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ABSTRACT
Objective(s): To study the effect of cardiopulmonary bypass (CPB) on nuclear factor‐kappa B (NF‐кB)
and cytokine expression and pulmonary function in dogs.
Materials and Methods: Twelve male mongrel dogs were divided into a methylprednisolone group
(group M) and a control group (group C). All animals underwent aortic and right atrial catheterization
under general anesthesia. Changes in pulmonary function and hemodynamics were monitored and the
injured site was histologically evaluated.
Results: The activity of NF‐кB and myeloperoxidase (MPO), levels of tumor necrosis factor (TNF)‐α,
interleukin (IL)‐1β, IL‐6, and IL‐8, and the wet/dry (W/D) weight ratio were significantly higher after
CPB than before CPB in both groups (P<0.01), with the lower values in group M than in group C, at
different time points (P<0.01). Histological evaluation revealed neutrophilic infiltration and thickening
of the alveolar interstitium in both groups; however, the degree of pathological changes was
significantly lower in group M than in group C. The alveolar–arterial O2 tension difference (PA‐aDO2)
was significantly higher after CPB than before CBP (P<0.01), and lower in group M than in group C
(P<0.01). The pulmonary compliance after removal of the aortic clamp obviously decreased in group C
(P<0.05), with no significant change in group M.
Conclusion: CPB can significantly enhance the activation of NF‐кB in lung tissues and increase the
expression of inflammatory cytokines, thus inducing lung injury. Methylprednisolone can inhibit the
NF‐кB activation, thus inhibiting the release of cytokines and protecting the lung function.
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Introduction

Lung dysfunction following cardiopulmonary
bypass (CPB) is a severe and life‐threatening
complication of heart surgery. Systemic inflamma‐
tory responses, nonphysiological CPB, and
oxygenators play significant roles in inducing lung
injury (1, 2). Lung ischemia–reperfusion further
aggravates pulmonary injury through upregulation
of the expression of several proinflammatory genes,
increase of the neutrophil and macrophage adhesion
to the vascular endothelium, and the release of many
free radicals and enzymes by activated neutrophils
(3). In recent years, although several measures
have been adopted to prevent lung injury, such as the
use of anti‐inflammatory drugs (4, 5), continued
ventilation and pulsatile pulmonary perfusion
during CPB (6‐8), leukocyte‐depleting filters (9), and

heparin‐bonded circuits (10, 11), lung dysfunction
following CPB is considered an important cause of
postoperative mortality and the most common
complication of cardiac surgery (1, 2, 5‐7, 9, 12).
Interestingly, complements, cytokines, and adhesion
molecules constitute a complicated network during
CPB, and the triggering of inflammatory responses
by this network can generate a cascade of events (1,
3, 11). Nuclear factor‐kappa B (NF‐кB) (13‐15), a
nuclear transcription factor, has mostly been studied
in recent years. It controls the expression of several
genes, including cytokines and adhesion molecules,
and is involved in immune response and cell growth,
survival, differentiation, and apoptosis. The aim
of this study was to evaluate the effect of CPB. on NF‐
кB activity, cytokines expression, and pulmonary
function in dogs.
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Materials and Methods

Animals and grouping
In total, 12 healthy male mongrel dogs (weight,
24–28 kg) provided by Fudan University affiliated
with Zhongshan hospital were randomly divided
into two groups: a methylprednisolone group (group
M) and a control group (group C). In group M,
the dogs were treated with 5 mg/kg/10 ml of
methylprednisolone (Pfizer Manufacturing Belgium
NV, Rijksweg 12, 2870 Puurs, Belgium) after the
induction of anesthesia, while in group C, the dogs
were treated with 10 ml of normal saline. This study
was performed in strict accordance with the
recommendations in the Guide for the Care and Use
of Laboratory Animals of the National Institutes of
Health.
Anesthesia
The dogs were placed in the supine position after
IV anesthesia with 30 mg/kg napental, and then the
IV injection of 5 ug/kg fentanyl and 4 mg
pipecuronium bromide; tracheal tubes with an
internal diameter of 9.5 mm were inserted through
the oral cavity for mechanical ventilation. The
fraction of inspired oxygen (FiO2) was 100%, tidal
volume was 15 ml/kg, and respiratory frequency
was 10‐20 breaths per min. Meanwhile, the arterial
partial pressure of carbon dioxide (PaCO2) was
maintained at 35‐45 mmHg through regulation of the
respiratory frequency. Anesthesia was maintained by
the continuous infusion of 2.5 mg/kg/min propofol
via a pump and intermittent IV administration of
fentanyl and pipecuronium bromide. All vital signs
were checked, including the body temperature
monitored using a temperature probe placed in the
esophagus and electrocardiograms. Blood samples
were obtained by femoral artery puncture. After
heparinization, CPB was performed by inserting
tubes into the ascending aorta and right auricle.
Ventilation was ceased after CPB, and the aorta was
clamped for 120 min. Rewarming was performed
110 min after aortic clamping. Then, CPB was
gradually ceased after removal of the clamp, with
cardiac resuscitation and the establishment of steady
circulatory dynamics. All parameters were
monitored for 90 min after removal of the aortic
clamp, following which all the dogs were killed by
F.vs.
Cardiopulmonary bypass (CPB)
The priming solution used for CPB included 30
ml/kg of 20% mannite and 5% NaHCO3 each and 0.6
mg/ml of heparin, with Ringer’s lactate solution and
gelofusine in a 1:8 proportion. The heart‐lung
machine used in this study was purchased from
Jostra, Germany; the children’s membrane
oxygenator and blood reservoir from Baxter; and
tubes from the Shanghai Xiangsheng factory for
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medical instruments. After heparinization, CPB was
initiated. The aorta was cross‐clamped when the
esophageal temperature dropped to 28‐30 °C.
Meanwhile, cold crystalloid cardioplegic solution
(97.9 mmol/l NaCl, 13.4 mmol/l postassium
glutamate and KCl, 2 mmol/l CaCl2, 16 mmol/l MgCl2,
1.9 mmol/l procaine, and 28.6 mmol/l NaHCO3) was
perfused from the aortic root to achieve a flat line
electrocardiogram. During CPB, the perfusion
volume was maintained at 50‐70 ml/kg, and the
mean arterial pressure (MAP) at 50‐70 mmHg. The
gas volume was appropriately adjusted according to
the PaCO2 value. The aortic clamp was removed at
35 °C after 110 min, and cardiac resuscitation was
performed to restore normal ventilation. CPB was
gradually ceased under a steady circulation,
following which nucleoprotamine was administered
to neutralize the effects of heparin. Steroid hormones
were not administered to any animal during the
experiment.
Test indices and measurements
Electrocardiograms, MAP, and the mean
pulmonary artery pressure (MPAP) were continuou‐
sly measured. CVP, PCWP, CO, lung compliance, and
arterial blood gases (ABGs) were also assessed
before CPB (T0) and 30 (T2) and 90 (T3) min
after aortic clamp removal. PVR, CI, and PA‐aO2 were
calculated, with PA‐aO2 calculated using the
following formula: [FiO2 × (atmospheric pressure −
47) − (PaCO2 × 1.25) − PaCO2]. Serum was separated
from arterial blood at T0, T1 (before aortic clamp
removal), T2, and T3. Cytokines levels were measured
by radioimmunoassay kits, such as 125I‐labeled kit.
The hematocrit value was used to adjust the effects
of blood dilution; with the correction value
calculated using the following formula: hematocrit
before anesthesia/factual hematocrit × testing value.
Tissues were obtained from the upper left lung lobe
at T0, T1, T2, and T3. Nucleoprotein from the lung
tissue cells was extracted using the Derychere F
method (16), and NF‐кB activity was measured by
the Western blot assay. The wet/dry (W/D) weight
ratio was calculated after placing the lung tissue at
85 °C for 72 hr. Myeloperoxidase (MPO) levels were
measured using colorimetry, and pathological
changes in the lungs were assessed by hematoxylin
and eosin staining.
Statistical analysis
All statistical analyses were performed using
SPSS 13.0 software, and all data are expressed as
meansstandard deviations (SDs). Analysis of
variance (ANOVA) was used for within‐group
comparisons; while Fisher’s least significant
difference (LSD) test was used for between‐group
comparisons. A P‐value of <0.05 was considered
statistically significant.
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Figure 1. Lung function changes (mean±SD)
Impacts of CPB on lung compliance, PA‐aO2, and PaCO2 between the
two groups. Data are expressed as the mean±SD (n=5 per group).
#P<0.05, ##P<0.01, compared with the control group; *P<0.05,
**P<0.01, compared with the T0 (T0: before CPB, T2: 30 min after aortic
clamp removal, and T3: 90 min after aortic clamp removal)

Results

General characteristics
The weight, height, hematocrit value, and dose of
vasoactive drugs used during the cardiac resuscitation
period and CPB‐off time showed no significant
differences between the two groups (P>0.05).

Figure 2. Changes of cytokines levels (mean±SD)
Changes of TNF‐α, IL‐1β, IL‐6, and IL‐8 of the two groups before and
after CPB. TNF‐α, IL‐1β, IL‐6, and IL‐8 were measured by
radioimmunoassay kits (125I‐labeled kits). Data are expressed as the
mean±SD (n=5 per group). ##P<0.01, compared with the control
group; **P<0.01, compared with the T0 (T0: before CPB, T1: before
aortic clamp removal, T2: 30 min after aortic clamp removal, and T3: 90
min after aortic clamp removal)

Hemodynamic changes
MAP and CI showed no significant difference at
any time point between the two groups. PVR was
significantly higher at T2 and T3 than at T0 in group C
(P<0.05), while there was no significant difference in
group M (P>0.05).

between the two groups at any time point. The lung
compliance was significantly decreased at T2 and T3
compared with that at T0 in group C (Figure, P>0.05);
however, there was no significant difference in group
M (Figure 1, P>0.05).

Pulmonary function changes
Compared to that at T0, PA‐aDO2 at T2 and T3 was
significantly increased (Figure 1, P<0.01). This
increase was greater in group C than in group M.
However, PaCO2 showed no significant difference

Cytokine levels
The cytokines levels were significantly higher at
T1, T2, and T3 than at T0 (Figure 2, P<0.01), with
those at T2 being significantly higher than those at
T1 (Figure 2, P<0.05). The cytokines levels at T1, T2,
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Figure 3. Changes of NF‐κB P65 activity (mean±SD)
Changes of NF‐κB P65 activities of the two groups before and after
CPB. NF‐κB P65 activity was measured by the Western blot assay.
NF‐κB P65 activity indicates the intensity of bands on Western blot
(IOD). Data are expressed as the mean±SD, (n=5 per group).
##P<0.01, compared with the control group; **P<0.01, compared
with the T0 (T0: before CPB, T1: before aortic clamp removal, T2: 30
min after aortic clamp removal, and T3: 90 min after aortic clamp
removal)
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Figure 4. W/D of lung tissues (mean±SD)
Changes of wet/dry (W/D) weight ratios of the two groups before
and after CPB. The W/D weight ratio was calculated after placing
the lung tissue at 85 °C for 72 hr. Data are expressed as the
mean±SD, (n=5 per group). ##P<0.01, compared with the control
group; *P<0.05, **P<0.01, compared with the T0 (T0: before CPB, T1:
before aortic clamp removal, T2: 30 min after aortic clamp
removal, and T3: 90 min after aortic clamp removal)

and T3 were significantly lower in group M than in
group C (Figure 2, P<0.01).
NF‐κB P65 activity
The NF‐κB P65 activity was significantly higher at
T1, T2, and T3 than at T0 in both groups (Figure 3, P <
0.01). The activity at T2 was significantly higher than
that at T1 (Figure 3, P < 0.05) in group C, whereas
there was no significant difference in group M
(Figure 3, P > 0.05). The NF‐κB P65 activity at T1, T2,
and T3 was lower in group M than in group C (Figure
3, P<0.01).
W/D weight ratio
The W/D weight ratio was significantly higher at
T1, T2, and T3 than at T0 in both groups (Figure 4,
P<0.05), with the values being significantly lower in
group M than in group C (Figure 4, P<0.01).
MPO activity
The MPO activity was significantly higher at T1,
T2, and T3 than that at T0 in both groups (Figure 5,
P<0.01). The activity at T2 was significantly higher
than that at T1 in group C (Figure 5, P<0.05), while
there was no significant difference in group M
(Figure 5, P>0.05). Furthermore, the activity at T1, T2,
and T3 was significantly lower in group M than in
group C (Figure 5, P<0.01).
Pathological changes
At T0, the aortopulmonary septum was narrow
without exudation in the alveolar spaces, while at T1,
T2, and T3, the septum was widened with some
exudation in the alveolar spaces. The degree of
pathological changes at the three time points was
lower in group M than in group C.
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Figure 5. MPO activity of lung tissues (mean±SD)
Changes of MPO activities in lung tissues of the two groups before
and after CPB. Myeloperoxidase (MPO) levels were measured
using colorimetry. Data are expressed as the mean±SD, (n=5 per
group). ##P<0.01, compared with the control group; **P<0.01,
compared with the T0 (T0: before CPB, T1: before aortic clamp
removal, T2: 30 min after aortic clamp removal, and T3: 90 min
after aortic clamp removal)

Discussion

Lung injury is the most common complication
and the main cause of death after cardiac surgery
under CPB (17, 30). Mild lung injury after CPB only
leads to an increase in PA‐aDO2; however, severe lung
injury can develop into acute respiratory distress
syndrome (1, 17, 18). Up to now, the detailed
mechanisms of post‐CPB lung injury are not very
clear, the vast majority of scholars believed that CPB‐
induced systemic inflammatory responses were the
main cause of lung injury. During CPB, blood contacts
the nonphysiological CPB circuit system to activate
the complement bypass system, following which the
classical complement pathway is activated by the
protamine‐heparin complex to generate complement
fragments (19‐21) such as C3a, C5a, and C5b–9,
which make up the complex to increase vascular
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permeability, activate neutrophilic granulocytes, and
release histamine and several 3‐cytokines such as
tumor necrosis factor (TNF)‐α, interleukin (IL)‐1β,
IL‐6, and IL‐8 (1, 2, 7). TNF‐α increases the
microvascular permeability to induce multiorgan
dysfunction (22); IL‐6 is considered a marker of
severe tissue injury and a prognostic indicator in
patients with infectious shock; and IL‐8, a major
chemotactic factor in neutrophilic granulocytes,
regulates lung injuries mediated by neutrophilic
granulocytes. Cytokines induce the expression of
endothelial cell adhesion molecules such as P‐
selectin and E‐selectin, which promote adhesion and
activation of neutrophilic granulocytes that cause
lung injury through the release of many active
substances such as collagenase, metalloproteinase,
and MPO in the lung capillaries (23, 24). In recent
years, with the purpose of reducing the inflammatory
cytokines in blood, CPB techniques have been
developed by heparin‐coated CPB circuit, pulmonary
perfusion, CPB ultrafiltration, leukocyte filtration,
miniature CPB and intra‐CPB pulmonary ventilation,
etc. (9,11,31‐34), but these techniques still could not
significantly reduce the incidence of post‐CPB lung
injury. We believed that these techniques have only
reduced the levels of inflammatory cytokines to
some extent, while did not eliminate the triggers of
lung injury. The inflammatory cytokines would form
a complex network inside body, and the elevated
levels of cytokines would cause a cascading waterfall
effect and consequently rapid increase of cytokines,
thus induce a series of pathophysiological changes.
Many cytokines and adhesion molecule genes have
binding sites on NF‐кB and play an important
regulatory role in the transcription and expression of
NF‐кB (13‐15). Usually, NF‐кB is sequestered in an
inactive form in the cytoplasm because of its
association with the inhibitory protein IкB. When
stimulated, after the proteasomal degradation of IкB,
NF‐кB translocates to the nucleus and binds to the
target DNA elements in the promoters of different
genes. Some studies have also reported that an
inactive NF‐кB/I‐кB complex exists in the cytoplasm.
When the p32 and p36 serines of I‐кB are
phosphorylated under hypoxic conditions, I‐кB is
separated from the NF‐кB/I‐кB complex, and the
activated NF‐кB enters the nucleolus to combine
with the special кB site and regulate gene
transcription. During CPB, active complements,
inflammatory responses, and hypoxia can quickly
activate NF‐кB and increase the cytokines levels. At
the same time, increased TNF‐α and IL‐1β levels also
stimulate NF‐кB, resulting in positive feedback.
Therefore, NF‐кB probably plays a much important
role in lung injury (13). We established canine CPB
model to completely simulate post‐CPB lung injury.
The clinical results showed that at each time point
after CPB (T1‐T3), the activities of NF‐кB in lung
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tissues were increased significantly than before CPB,
meanwhile, the inflammatory cytokines at
corresponding time point were also significantly
increased than that before CPB. The MPO activity in
lung was significantly increased., and the
pathological results of lung tissues showed
pulmonary interstitial edema and neutrophil
infiltration; pulmonary compliance was also reduced
and PA‐aO2 was increased, thus inducing acute lung
injury. The comparison of NF‐кB activity and
cytokine levels at T2 and T3 showed small changes
than those at T1, but the pulmonary MPO activity,
W/D ratio, and pathological changes were further
aggravated, indicating that pulmonary ischemia‐
reperfusion increased lung injury (because lung
functions could not be monitored at T1, so this study
did not compare those data among T1, T2, and T3).
The advantages of animal experiments lied in that
healthy animals with completely normal heart and
lung functions could be selected, so that the
differences among individuals were small, and it
could also avoid the impacts of medical diseases and
surgeries of clinical patients on the results. Through
this experiment, we believed that in the pathogenesis
of CPB‐induced lung injury, NF‐кB and inflammatory
cytokines played important roles, so selecting
effective NF‐кB inhibitor to block the activation of
NF‐кB could effectively prevent and reduce
inflammatory responses.
Methylprednisolone was a commonly used anti‐
inflammatory and immunosuppressive agent, while
its anti‐inflammatory mechanism was not very clear.
Methylprednisolone might inhibit the activity of NF‐
кB and exert anti‐inflammatory effects through the
following three pathways: First, themethylpredni‐
solone‐glucocorticoid receptor complex competes
with the p65 subsite to inhibit NF‐кB‐dependent
transcription in the nucleolus (25). Second, the
complex induces I‐кB synthesis to suppress NF‐кB
activation in the cytoplasm (26). Third, the complex
competes against transcriptional cofactors with NF‐
кB (27, 28). Lodge AJ et al (29) and Tassani P et al
(35) found through animal experiments and clinical
observations, respectively, that the single application
of high‐dose corti‐costeroids or combined with
aprotinin could significantly reduce the release of
inflammatory cytokines and improve lung functions.
While Chaney MA et al (36) found corticosteroids
could not improve lung functions, so that it could
not be helpful to achieve the early removal of
endotracheal tube. The comparison of the above
two implementation methods revealed that the
effects of glucocorticoids were poor when added at
the beginning of surgery or in CPB, while the effects
would be better when added before anesthesia or
when the surgery is prolonged. Under exogenous
stimulation, phosphorylated I‐кB is not steady and
degrades in 10‐15 min. Because methylprednisolone
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inhibits NF‐кB activation by inducing the synthesis
of I‐кB, the treatment duration seems to play
an important role (29). In view of the possible
inhibitory mechanisms of methylprednisolone on
NF‐кB activation, a small‐dose of methylpredni‐
solone (5 mg/kg) was applied 60 min before the
start of CPB. The results showed that the activity
of NF‐кB in the treatment group at each post‐CPB
time point was significantly lower than the control
group, and also the levels of cytokines, the MPO
activity in lung tissues, the neutrophil infiltration, the
pulmonary edema, and the PA‐aO2 level were
significantly decreased , however lung functions
were significantly improved; the similar results
were obtained by repeated administration of high‐
dose (30 mg/kg) glucocorticoids (at 8 hr and 1.5 hr
before surgery) (29), meanwhile, the side effects
were reduced. In addition to the inflammatory
responses, pneumal ischemia‐reperfusion, surgical
trauma, and anesthesia s might affect the changes of
lung functions and cause CPB‐derived lung injury
(30). Therefore, the prevention and treatment of
lung injury after cardiac surgery under CPB should
be further investigated.

Conclusion

CPB can activate NF‐кB in the lung tissues and
significantly increase the release of inflammatory
cytokines to cause pulmonary inflammation and edema
through neutrophil and monocyte infiltration and
pulmonary injuries characterized by a decline in gas
exchange. Methylprednisolone (5 mg/kg) can inhibit
the activity of NF‐кB, decrease the release of cytokines,
inhibit infiltration and inflammation caused by
pulmonary inflammatory cells, improve gas exchange,
and decrease the degree of CPB‐associated lung
injuries.
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