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Protective effects of NF-kB inhibitor and continuous perfusion of
pulmonary arteries on pulmonary injury in piglet models of deep
hypothermia low flow
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Abstract. Deep hypothermia with low flow perfusion (DHLF) is a common cardiopulmonary bypass
(CPB) technique. The associated lung ischemia/reperfusion injury is a major cause of postopera-
tive morbidity and mortality in patients undergoing DHLP; we aimed to investigate the effects of
nuclear factor-kB (NF-kB) inhibitor pyrrolidine dithiocarbamate (PDTC) with continuous perfu-
sion of pulmonary arteries (CPP) on DHLF-induced lung injury and the related molecular mecha-
nisms. Twenty-four piglets were randomly divided into the DHLF (control), CPP (with DHLE), or
CPP+PDTC (intravenous PDTC before CPP with DHLF) groups. Lung injury was evaluated by
respiratory function measurement, lung immunohistochemistry, and serum levels of TNE, IL-8, IL-6,
and NF-«kB before CPB, at CPB completion, and at 1 h post-CPB. Western blot was used to detect
NEF-«B protein expression in lung tissues. After CPB, decreased parcial pressure of oxygen (PaO,)
and increased parcial pressure of carbon dioxide (PaCO,) and serum levels of TNEF, IL-8, IL-6, and
NF-«B were observed in the DHLF group. Both CPP and CPP+PDTC groups showed better indices
of lung function, decreased levels of TNE, IL-8, and IL-6, and less severe pulmonary edemas and
injuries. PDTC with CPP further improved pulmonary function and mitigated pulmonary injury than
did CPP alone. PDTC with CPP better attenuates DHLF-induced lung injury than does CPP alone.

Key words: Deep hypothermia low flow — Continuous perfusion of pulmonary arteries — Cardio-
pulmonary bypass — NF-kB inhibitor — Inflammation

Abbreviations: ABG, arterial blood gas; CPB, cardiopulmonary bypass; CPP, continuous perfusion
of pulmonary arteries; DHLE, deep hypothermia with low-flow perfusion; ELISA, enzyme-linked
immunosorbent assay; IKK, IkB kinase; IkBa, phospho-inhibitor of kBa; I/R, ischemia/reperfusion;
PDTC, pyrrolidine dithiocarbamate; PMNs, polymorphonuclear leukocytes; T0, end of CPB; T1,
1 hour of post-CPB; W/D, wet-to-dry weight.

Introduction infants and neonates (Harten et al. 2012). DHLF provides

oxygen supply and blood flow to key organs, and enhances
Deep hypothermia with low flow perfusion (DHLF) is  the hypoxia tolerance of cells by decreasing the metabolic
a widely applied cardiopulmonary bypass (CPB) technique  rate, thereby protecting organs and suppressing hypoxia-
in the surgical treatment of congenital heart diseases in  induced cell apoptosis (Yang et al. 2020). The incidence
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of lung injury is reportedly extremely high in neonates or
infants undergoing DHLE and it has become a major cause
of postoperative morbidity and mortality in these patients
(Su et al. 2003; Gaynor et al. 2014).

Continuous perfusion of pulmonary arteries (CPP) pro-
tects against pulmonary ischemia/reperfusion (I/R) injury
in piglet models of DHLF (Yewei et al. 2013). Pulmonary
artery perfusion with oxygenated blood during CPB achieves
a significant improvement in postoperative oxygenation in
patients undergoing cardiac surgery (Karacalilar et al. 2020).
However, because of the limited number of participants,
meta-analyses fail to find conclusive evidence on whether
CPP is beneficial or harmful during CPB (Buggeskov et al.
2018). Therefore, further studies are required to determine
the effects of CPP during CPB.

The nuclear factor-kB (NF-kB) transcription factor is
widely accepted as a master regulator of inflammation and
immunity, playing a critical role in inflammatory diseases
(Mitchell and Carmody 2018). The NF-kB family consists
of five members - p50, p52, p65, RelB, and c-Rel - which
interact to form isodimers or heterodimers (Napetschnig
and Wu 2013). Activation of NF-kB signaling involves
both canonical and non-canonical pathways (Hoesel and
Schmid 2013). The main mechanism of canonical NF-kB
activation is the degradation of phospho-inhibitor of kBa
(IxkBa). During this process, IkB kinase (IKK) phosphoryl-
ates IkBa, contributes to ubiquitination, and finally results
in the release and translocation of NF-«B, thereby regulat-
ing downstream gene transcription (Peng et al. 2020). The
non-canonical NF-kB pathway depends on the activation
of the NF-«xB2 (P100)/RelB complex, which responds with
specificity to a sunset of receptors (B-cell-activating factor
(BAFF), BAFF receptor, and receptor activator of NF-kB).
NF-xB-inducing kinase (NIK) is a core component of the
noncanonical pathway. IKKa is activated by NIK, resulting
in p100 phosphorylation. P100 is then processed into its
active form, p52, and transported into the nucleus (Peng
et al. 2020). Previous studies have reported that NF-«xB
nuclear translocation induced by ischemia activates pro-
inflammatory genes and triggers the release of a large
quantity of inflammatory factors, thus exacerbating organ
injury (Wang et al. 2018b; Qiu et al. 2019). Emerging evi-
dence has demonstrated that NF-kB plays a key role in the
pathogenesis of lung I/R injury (Matsuda et al. 2014; Ye et
al. 2018). Moreover, a recent study showed that the NF-«xB
inhibitor pyrrolidine dithiocarbamate (PDTC) mitigates
lung injury due to decompression by suppressing the NF-kB
pathway (Wang et al. 2018a). Furthermore, NF-kB report-
edly mediates the lung-protective effect of pulmonary artery
perfusion with a urinary trypsin inhibitor in an infant piglet
model of DHLF (Li et al. 2014). Nonetheless, the effects of
NF-kB inhibitors on DHLF-induced lung injury require
further investigation.

The current study was designed to study the effects of
CPP with the NF-xB inhibitor PDTC on DHLF-induced
lung injury in piglet models and to explore the underlying
molecular mechanisms. Our study enhances our ability to
improve lung-protective strategies against DHLF-induced
lung injury in clinical practice.

Materials and Methods

Animals and experimental groups

A total of 24 healthy piglets (2-week-old; 9.5 + 1.6 kg) were
used in this study. Because there was no significant difference
in the incidence of congenital heart disease between males
and females in the birth population, all experimental animals
were randomly selected, and both sexes were acceptable. All
animal procedures were approved by the Institutional Ani-
mal Care and Use Commiittee and conformed to the Guide
for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (1996).

Anesthesia and monitoring

To maintain deep general anesthesia, atropine (0.01 mg/kg;
batch number: 17081774, Xinxiang Changle Pharmaceu-
tical Co., Ltd.), midazolam (0.1 mg/kg; batch number:
20181117, Jiangsu Enhua Pharmaceutical Co., Ltd.), sufen-
tanil (0.5 pg/kg; production batch number: 180161, Impf-
stoffwerk Dessau-Tornau GmbH), rocuronium (0.6 mg/kg;
batch number: R003337, Hameln Pharmaceuticals GmbH),
and propofol (2 mg/kg; batch number: 16MI1776, Beijing
Fresenius Medical Co., Ltd.) were administered intrave-
nously to all piglets. Tracheal intubation was performed
under video laryngoscope guidance. All piglets received
pressure-controlled mechanical ventilation at a tidal
volume of 6-8 ml/kg, an expiration/inhalation ratio of
2:1, and a partial pressure of end-tidal carbon dioxide of
35-45 mmHg.

The femoral arteries and veins were catheterized to moni-
tor blood pressure, and temperature probes were placed in
the rectum and nasopharynx to continuously monitor body
temperature. All piglets underwent a median sternotomy
to expose their hearts and were administered heparin
(3 mg/kg). To initiate CPB, an arterial cannula was inserted
into the ascending aorta, and a venous cannula was inserted
into the right atrial appendage.

Experimental designs

All piglets were randomly divided into three groups (n = 8
for each group): DHLE, CPP, and CPP+PDTC. A timeline
of the animal studies is shown in Figure 1.
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Figure 1. Timelines of the animal studies in the different groups. DHLE, deep hypothermia with low flow perfusion; CPP, continuous
perfusion of pulmonary arteries; CPB, cardiopulmonary bypass; PDTC, pyrrolidine dithiocarbamate; Pro-CPB, prior to cardiopulmonary

bypass; T0, end of CPB; T1, 1 h post-CPB.

DHLF group: A non-pulsatile systemic CPB flow of
100-150 ml/kg/min was initiated for half an hour. When
anal temperature was reduced to 18-20°C, blood flow in the
aortic root was blocked, cold crystalloid cardioplegia solution
(4°C, 15 ml/kg) for myocardial preservation was injected,
and mechanical ventilation was discontinued. After 1 h of
DHLF (50 ml/kg/min), the blood was rewarmed to 35°C
within half an hour with a flow of 90-120 ml/kg/min, and
the blood flow in the aortic root was resumed. The heart was
beating normally, and mechanical ventilation was resumed.
After half an hour of parallel circulation, CPB was discon-
tinued, and spontaneous circulation was maintained for 1 h.

CPP group: CPB flow was established as previously de-
scribed. When anal temperature was reduced to 18-20°C,
blood flow in the aortic root was blocked, and cold crystal-
loid cardioplegia solution (4°C, 15 ml/kg) was injected for
myocardial preservation. The perfusion pump was turned
on, and the perfusion fluid (oxygenated blood) from the “Y”
style catheter flowed into the pulmonary artery and finally
returned to the blood storage bottle through a drainage tube
in the left atrium. Mechanical ventilation was discontinued.
After 1 h of DHLF (50 ml/kg/min), the blood was rewarmed
to 35°C within half an hour with a flow of 90-120 ml/kg/min,
and the blood flow in the aortic root was resumed. After half

an hour of parallel circulation, CPB was discontinued, and
spontaneous circulation was maintained for 1 h.

CPP+PDTC group: the same protocols were used as those
in the CPP group except that PDTC (50 mg/kg) (Zhang and
Jin 2017; Pan et al. 2018) was intravenously administered to
the piglets when CPB was initiated. Spontaneous circulation
was maintained for 1 h.

Sample collection and physiologic measurements

The degree of lung injury was evaluated by measurement of
respiratory function, immunohistochemical examination of
lung tissues, and calculation of the lung wet-to-dry weight
(W/D) ratio.

At the time nodes before CPB (Pro-CPB), at the end of
CPB (T0), and at 1 h post-CPB (T1), arterial blood (3 ml)
was sampled from two piglets (Pro-CPB), three piglets (TO0),
and three piglets (T1) in the DHLF, CPP, and CPP+PDTC
groups, respectively. Some of the blood samples were used
for arterial blood gas (ABG) analysis with an Easy Stat ABG
analyzer (Medica Corporation, Bedford, USA). The remain-
ing blood samples were used to determine the serum levels
of NF-«B, TNE IL-8, and IL-6 at all three time points using
their corresponding enzyme-linked immunosorbent assay
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(ELISA) kits according to the manufacturer’s instructions.
The following ELISA kits were used: NF-kB ELISA kit (hu-
man p50, batch number: 10006912-96, Cayman Chemical
Company, USA), TNF ELISA kit (batch number: 589201-96,
Cayman Chemical Company, USA), IL-8 ELISA kit (batch
number: 3560-1H-20, Mabtech, Nacka, Sweden), and IL-6
ELISA kit (batch number: 583361-480, Cayman Chemical
Company, USA).

In addition, at each time point, piglets were euthanized by
routine air venous embolization or intravenous potassium
chloride injection. Lung tissues, including the right and left
lower lobes, were collected from the piglets. Among them,
a piece of the right lower lobe of the lung tissues (approxi-
mately 1 cm®) was weighed; after drying at 80°C for 48 h, the
dry weight of the tissues was also measured to calculate the
lung W/D ratio. Furthermore, a part of the left lower lobe
of the lung tissues was fixed with 4% formalin, embedded
in paraffin, and sectioned. The paraffin-embedded sections
were stained with hematoxylin-eosin (HE) and observed
under a Nikon Eclipse E100 microscope (Tokyo, Japan). An-
other part of the left lower lobe was fixed in glutaraldehyde
and stained, and the pulmonary ultrastructure was observed
under a JEM-ARM200F transmission electron microscope
(JEOL, Tokyo, Japan).

Western blot

NF-kB protein expression in lung tissues was measured
at the end of the experiment using Western blot. Briefly,
lung tissues were lysed using radioimmunoprecipitation
assay lysis buffer. The protein samples were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred onto immobilon-P trans-
fer membranes (Millipore, USA). After blocking with 5%
skim milk at 37°C for 2 h, the membranes were incubated
with a primary antibody against NF-kB (Abcam, Cambridge,

USA; batch number: ab195854; 1:2000) or GAPDH (Ab-
cam, Cambridge, USA; batch number: ab181602; 1:3000)
at 4°C overnight. Subsequently, the membranes were incu-
bated with a secondary antibody (1:1000, goat anti-rabbit
IgG-HRP, Santa Cruz Biotechnology, USA) at 37°C for 2 h.
Finally, the membranes were rinsed with Tris buffered saline
Tween (TBST), and the protein bands were visualized using
enhanced chemiluminescence (Applygen, Beijing, China).

Statistical analyses

In this study, PASS 15.0 software was used to estimate the
experimental sample size, and the 3R rules for animal experi-
mentation were strictly followed. All values are expressed as
means * standard deviations. Before statistical analyses, the
Shapiro-Wilk test was used to control or assess the normal
distribution of all data, and the data were found to be in ac-
cordance with the normal distribution. Thereafter, one-way
analysis of variance, followed by the Newman-Keuls method,
was used to analyze the significant difference between more
than two groups. However, for the two groups, Student’s
t-test was used. Statistical significance was set at p < 0.05.
All statistical analyses were performed using SPSS software
(version 19.0; Chicago, IL, USA).

Results

CPP combined with PDTC attenuated the DHLF-induced
lung dysfunction

The DHLE, CPP, and CPP+PDTC groups were not signifi-
cantly different in body weight, heart rate, mean arterial pres-
sure, parcial pressure of oxygen (PaO,) , and parcial pressure
of carbon dioxide (PaCO,) (p > 0.05) before CPB. PaO, and
PaCO, were measured using ABG analysis at the Pro-CPB,
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Figure 2. Effects of CPP and PDTC on DHLF-induced lung dysfunction. The content of PaO; (A) and PaCO, (B) at three time points in
the different groups. * p < 0.05 vs. Pro-CPB group; #p <0.05 vs. DHLF group; @ p < 0.05 vs. CPP group; ™ p < 0.05 vs. in group T0. PaO,,
arterial partial pressure of oxygen; PaCO,, arterial partial pressure of carbon dioxide. For other abbreviations, see Figure 1.
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Figure 3. Effects of CPP and PDTC on DHLF-induced release of inflammatory factors. Serum levels of NF-xB (A), TNF (B), IL-6 (C),
and IL-8 (D) at three time points in the different groups. * p < 0.05 vs. Pro-CPB group; * p < 0.05 vs. DHLF group; © p < 0.05 vs. CPP

group; ¥ p < 0.05 vs. in group TO. For abbreviations, see Figure 1.

T0, and T1 time points. As shown in Figure 2, each group
had significantly decreased PaO, and increased PaCO, at TO
and T than at Pro-CPB (p < 0.05), suggesting that the piglet
models of DHLF were successfully established. Moreover,
at T1, both CPP and CPP+PDTC groups had considerably
elevated PaO, and decreased PaCO, in comparison with the
DHLF group (p < 0.05), indicating that both CPP and PDTC
with CPP could alleviate DHLF-induced lung dysfunction.
Furthermore, PaO, was further improved in the CPP+PDTC
group that in the CPP group (p < 0.05) at T1; however, the
difference in PaCO, levels was not significant between the
CPP and CPP+PDTC groups (p > 0.05, Figs. 2A,B). This
reveals that the combined use of PDTC and CPP better allevi-
ates DHLF-induced lung dysfunction than does CPP alone,

CPP combined with PDTC reduced the DHLF-induced
release of inflammatory factors

In the DHLF group, the serum levels of NF-kB, TNE, IL-8,
and IL-6 were significantly higher at T1 than at Pro-CPB (p <
0.05, Fig. 3A-D), suggesting that DHLF induced a consider-
able release of inflammatory factors. Moreover, at T1, the
levels of NF-kB, TNE IL-8, and IL-6 were markedly increased

in the CPP (p < 0.05) and CPP+PDTC groups (p < 0.05) than
in the DHLF group (Fig. 3A-D). Furthermore, TNF was
remarkably decreased in the CPP+PDTC group than in the
CPP group (p < 0.05, Fig. 3B); however, the differences in
serum levels of NF-kB, IL-8, and IL-6 were not significant
between the two groups (p > 0.05, Fig. 3A,C,D).

NF-«B protein expression in the lung tissues was detected
at T1 by Western blot. Compared with the DHLF group,
NF-kB protein was considerably downregulated in the CPP
group and further downregulated in the CPP+PDTC group
(Fig. 4).

NF-kB

GAPDH

CPP+PDTC ~ CPP DHLF

Figure 4. Protein expression of NF-kB in the different groups after
CPP by Western blot. For abbreviations, see Figure 1.
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Figure 5. Changes of lung wet-to-dry weight (W/D) ratio at three
timepoints in the different groups. * p < 0.05 vs. Pro-CPB; * p < 0.05
vs. DHLEF group; © p < 0.05 vs. CPP group; * p < 0.05 vs. in group
TO. For abbreviations, see Figure 1.

CPP combined with PDTC mitigated the DHLF-induced
pulmonary edema and injury

The DHLF piglets had a significantly higher lung W/D ratio
at T1 than at Pro-CPB (p < 0.05, Fig. 5). Furthermore, at
T1, both CPP and CPP with PDTC caused a considerable
decrease in the lung W/D ratio (p < 0.05), and the extent of
the decrease caused by CPP combined with PDTC was much
greater (p < 0.05, Fig. 5).

Histopathological changes in the pulmonary tissues were
evaluated by HE staining under a light microscope and
a transmission electron microscope. Pulmonary edema and

injury was severe in the DHLF group, moderate in the CPP
group, and slight in the CPP+PDTC group (Fig. 6).

Discussion

DHLEF-induced pulmonary injury is a common postoperative
complication of CPB, which increases hospital stay and post-
operative mortality in infants and neonates with congenital
heart disease (Axelrod et al. 2016). To our knowledge, our
study is the first to determine whether CPP and NF-«B in-
hibitor are effective pulmonary protection strategies to relieve
DHLF-induced pulmonary injury. Pulmonary injury resulting
from DHLF is characterized by an uncontrolled inflammatory
response involving complicated interactions between various
inflammatory cells, transcription factors, cytokines, and in-
flammatory mediators (Laubach and Sharma 2016; Hou et al.
2018; Wang et al. 2018c). In our study, lower PaO, and higher
PaCO, and serum levels of NF-kB, TNE, IL-8, and IL-6 were
observed in the piglet models of DHLE, suggesting that our
infant piglet models successfully simulated clinical practice.
Direct contact of blood with the CPB circuit induces
pulmonary inflammation and activates polymorphonuclear
cells, primarily polymorphonuclear leukocytes (PMNs), that
can release various inflammatory cytokines, such as TNFE, IL-
6,and IL-8 (Su etal. 2003). These cytokines increase capillary
permeability, thereby accelerating lung tissue edema and in-
jury (Takashima et al. 2014). Moreover, PMNs accumulated
in the lung tissue release elastase and oxygen free radicals,
resulting in swelling and degeneration of pulmonary vascular

Figure 6. Effects of CPP and PDTC on the histopathological presentation of pulmonary tissue of piglets after CPB. A. Morphological pres-
entation of pulmonary tissues in the different group using a light microscope. The arrow in the CPP group represents the partially destroyed
cell wall. The arrow in the CPP+PDTC group indicates the complete structure of cells and inter-cells. B. Pulmonary ultrastructure of the
pulmonary tissues in the different groups. The arrow in the DHLF group means shattered nuclei. The arrow in the CPP group represents
occasional apoptotic bodies. The arrow in the CPP+PDTC group indicates an unbroken blood-air barrier. For abbreviations, see Figure 1.



Effects of NF-kB inhibitor on pulmonary injury

175

endothelial cells and pulmonary interstitial edema (Freitas
et al. 2016). Furthermore, PMNs have been demonstrated
to be key effector cells in the pathogenesis of lung I/R injury
(Rebetz et al. 2018). In the present study, accumulation of
inflammatory cells, primarily PMN, inside and outside the
alveolar cavity and rupture of alveolar septa were found in
the DHLEF group. These findings confirmed the critical role
of PMNs in DHLF-induced pulmonary injury.

Pulmonary I/R injury exacerbates pulmonary inflamma-
tion and has been recognized as a crucial initiator of post-
DHLF lung injury (Salameh et al. 2017). A growing body of
evidence suggests that pulmonary perfusion provides better
oxygenation, relieves ischemia, and diminishes post-CPB
lung injury (Yewei et al. 2013; Maltesen et al. 2018; Kara-
calilar et al. 2020). Our study showed that CPP increased
PaO, and decreased PaCO, and serum levels of NF-kB, TNF,
IL-8, and IL-6, and abated pulmonary edema and injury in
piglet models of DHLF at 1 h post-CPB, corroborating these
reports. This indicates that CPP improves oxygenation and
attenuate inflammation, thereby reducing lung injury.

The NF-«kB signaling pathway plays a vital role, and
NF-«B is a central mediator in the inflammatory response
(Huang et al. 2019; Wang et al. 2019). Following IxB deg-
radation via IKK phosphorylation, NF-«B is activated, and
it translocates from the cytoplasm to the nucleus, thereby
activating the transcription of target genes involved in in-
flammation (Pordanjani and Hosseinimehr 2016). NF-xB
has been implicated in regulating the production of pro-
inflammatory cytokines, including TNE, IL-6, and IL-8, in
acute lung injury, which can further activate NF-kB (Zhu
et al. 2018). Inhibition of the NF-kB pathway by calcitriol
counteracts inflammation and pulmonary edema induced by
seawater aspiration (Zhang and Jin 2017). NF-kB inhibitor
PDTC inhibits activation of NF-«B in the cytoplasm, and
it has been demonstrated to exert protective effects against
lung injury (Wang et al. 2011; Francioli et al. 2017; Wang et
al. 2018a). In agreement with these studies, we found that
compared with CPP alone, intravenous administration of
PDTC along with maintenance of CPP further increased
Pa0O,, decreased PaCO,, and attenuated regional hemor-
rhage of lung tissue, alveolar edema, and inflammatory cell
infiltration in infant piglet models of DHLE. Moreover, the
combination of PDTC and CPP appeared to have a greater
anti-inflammatory effect, as evidenced by the lower serum
levels of TNF, IL-8, IL-6, and NF-«B in infant piglet models
of DHLF at 1 h post-CPB. These results collectively suggest
that the combined application of PDTC and CPP confers
a better lung-protective effect against DHLF-induced lung
injury than does CPP alone by improving oxygenation of
lung tissue and suppressing NF-«xB protein expression and
the inflammatory response.

This study had some limitations that should not be
neglected. Our study only focused on lung injury and

dysfunction during the 3-h perioperative period of DHLE
Alterations of PMNs in lung tissues and serum levels of TNF,
IL-8,IL-6, and NF-«B should be monitored for a longer time
following DHLF to further investigate the molecular mecha-
nisms underlying the lung-protective effect of PDTC and
CPP. In addition to these inflammatory factors, additional
in vivo and in vitro experiments should be performed to
further uncover detailed molecular mechanisms. In addi-
tion, larger randomized clinical trials are needed to validate
the lung-protective activity of PDTC and CPP before their
clinical use can be considered. The combined effects of PDTC
and CPP in DHLF lung injury, as well as the translocation
of active NF-kB to the nucleus and subsequent downstream
genes, require further investigation. Additionally, this study
focused on the roles of PDTC, an inhibitor of NF-kB, in the
DHLF lung injury model. Further experiments are needed
to explore the effects of PDTC as an antioxidant and an
inhibitor of IkBa phosphorylation in this model.

Conclusion

In conclusion, our study revealed that PDTC administra-
tion together with CPP was more effective in protecting
pulmonary function against DHLF-CPB-induced lung injury
than was CPP alone. The mechanisms may involve improved
oxygenation and inhibition of the inflammatory response
and NF-«B signaling pathway. Our findings suggest that the
combined use of PDTC and CPP could be a novel preventa-
tive and therapeutic strategy for DHLF-induced lung injury
in infants and neonates undergoing cardiac surgery.
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