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Objective: Pre-B cell colony enhancing factor (PBEF) is an important proinflammatory
cytokine involved in acute lung injury. However, whether PBEF participates in lung injury
caused by cardiopulmonary bypass (CPB) is still unknown. This study aimed to investigate
the effects of silencing PBEF on lung injury and the sodium and water transport system in
rats receiving CPB.

Methods: Morphological changes in lung tissues were evaluated using hematoxylin and
eosin (H&E) staining. PBEF was detected using immunohistochemistry. The sodium and
water transport system-related proteins and cellular signaling pathways were detected by
Western blotting.

Results: Rats receiving CPB (model group) had more severe alveolar wall damage and
higher expression of PBEF in free form than the control rats. Western blotting showed that
the expression of PBEF, surfactant protein D (SP), aquaporin (AQP) 1, AQPS, and epithelial
sodium channel (ENaC) was significantly higher in the lung tissue of CPB rats than control
rats. By contrast, adenovirus-encoding sh-PBEF significantly reduced the expression of
PBEF, SP, AQP1, AQP5, and ENaC in the lung tissues of rats treated with CPB. The
phosphorylation levels of extracellular signal-regulated protein kinases 1 and 2 (ERK1/2),
protein kinase B (AKT), and p38 mitogen-activated protein kinase (MAPK) were signifi-
cantly increased in the lung tissue of rats that received CPB, and were downregulated by
adenovirus-encoding sh-PBEF.

Conclusion: Adenovirus-encoding sh-PBEF could reduce lung injury and repair the
sodium—water transport system in rats receiving CPB, likely through reducing MAPK,
ERK1/2, and Akt signaling pathways.

Keywords: pre-B cell colony enhancing factor, epithelial sodium channel, aquaporin,
cardiopulmonary bypass

Introduction

Cardiopulmonary bypass (CPB) is a common method used to minimize bleeding
during surgery' and could reduce neurological morbidity rates.” However, this
procedure carries a high risk of brain injury and is frequently associated with
postoperative lesions.”* Pulmonary edema is the central link for acute lung injury
(ALI) after CPB,’ primarily because of the increase of alveolar-capillary perme-
ability and decrease of alveolar fluid clearance. The failure of timely clearance of
alveolar fluid is the pathological basis for serious complications such as decreased
postoperative pulmonary function and lung perfusion.®’
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The sodium—water transport system of alveolar epithe-
lial cells is mainly composed of the epithelial sodium
channel (ENaC) and aquaporins (AQPs). ENaC in the
alveolus cavity absorbs Na“, and then pumps Na® into
the lung interstitium through the surface of the basal
side.®

a significant electrochemical gradient is created in the

Because Na' is pumped out of the cells,
cells, accompanied by the passive absorption of water
and chloride ions (C17).>'” In addition to the active trans-
port of sodium, water is also excreted through AQPs
present on the surface of alveolar epithelial cells."'

A recent study reported on the signaling pathways that
regulate the expression of ENaC and AQPs.® ENaC and TGF-
Bl can reduce the expression of the a-subunit of ENaC in
human and rat alveolar epithelial cells through the Erkl/2
signaling pathway, and inhibit amiloride-sensitive sodium
transport.? In a study of lipopolysaccharides (LPS)-induced
acute lung injury (ALI), 17B-estradiol reduced pulmonary
edema and upregulated the expression of ENaC through the
phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)/
glucocorticoid-inducible kinase 1 (SGK1) signaling pathway
in mice."”® Interleukin (IL)-6, IL-8, tumor necrosis factor
(TNF)-a, and other inflammatory cytokines also inhibited the
expression of AQPI through MAPKSs signaling pathway,
resulting in imbalance and dysfunction of fluid transport.'*

The pre-B cell colony enhancing factor (PBEF) is
a nicotinamide phosphoribosyl transferase.'> PBEF typi-
cally acts as an NAD" synthesis rate-limiting enzyme and
an insulin-like factor and as a regulatory factor of inflam-
mation and immune process.'®'® It has been reported that
the expression of PBEF increased with ALI, and the
expression of TNF-a, IL-1p, transforming growth factor
beta 1 (TGF-B1), and other inflammatory factors in the
lung were upregulated, thereby prohibiting sodium—water
transport system of alveolar epithelial cells, evidenced by
the decreased expression of ENaC and AQPs.'”?!

In this study, the pathological changes in lung tissue
were observed in rats receiving CPB, and the regulatory
effect of PBEF on the sodium—water transport system in
lung tissue were investigated, in addition to the potential
signaling pathways. This study will likely have important
implications for lung injury remedies after CPB.

Materials and Methods

Animals and Treatments
Male Sprague—Dawley rats (weight: 300-400 g) were pur-
chased from Hunan Slake Jingda Experimental Animal

Co., Ltd. (license No. SCXK [Hunan] 2016-0002). All
animal experiments were performed in accordance with
the Guide for the Care and Use of Laboratory Animals
published by the Ministry of Science and Technology of
China (2006), and these experiments were approved by the
Ethics Committee of the Second Affiliated Hospital of
Nanchang University.

The rats were randomly divided into six groups after
one week of adaptive feeding: a control group (rats were
anesthetized and intubated without circulation); a model
group (30-min CPB); an LPS group; an Adenovirus-
encoding sh-PBEF+LPS group; an adenovirus vector
+model group (adenovirus was injected one week before
CPB); sh-PBEF+model
group (adenovirus was injected one week before deep
hypothermic circulatory arrest [DHCA] and CPB). The
dosage of injected adenovirus was 2x10® PFU/rat.

and an Adenovirus-encoding

Adenovirus was obtained from Wuhan GeneCreate
Bioengineering Co., Ltd. (Wuhan, China). The sequence
of  sh-PBEF  was 5'-GTACAGGTTACTCACTA
TAAATTCAAGATTAGTAGAPTTGTATTTTT-3', which

was synthesized by Sangon Biotech (Shanghai, China).

CPB Procedure

The rats were anesthetized by intraperitoneal injection of
3% pentobarbital (50 mg/kg). The right external jugular
vein and right internal carotid artery were exposed through
a longitudinal incision of the neck, and the right femoral
artery was exposed through an incision in the right groin.
The right femoral artery was catheterized and connected
with a pressure sensor to measure blood pressure. The
right carotid artery was catheterized and perfused with an
indwelling venous catheter needle (20G). The right exter-
nal jugular vein central venous catheter was used to estab-
lish a vein channel. Heparin (500 1U/kg) was injected into
the right external jugular vein for systemic heparinization.
Then, the rats were connected with the CPB apparatus,
pre-charged with the solution: 10 mL substitute plasma
(Hess), 0.5 mL 5% NaHCOs;, and 0.5 mL 20% mannitol.
The deep hypothermia circulatory arrest procedure was
induced in rats. Briefly, after cooling down the body tem-
perature to 20-25°C for 30 min by using a heat exchanger
and topical cooling with ice bags and a cooling blanket,
DHCA confirmed by asystole were maintained for 30 min.
After DHCA, CPB was reinstituted, and rats were
rewarmed to rectal temperatures of at least 35.5°C over
40 min as previously described.”? Electrocardiogram
(ECG) and anal temperature were routinely monitored

52 submit your manuscript

Dove

Drug Design, Development and Therapy 2021:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Lu et al

during the operation. When stable respiration, hemody-
namics, and an anal temperature of 36°C were achieved,
the machine was stopped and protamine and heparin were
injected intravenously. The rats were allowed to feed
freely in an oxygen-sufficient environment for 2 h, and
heart rate and mean arterial pressure were monitored dur-
ing the surgery. Two hours after operation, the rats were
decapitated and the lung tissues were collected for further
analysis. After transfection, SD rats were injected with
4 mg/kg LPS through the tail vein. Follow-up experiments
were carried out 4 h after the injection.

Determination of the Weight Ratio of
Dry Tissue to Wet Tissue

After weighing the lung tissue, it was placed in the incu-
bator at 60°C for 24 h for baking. Then, the weight of the
dried lung tissue was also recorded. The dry:wet (D/W)
ratio of the lung weight was calculated. The average value
was measured three times, and the ratio was calculated
with the wet weight.

Detection of Na™-K"-ATPase Activity
Na'-K"-ATPase activity was measured according to the
manufacturer’s instructions of the Na"-K"-ATPase activity
kit (Solarbio, Beijing, China).

HE Staining

The lung tissue was fixed in 4% PFA overnight at 4°C.
The tissues were dehydrated in 70%, 80%, and 90% etha-
nol solution; a mixture of pure ethanol and xylene for 15
min; xylene I for 15 min; and xylene II for 15 min. The
tissues were then placed in the mixture of xylene and
paraffin for 15 min, followed by paraffin I and paraffin II
for 50 and 60 min, respectively. The tissues were
embedded in paraffin, sectioned into 20-pm-thick sections,
and baked and then dewaxed and hydrated. The sections
were then stained in an aqueous solution of hematoxylin
for 3 min and eosin for 3 min. Last, the slides were sealed
and imaged under a light microscope. At least four fields
were taken from each slide. Lung injury scores were
quantified as previously described.”?

Immunohistochemistry

The sections were prepared as stated above and stained
using monoclonal antibodies against PBEF (1:200, 11776-
1-AP, Proteintech) at 4°C overnight. Slides were incubated
with horseradish peroxidase (HRP)-labeled goat anti-

rabbit IgG secondary antibody (1:10,000; catalog no.
A16104SAMPLE; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) and Alexa Fluor 593 goat anti-
mouse IgG (Life Technologies, Carlsbad, CA, USA) for
30 min at room temperature. The sections were observed
and photographed using a light microscope (BXS51,
Olympus, Japan). At least four fields were taken from
each slide. The quantification data of protein expression
were calculated based on the literature.”

Western Blotting

The protein was extracted from liver tissues, and protein
concentration was determined using the bicinchoninic acid
assay. Briefly, 20 pg protein in each group was processed in
12% sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis. After transferring onto polyvinylidene fluoride
(PVDF) membrane, non-specific staining was blocked by
5% skim milk. The membrane was incubated with the
following antibodies overnight at 4°C: rabbit anti-PBEF
(1:2000, 11776-1-AP, Proteintech); rabbit anti-ERK1/2
(1:1000, 16443-1-AP, Proteintech); rabbit anti-p-ERK1/2
(1:500, bs-3016R, Bioss); rabbit anti-p38MAPK (1:1000,
bs-0637R, Bioss); rabbit anti-p-p38MAPK (1:1000, bs-
5477R, Bioss); rabbit anti-AKT (1:500, ab8805, Abcam);
rabbit anti-p-AKT (1:1000, bs-2720R, Bioss); rabbit anti-
AQP1 (1:1000, bs-1506R, Bioss); rabbit anti-AQPS
(1:1000, AF5169, Affinity); rabbit anti-ENaC (1:1000, bs-
2957R, Bioss); rabbit anti-surfactant protein D (SP)
(1:1000, ab220422, Abcam); and mouse monoclonal anti-
GAPDH (1:2000, TA-08, ZSBio).

Statistical Analysis

Data were expressed at mean and standard deviation and
analyzed by SPSS 19.0. Considering CPB-related lung
injury and LPS-related one are independent considering
the possibly different biological behaviors in lung injury,
we did independent analysis regarding CPB-related groups
and LPS-related groups. The data were analyzed by one-
way ANOVA followed by Newman—Keuls method as the
post-hoc test. P<0.05 was considered to indicate statistical
significance.

Results

Heart Rate and Mean Arterial Pressure
After initiation of CPB, the vital signs of rats were stable.
Thirty minutes after CPB, the body temperature of rats
was physically cooled (20-23°C) to deepen hypothermia;
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Table | Heart Rate and Mean Arterial Pressure During Cardiopulmonary Bypass in Rats (MeanSD)

Heart Rate (Beats/min)

Mean Arterial Pressure (mmHg)

338.75+65.721
91.724+23.672
319.764+51.658

Cardiopulmonary bypass
After cooling down

After rewarming

101.23+16.375
82.23+9.461
94.75%13.382

then, deep hypothermia circulatory arrest operation was
begun. The operation center rate was greatly simplified,
and the blood pressure and heart rate of the rats returned to
the previous level after the temperature was restored. After
CPB was terminated and the catheter withdrawn, the rats
were normal. After the anesthesia wore off, the animals
had ad libitum access to food and water. The heart rate and
mean arterial pressure are shown in Table 1.

Compared with controls, the ratio of dry:wet weight
increased in the CPB group and LPS group. Sh-PBEF
reduced the increase of dry:wet ratio caused by CPB, but
not LPS (Figure 1).

Pathological Changes of Lung Tissues

The lung alveoli of rats receiving CPB and treated by LPS
were apparently impaired compared to the control group
(Figure 2). By contrast, no pathological changes were
observed in the lung tissues of control, blank, and PBEF
shRNA rats. Adenovirus-encoding sh-PBEF, but not the
vector, obviously reduced the damage of lung tissue
caused by CPB or LPS treatment.

Adenovirus-Encoding sh-PBEF Reduced
the Increase of PBEF Caused by CPB

The immunohistochemical results of PBEF expression in
lung tissue of rats are shown in Figure 3. PBEF was
widely expressed in lung tissue; the expression was higher
in the endobronchial wall and in some free cells in the
lungs of rats receiving CPB or LPS treatment. By contrast,
the increased expression of PBEF by CPB was downregu-
lated by adenovirus-encoding sh-PBEF.

Adenovirus-Encoding sh-PBEF Reduced
the Increase of a-Subunit of PBEF, SP,
AQPI, AQP5, and ENaC in the Lung
Tissue

The protein expression of a-subunit of PBEF, SP, AQPI,
AQP5, and ENaC in the lung are shown in Figure 4.

Compared to the controls, rats that received CPB or LPS
treatment showed significantly increased expression of

PBEF, SP, AQP1, AQPS5, and ENaC in the lung tissue. By
contrast, the increased expression of PBEF, SP, AQP1, and
AQP5 caused by CPB or LPS was reduced by sh-PBEF. Sh-
PBEF also reduced the increase of ENaC caused by LPS.

Effects of Adenovirus-Encoding sh-PBEF
on Na*-K*-ATPase Activity of Lung

Tissue

Na"-K"-ATPase activity in lung tissue was up-regulated in
CPB and LPS groups, while sh-PBEF down-regulated the
activity caused by LPS, but not by CPB (Figure 5).

Adenovirus-Encoding sh-PBEF Reduced
the Increase of Phosphorylation of ERK1/

2, Akt, and MAPK (P38)

The phosphorylation levels of ERKI1/2, Akt, and
p38MAPK in lung tissues of rats receiving CPB or LPS
treatment were significantly increased compared with

Wet-Dry weight ratio
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Figure | Adenovirus-encoding sh-PBEF reduced the dry:wet (D/W) tissue ratio vs
control, *P<0.05; vs CPB+Blank, ©P<0.05.

Abbreviations: PBEF, pre-B cell colony enhancing factor; CPB, cardiopulmonary
bypass.
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Figure 2 Pathological changes of lung tissue. HE staining was applied to detect the pathological changes of lung tissue. The lung alveoli of rats receiving CPB and LPS
injection were damaged, while pathological changes of lung tissues in control, blank, and PBEF shRNA were not observable. Adenovirus-encoding sh-PBEF reduced the
damage of lung tissue caused by CPB or LPS. (A): Control; (B): CPB; (C): LPS; (D): LPS+PBEF shRNA; (E): CPB+Blank; (F): CPB+PBEF shRNA (Magnification: x200); (G)

Lung injury scores vs control, ¥*P<0.05; vs LPS, #P<0.05; vs CPB+Blank, @p<(,05.

Abbreviations: PBEF, pre-B cell colony enhancing factor; CPB, cardiopulmonary bypass.

control. However, the increased phosphorylation levels of
ERK1/2, Akt, and p38MAPK were significantly reduced
by Adenovirus-encoding sh-PBEF (Figure 6).

Discussion

We previously established a hypoxia model of human
umbilical vein endothelial cells in vitro to confirm that
PBEF would increase in expression during hypoxia. Cell
permeability increases, and adenovirus-encoding sh-PBEF
can reduce the changes in permeability”> through the
MAPK and ERK signaling pathways.?
PBEF could inhibit sodium—water transport system-

In addition,

related protein expression in rat type I and type II alveolar
epithelial cells.®*’

Nevertheless, the previous conclusions are mostly
based on in vitro cell experiments. To verify the in vivo
relationship between PBEF and the active removal of
pulmonary edema fluid mediated by the sodium—water
transport system, it is necessary to construct animal CPB
models. In this present study, a rat CPB model was utilized
to evaluate the function of PBEF. According to Waterbury
et al,”® the establishment of a rat DHCA model success-
fully simulated the circulatory arrest process in clinical
CPB. We also adopted a physical cooling method to

Drug Design, Development and Therapy 2021:15
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Figure 3 Adenovirus-encoding sh-PBEF reduced the increase of PBEF caused by CPB. PBEF was widely expressed in lung tissue in a free form. Compared with the rats
without CPB, those with CPB had higher expression of PBEF. By contrast, the increase of PBEF by CPB was downregulated in the Adenovirus-encoding sh-PBEF-treated
group (PBEF positive: brown; nucleus: blue). (A): Control; (B): CPB; (C): LPS; (D): LPS+PBEF shRNA; (E): CPB+Blank; (F): CPB+PBEF shRNA (Magnification: x200); (G)
Relative protein expression vs control, *P<0.05; vs LPS, #P<0.05; vs CPB+Blank, @p<0,05.

Abbreviations: PBEF, pre-B cell colony enhancing factor; CPB, cardiopulmonary bypass.

greatly simplify the rat heartbeat. It can make the pumping
volume of the rat’s heart beating very little, and the pul-
monary artery perfusion is greatly reduced. This DHCA-
assisted CPB method simulates the lung injury in clinical
CPB to the greatest extent. To similarly compare whether
the CPB model constructed in the experiment can cause
lung injury, we utilized a model of inflammatory lung
injury by tail vein injection of LPS. Use of LPS is an
established method of inflammatory reaction,” especially
inducing lung injury.*® The HE staining showed that LPS
can cause severe swelling of the lung interstitium and

structural deformation of the alveolar wall in rats. The
pathological sections of rats that received CPB also show
apparent changes; however, the degree was lighter than
LPS, and biochemical analysis showed that PBEF was
highly expressed in both models of lung injury. It can be
seen that the CPB model constructed in this experiment
most likely caused a certain degree of edema in the lung
tissue of rats.

As an immune cytokine, PBEF is highly expressed in
neutrophils and lymphoid cells.>' In this experiment, the
immunohistochemical results of lung tissue that caused
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Figure 4 Adenovirus-encoding sh-PBEF reduced the increase of a-subunit of PBEF, SP, AQPI, AQPS5, and ENaC in lung tissue. (A) Representative blots; (B) Relative
expression of PBEF and SP; (C) Relative expression of AQPI, AQP5, and ENaC; Original blots were shown in Supplemental figure I; vs control, *P<0.05; vs LPS, *P<0.05; vs
CPB+Blank, @P<0.05.

Abbreviations: PBEF, pre-B cell colony enhancing factor; CPB, cardiopulmonary bypass.

Na+-K+-ATP Enzyme activity lung damage can be observed in the alveolar PBEF. There
are varying degrees of expression in the wall, bronchial

4+ wall, or alveoli. It can be inferred that cells with high
expression of PBEF in the lung tissue are neutrophils or

3 * lymphocytes transferred from the capillaries to the alveoli,
@ which reflects a certain degree of inflammation in the lung

g’ * _f_ tissue.
8 2- Reducing PBEF expression inhibited the phosphory-
g lation of ERK1/2, Akt, and p38MAPK, as well as the

expression of the a-subunit of PBEF, AQP1, AQPS5, and
15 ENaC. We found that the results of this study are in
accordance with the previous literature.'” Although

PBEF has been reported to inhibit the expression of
AQPs and ENaC,® PBEF has a positive regulatory activ-

o & O & ity on the phosphorylation of ERKI1/2, Akt, and

(¢} ) Qx ) . . . . . 19
é( & Qé p38MAPK, which is consistent with previous study.

6"0 0,8 The modeling method of pulmonary edema is generally

\3 OQ used to produce strong inflammatory reaction in pulmon-

ary epithelial cells. Based on these studies and ours,

Figure 5 Effects of adenovirus-encoding sh-PBEF on Na*-K*-ATPase activity of lung PBEF is generally considered a proinﬂammatory factor.
tissue vs control, *P<0.05; vs LPS, #P<0.05; vs CPB+Blank, ©P<0.05. i

Abbreviations: PBEF, pre-B cell colony enhancing factor; CPB, cardiopulmonary bypass. inducing inﬂammatory reaction leads to the reduction of
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Figure 6 Adenovirus-encoding sh-PBEF reduced the increased phosphorylation of ERKI/2, Akt, and p38MAPK in rat lung tissue. (A) Representative blots; (B)
Phosphorylation of ERK1/2; (C) Phosphorylation of AKT; (D) Phosphorylation of p38MAPK vs control; Original blots were shown in Supplemental figure 1.¥P<0.05; vs

LPS, #P<0.05; vs CPB+Blank, @P<0.05.

Abbreviations: PBEF, pre-B cell colony enhancing factor; CPB, cardiopulmonary bypass.

AQPs and ENaC expression through MAPK/ERK signal-
ing pathway.'>'*?” Postoperative pulmonary edema or
serious lung injury is not inevitable, and the correspond-
ing inflammatory response may not be very severe. We
believe that the model used in this study successfully
simulated the state of clinical mild lung injury.

PI3K/Akt, as a central signaling pathway, has multiple
regulatory functions in cell survival,>**®> neuronal
plasticity,®* etc. Activation of the PI3K/Akt pathway con-
tributes to the expression of ENaC or AQPs, and reduces
the symptoms of fluid accumulation in vivo.'*** PBEF can
activate both the PI3K/Akt pathway and MAPK/ERK
pathway.® In this study, under the condition of DHCA
with CPB, PBEF mainly promoted water transport in the
lung through the MAPK/ERK and PI3K/Akt pathways. In
a previous study, we have established a direct correlation
between designated signaling pathways and alveolar
epithelial sodium-water transport system using the specific
inhibitors.® This study further confirmed that MAPK/ERK
and PI3K/Akt pathways might be involved in the regula-
tion of PBEF on lung injury in rats receiving CPB.

We also detected the expression of SP in lung tissue.
SP is mainly expressed in the alveoli, which helps to

reduce the surface tension of the alveoli, resist inhalation
of microorganisms, and reduce the function of inflamma-
tory response on damage of alveoli.*® This study found
that under CPB conditions, SP expression in the lung
increased significantly, which was consistent with its pro-
tective function. Under CPB conditions, the inhibition of
PBEF expression on SP expression is no longer signifi-
cant. Therefore, it can be inferred that there are still other
regulatory elements of SP and ENaC that are limited by
the effects of PI3K/Akt and MAPK/ERK pathways.

It is worth noting that inhibition of PBEF expres-
sion led to significantly suppressed phosphorylation
levels of ERK, AKT, and MAPK in both groups, and
expression of AQP1, AQP5, ENaC and NKA, the
sodium-water transport system protein-related factors
and SP. In CPB, although the expression of aqua chan-
nel-related proteins (AQP1, AQP5) was suppressed, the
expression of ENaC and the activity of sodium potas-
sium pump (NKA) were slightly increased, while the
expression of SP did not change. Especially, sh-PBEF
down-regulated the activity caused by LPS, but not by
CPB. Obviously, this still
clarification.

point requires future
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In this study, SP expression in lung tissue was also

detected. SP is mainly expressed in the alveoli, which

helps to reduce alveolar surface tension, resists inhaled

microorganisms, and reduces the function of inflammation

on alveolar damage.*® The expression of SP in the lungs

increased significantly, corresponding to the protective

function of SP. However, PEBF inhibition resulted in

downregulation of SP under the condition of LPS stimula-

tion, but not CPB. It can be inferred that there is also lung

hypoxia/infiltration upstream of SP. Pressure regulation,

but the regulatory elements that are limited by the ERK,
AKT and MAPK pathways, are worthy of further explora-
tion in future research.

In conclusion, PBEF could be a marker of lung injury

after CPB. Reducing PBEF expression can repair the

activity of sodium—water transport system and reduce pul-

monary edema after CPB, likely through reducing MAPK,
ERK1/2, and Akt signaling pathways.
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