung grafts on EVLP. In addition, our
ex vivo studies did not include a TL dose-response
evaluation, because our single dose of TL (100 nM) was
based on our previous in vitro experiments.14 Perhaps
pharmacologic preconditioning during EVLP with lower
doses of TL may produce similar effects as demonstrated
in this article, potentially reducing off-target cellular
apoptosis. Finally, our rat model does have notable
limitations as described previously.7 In this study, we
focused specifically on acute phase changes after
transplantation, although studies involving chronic changes
of graft function will likely require a smaller (mouse)
animal model. Clearly, further studies are warranted to
address these study limitations.
CONCLUSIONS
TL may serve as a therapeutic compound for enhanced

lung graft preservation and viability during EVLP to
increase donor availability for lung transplantation.
Specifically, we found that TL attenuated graft hypoxia
and inflammation during 4 hours of EVLP and that (more
important) these preconditioning effects were maintained
2 hours post-transplantation. (Figure 5). Through
pharmacologic preconditioning, we hope that an
increased number of marginal lungs may be sufficiently
recovered, leading to improved long-term outcomes after
transplantation.
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