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Abstract
Aim: To investigate the protective effect of triptolide (TRI) on ischemia/reperfusion-
induced injury of transplanted rabbit lungs and to investigate the mechanisms
underlying the actions of TRI.  Methods: We established the rabbit lung trans-
plantation model and studied lung injury induced by ischemia/reperfusion and
the inhibitory effect of TRI on NF-κB.  The severity of lung injury was determined
by a gradual decline in PvO2, the degree of lung edema, the increase in the
myeloperoxidase (MPO) activity, and the ultrastructural changes of transplanted
lungs.  The activation of NF-κB was measured by immunohistochemistry.  The
increase in intercellular adhesion molecule-1 (ICAM-1), which is the target gene of
NF-κB, was evaluated by ELISA.  Results: After reperfusion, there was a gradual
decline in the PvO2 level in the control group (group I).  The level of PvO2 in the
group treated with lipopolysaccharide (group II) was significantly decreased,
whereas that of the group treated with TRI (group III) was markedly improved
(P<0.01).  In group III, the activity of MPO was downregulated, and the pulmonary
edema did not become severe and the ultrastructure of the donor lung remained
normal.  The activity of NF-κB and the expression of ICAM-1 was significantly
increased in the donor lungs.  TRI blocked NF-κB activation and ICAM-1
expression.  Conclusion: The effects of TRI on reducing injury to donor lungs
induced by ischemia/reperfusion may possibly be mediated by inhibiting the
activity of NF-κB and the expression of the NF-κB target gene ICAM-1.  Thus,
TRI could be used in lung transplantations for improving the function of donor
lungs.
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Introduction
The ischemia/reperfusion-induced injury of donor lungs

is an important pathological process which influences the
survival rate of donor lungs after transplantation.  It is be-
lieved that the injury is mainly caused by inflammatory reac-
tions[1].  The responses of ischemia/reperfusion-induced in-
flammation include the induction of adhesion molecules, in-
filtration of immune blood cells, and the release of cytokines.
NF-κB is a key regulator of many inflammatory genes[2,3].  It
plays an important role in modulating the expression of vari-
eties of inflammatory cytokines.  Our previous studies have
reported that inhibiting NF-κB reduces the expression of
inflammatory and apoptotic genes and protects endothelial

and neuronal cells from apoptosis[4,5].  The Chinese herb
Tripterygium, which is produced in the south of China, has
the ability to control organ rejection and is highly consid-
ered an ideal drug.  Triptolide (TRI) has been reported as a
strong inhibitor of NF-κB[6,7] and protects donor hearts
against ischemia/reperfusion-induced injury in heart trans-
plantation[8].  NF-κB inhibitors were used during lung pres-
ervation and reperfusion periods to observe its influence on
lung functions.  This study sought to investigate the pro-
tective effect of TRI on ischemia/reperfusion-induced injury
of transplanted rabbit lungs.  As the results showed, TRI
inhibited NF-κB-mediated immunoresponses and lung injury
induced by ischemia/reperfusion.
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Materials and methods
Reagents  TRI and lipopolysaccharide (LPS) were pur-

chased from Sigma-Aldrich (St Louis, MO, USA); the ELISA
kit of intercellular adhesion molecule-1 (ICAM-1) was pur-
chased from Xitang Biotechnology (Shanghai, China), and
the NF-κB activity detecting kit was purchased from Boster
Biotechnology (Wuhan, China).

Animals and grouping  In total, 36 healthy adult rabbits
of both sexes, weighing 2.5±0.5 kg were randomly divided
into 3 groups.  In each group, 6 rabbits were prepared as
donor lungs, and the other 6 were the recipients.  In group I
(control, Con), the lungs were perfused and preserved in
improved low-potassium dextran (LPD) solution and were
used as the negative control.  In group II (LPS), the lungs
were perfused and preserved in LPD solution containing LPS
(50 µg/L) and were used as the positive control.  In group III
(TRI), the lungs were perfused and preserved in LPD solu-
tion containing TRI (0.5 mg/L).

Preparation of the donor lungs The rabbits were anes-
thetized with 3% pentobarbital (45 mg/kg, ip).  After trache-
otomy was performed, the rabbits received mechanical ven-
tilation at a rate of 32/min, tidal volume (VT) = 15 mL/kg, FiO2

= 60%.  After median sternotomy, the pericardium was
opened, and the pulmonary artery and ascending aorta were
separated and cannulized.  Then they were heparinized by
injecting heparin (3 mg/kg) into the left auricle.  After that,
the pulmonary conus were transversely cut and a catheter
was inserted via the left auricle.  The hilum of right lung was
ligated, then the lung was infused with TRI or LPS with a
perfusion pressure of 60 cm H2O at 4  ºC.  The infusion ended
when the effluent from the left auricle became clear.  After
infusion, the left lung was retrieved as the donor lung and
soaked in the corresponding preservation solution at 4 ºC
for 4 h.

Transplantation of the donor lungs The recipient rabbits
were anesthetized and thoracotomy was also performed.  The
inferior vena cava was dissociated and cannulized.  Heparin
was injected into the left auricle at a dose of 3 mg/kg.  The
inferior vena cava was slit at the distal end, ligated at the
proximal end, and then connected to the donor pulmonary
artery via a pump.  The recipients’ left auricle was connected
with that of the donor.  The blood circulation was resumed
by pumping blood from the inferior vena cava into the do-
nors’ pulmonary artery at a flow rate of 10 mL/min, and flowed
back to recipients’ heart through a left auricle adaptor.  The
reperfusion continued for 1 h.

Measuring the levels of PvO2 of the donor lungs During
the circulated perfusion, the PvO2 of vein blood gas of the
dissociated lungs after regurgitation was measured.  Changes
of the PvO2 levels were recorded every 15 min by a blood gas
analyzing machine (Radiometer ABL5, Denmark), it lasted
for 1 h.

Measuring the wet weight of the donor lungs  After

reperfusion for 1 h, the donor lungs were taken out and
weighed.  They were then put into an 80 ºC oven for 48 h and
weighed again after drying.  The percentage of the wet weight
was calculated according to the data.  The formula was: wet
weight (%) = (total weight–dried weight)/total weight.

Measuring the activity of myeloperoxidase of the donor
lungs  Detection of myeloperoxidase (MPO) activity was
performed using the Myeloperoxidase (MPO) Detection Kit
(Nanjing Jiancheng Bioengineering Institute, China.  Approxi-
mately 0.05 g of lung tissue was dissected and rinsed with
0.9% NaCl to remove blood contamination; 5% homogenate
was made according to its mass ratio.  The procedure was
done according to the protocol provided by the kit.  Absor-
bency was measured (A) on a spectrophotometer at 460 nm
and calculated the activity of MPO.

Measuring the concentrations of the ICAM-1 of the do-
nor lungs  The ELISA method was adapted to measure the
ICAM-1 by determining the absorbency at 492 nm.  Approxi-
mately 10 mg of tissue of the donor lungs was processed
following the protocol of the manufacturer.  The concentra-
tion of the ICAM-1 was calculated according to the stan-
dard curve, which was made from a series of different known
concentrations of standard bovine serum albumin.

Measuring the expression of NF-κB of the donor lungs
Immunohistochemistry was performed using the Strep-
tavidin biotin complex kit to measure the expression of
NF-κB.  The first antibody was the anti-NF-κB (P65) mono-
clonal antibody with a dilution of 1:100.  Positive cells
were identified as those whose nucleus had yellow-brown
grains.  Eight sections from each group were chosen, and
5 fields were observed randomly in each section.  Then
the number of positive cells was counted under high-power
fields (×400).  The average count of 5 fields was taken as
the result.

Observing the ultrastructure of the donor lungs  After
reperfusion, 1 cm3 of tissue from the left lung was dissected
and fixed in 4% glutaraldehyde to make electron microscopic
samples.  The changes in the ultrastructure were observed
by using the H600 transmission electron microscope (Hitachi,
Japan).

Statistical analysis  The experimental data were shown
as mean±SD.  An analysis of these data was performed with
ANOVA using the SPSS 12.0 statistical package (SPSS,
Chicago, IL, USA).  P-values of less than 0.05 were accepted
as statistically significant.

Results
Effect of TRI on the levels of PvO2 in the donor lungs   As

the time of reperfusion was prolonged, the levels of PvO2 in
the donor lungs of all groups decreased.  In group I, the
levels PvO2 decreased starting at 30 min after reperfusion
and decreased continuously thereafter.  In group II, signifi-
cant decreases of the levels PvO2 were observed 15 min after
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reperfusion.  On the other hand, although the levels of PvO2

were also reduced during reperfusion in group III, these
changes were less intense than those in groups I and II
which had statistical significance at the end of reperfusion
(P<0.01; Figure 1).

Effect of TRI on pulmonary edema of the donor lungs
Pulmonary edema of the donor lungs in group II was higher
than that in group I (P<0.05).  In contrast, in group III, pul-
monary edema was significantly lower compared to group I
(P<0.05; Figure 2).

 Effect of TRI on MPO activity in the donor lungs The
MPO activity in group II was significantly higher than that
in group I (P<0.01), while in group III, it was lower than that
in group I (P<0.01; Figure 3).

Effect of TRI on NF-κB activity in the donor lungs The
NF-κB immunoreactivity in group II was significantly higher
than that in group I (P<0.01), while in group III, NF-κB im-
munoreactivity was lower than that in group I (P<0.01; Figure 4).

Effect of TRI on the expression of ICAM-1 in the donor
lungs  The levels of ICAM-1 in group II significantly
increased compared with that in group I (P<0.01).  However,

compared with that in group I, the levels of ICAM-1 in group
III decreased significantly (P<0.01; Figure 5).

Effect of TRI on the ultrastructural changes in the do-
nor lungs  In group I, the microvilli of the type II pneumocyte
were still dense, and the nucleus remained normal.  Most of
the mitochondria cristae in the cytoplasm were satiated and
some mitochondria swelled occasionally.  The endoplasmic
reticulum did not enlarge.  The osmiophilic multilamellar body
was kept intact and the vessle structure integrity was main-
tained (Figure 6A).  In group II, the microvilli of the type II

Figure 4.  Effect of TRI on NF-κB activity in donor lungs. Immu-
noreactivity of NF-κB is presented in the average number of positive
cells. cP<0.01 vs control.

Figure 1. Effect of TRI on PvO2 in donor lungs during reperfusion.
cP<0.01  vs control; fP<0.01 vs LPS group.

Figure 3. Effect of TRI on MPO activity in donor lungs. cP<0.01 vs
control.

Figure 2. Effect of TRI on pulmonary edema of donor lungs. bP<0.05
vs control.

Figure 5. Effect of TRI on ICAM-1 expression in donor lungs. cP<0.01
vs control.
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pneumocyte were sparse.  The nuclear chromatin was mar-
ginated and the mitochondria swelled significantly; their cris-
tae were short and scarce.  The morphology of some mito-
chondria changed and appeared vacuole-like.  The osmium-
philic multilamellar body developed poorly, and the vascular
endothelial cells also swelled.  The endoplasmic reticulum
enlarged slightly (Figure 6B).  In group III, the microvilli of
the type II pneumocyte and the nuclear structure were normal.
The mitochondria in the cytoplasm swelled slightly.  The
osmiumphilic multilamellar body was intact.  The microvilli
of the type I pneumocyte and the nuclear structure were also
normal; the mitochondria and endoplasmic reticulum enlarged
slightly (Figure 6C).

Discussion
Lung transplantation is becoming an effective means for

the treatment of lung diseases in the terminal stage.  The
protection of the functions of donor lungs is one of the
critical factors that determine the success of lung transplan-
tation[9,10].  Most deaths occur within 30 d after transplan-
tation.  The main cause of death during the first postopera-
tive month is non-specific graft failure secondary to
ischemia/reperfusion-induced lung injury[11,12].  Many
attempts have made to reduce injury, including improvement
of preservation solutions, adequate setting of flushing
solutions, reperfusion pressure and ventilation, inhaled
nitric oxide, administration of prostaglandins, complemen-
tary inhibitors, the antagonists of the platelet-activating
factor, and surfactant enhancers[13].  Generally, donor lungs
can be safely preserved for 4–6 h.  Among those that died
after lung transplantation, 15%–20% died from lung injury
induced by ischemia/reperfusion[14].  Lung injury induced
by ischemia-reperfusion is characterized by increased pul-
monary vascular resistance, decreased oxygenation capacity,
worsened compliance, and edema formation[15].  Multiple

mechanisms are involved in ischemia/reperfusion-induced
lung injury.  It is generally believed that the injury is a pro-
cess of inflammatory reaction, which includes the activation
of endothelial, the expression of adhesion molecules, and
also the adherence, aggregation, and activation of leucocytes
and platelets, as well as the release of free radicals.  In these
inflammatory reactions, the transcription factor NF-κB is the
key regulator which controls the expression of many genes
involved in inflammation, such as the activation of the
endothelium and adherence of molecules.  Therefore, NF-κB
has become a new target for anti-inflammatory treat-
ments[16].

Tripterygium extracts have been used widely to treat in-
flammatory and autoimmune diseases such as rheumatoid
arthritis and immune complex nephritis in China[17, 18].  In or-
gan transplantation, both clinical and experimental studies
have demonstrated that Tripterygium extracts effectively
prolong allograft survival[19].  TRI is an active ingredient
extracted from Tripterygium wilfordii multiglycoside[20].  It
is a colorless, needle-like crystal, with a relative molecular
weight of 360 g/mol; its molecular formula is C2OH24O6.  It
has complex chemical compositions and diverse pharmaco-
logical actions.  It is TRI that makes Tripterygium wilfordii
multiglycoside an effective immunosuppressant.  The immu-
nosuppressive effects of TRI can be partially attributed to
its potent inhibition of T cell activation and interleukin-2
production[21].  Remarkably, the inhibitory effect of TRI on T
cell activation has been shown to be more potent than that
exhibited by cyclosporine[22] and Tacrolimus (FK-506)[23].

MPO is a specific enzyme in the cytoplasm of neutrophils,
which induces the activation and aggregation of neutrophils.
The changes in MPO in the lung can reflect the levels of
neutrophil aggregation in the lung after reperfusion.  This
study also found that the levels of PaO2 decreased after
reperfusion, the activities of MPO increased, and the struc-
ture was damaged in the donor lungs.  These pathological

Figure 6. Effect of TRI on the ultrastructural changes in donor lungs. (A) group I; (B) group II; (C), group III. Magnification ×8000.
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changes in the donor lungs were exacerbated by LPS treat-
ment.  In contrast, these pathological changes in the TRI-
treated group were improved, suggesting that TRI can pro-
tect donor lungs against ischemia/reperfusion-induced injury.
The present study further demonstrated that the ischemia/
reperfusion-induced elevation in NF-κB and the NF-κB tar-
get gene ICAM-1 significantly decreased by TRI.  These
results suggest that TRI may reduce injury of the donor
lungs induced by ischemia/reperfusion through inhibiting
the activity of NF-κB and reducing the expression of
ICAM-1.  Along with other studies[24, 25], TRI may have a
wide application in organ transplantation as an anti-inflam-
matory and immunosuppressant.  However, TRI also has
toxicity, just as many Chinese medicines do.  It affects the
digestive system, genital system, hematopoietic system, and
so on.  Thus, it is better to extract its effective monomer
component to study its metabolic process so as to raise its
pharmacodynamic action and reduce its toxicity.
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