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ABSTRACT

Background: Lung ischemia-reperfusion injury (LIRI) is among the complications observed
after lung transplantation and is associated with morbidity and mortality. Preconditioning of
the donor lung before organ retrieval may improve organ quality after transplantation. We
investigated whether preconditioning with metformin (Met) ameliorates LIRI after lung
transplantation. Methods: Twenty Lewis rats were randomly divided into the sham, LIRI, and
Met groups. The rats in the LIRI and Met groups received saline and Met, respectively, via oral
gavage. Subsequently, a donor lung was harvested and kept in cold storage for 8h. The LIRI
and Met groups then underwent left lung transplantation. After 2h of reperfusion, serum and
transplanted lung tissues were examined. Results: The partial pressure of oxygen (PaO,) was
greater in the Met group than in the LIRI group. In the Met group, wet-to-dry (W/D) weight
ratios, inflammatory factor levels, oxidative stress levels and apoptosis levels were notably
decreased. Conclusions: Met protects against ischemia-reperfusion injury after lung
transplantation in rats, and its therapeutic effect is associated with its anti-inflammatory,
antioxidative, and antiapoptotic properties.
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Introduction injury (LIRI), characterized by alveolar injury, pul-
monary edema and hypoxemia, is the main cause
of graft dysfunction (PGD) after surgery, and it is
also the main cause of postoperative mortality and
morbidity.>* Moreover, LIRI is associated with an
increased risk of dysfunction in chronic lung
allografts.*> Therefore, alleviating LIRI is highly
important for improving the survival rate after
lung transplantation.

Metformin(Met) is the first-line medication for
the treatment of type 2 diabetes. Metformin acti-
vates AMP-activated protein kinase (AMPK) by

Lung transplantation is the ultimate treatment for
many kinds of end-stage lung diseases, such as
chronic obstructive pulmonary disease, cystic
tibrosis, idiopathic pulmonary fibrosis, bronchiec-
tasis, and primary pulmonary hypertension.!
However, ischemia and subsequent reperfusion are
inevitable during lung transplantation. Ischemia
can lead to a series of hypoxia events, which in
turn leads to different degrees of cell damage and
the release of toxic substances, and reperfusion

can aggravate these changes. Therefore, ischemia-
reperfusion can lead to severe lung inflammation,
oxidative stress, impaired alveolar capillary perme-
ability and apoptosis. Lung ischemia-reperfusion

directly or indirectly activating the AMP pathway,
which has many downstream effects on the regu-
lation of metabolic proteins, autophagy-related
proteins, mitochondrial biogenesis-related proteins
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and transcription factors, including the inhibition
of inflammatory reactions, oxidative stress, autoph-
agy and apoptosis.® Met can decrease the phos-
phorylation of NF-kB and the expression of
proinflammatory cytokines [TNF-a and IL-6] by
increasing AMPK activity. Moreover, Met can
directly reduce the level of apoptosis by reducing
the ratio of apoptotic genes (Bax/Bcl-2) and inhib-
iting the activation of caspase3 and caspasel2.
Studies have shown that Met can inhibit mTOR by
activating the AMPK signaling pathway and exert
a protective effect against endotoxin-induced acute
lung injury (ALI).” Similarly, in lipopolysaccharide-
induced ALI, Met reduces lung tissue damage by
promoting the expression of AMPKal in lung tis-
sue and reducing the release of inflammatory cyto-
kines.® In addition, Met has been suggested to
mitigate ischemia reperfusion injury in multiple
organs, such as the heart, brain, liver, kidney, and
viscera.”!? Therefore, we speculate that metformin
may have a protective effect against LIRI. The pur-
pose of this study was to investigate whether Met
can alleviate ischemia-reperfusion injury in a rat
lung transplantation model.

Materials and methods
Reagents and antibodies

Metformin (purity >97%), which was purchased
from Sigma-Aldrich (St. Louis, MO, USA), was
dissolved in sterile saline and administered orally
at a dose of 300mg/kg. The primary antibodies
used were anti-B-actin (ab227387; Abcam),
anti-NF-xkB  (GB11142; Servicebio), anti-Bax
(50599-2-Ig; Proteintech), anti-Bcl-2 (60178-1-Ig;
Proteintech), and anti-cleaved caspase-3 (9661;
Cell Signaling Technology) antibodies. All the
antibodies were produced in rabbits. Reactive
oxygen malondialdehyde (MDA) and total super-
oxide dismutase (SOD) detection kits were pur-
chased from Aidisheng (JS, CHN), and a
myeloperoxidase (MPO) detection kit was pur-
chased from Jiancheng (Nanjing, JS, CHN).
ELISA kits for tumor necrosis factor-a (TNF-a),
interleukin-13 (IL-1pB), interleukin-6 (IL-6) and
monocyte chemotactic protein 1 (MCP-1) were
purchased from Jiangsu Meimian industrial
(JS, CHN).

Animals

Male Lewis rats (270-300g) were purchased from
Beijing  Vitonglihua  Experimental =~ Animal
Technology Co., Ltd. (Beijing, China); they were
housed in the specific pathogen-free (SPF) facility
of Wuxi People’s Hospital Affiliated with Nanjing
Medical University (Wuxi, China) at room tem-
perature (22+1°C) on a 12/12h light/dark cycle
and provided access to food and water ad libitum.

The rats were randomly divided into the sham
group (n=4), LIRI group (n=8), and Met group
(n=8). In the Met group, the donor rats received
Met intragastrically (300 mg/kg body weight) at a
fixed time every morning for 7days. In the other
groups, the donor rats were given the same vol-
ume of saline at a fixed time for 7 days. The pre-
treatment dose of metformin was 300 mg/kg body
weight, as treatment at this dose results in suffi-
cient serum levels of the drug.!!

Donor graft preparation and lung transplantation

Rats in the sham group underwent anesthesia
and thoracotomy, while rats in the LIRI and Met
groups  underwent  orthotopic  left lung
transplantation.

The donor rats were anesthetized with 5% iso-
flurane, intubated, and then mechanically venti-
lated (flexiVent, SCIREQ, Montreal, CA). The
respiratory parameters were a tidal volume of
10ml/kg, a respiratory rate of 70breaths/min, and
a PEEP of 2cm H,O. General anesthesia during
the surgical procedures was maintained with iso-
flurane (2%). After median laparotomy, 501U of
heparin was injected into the inferior vena cava.
Then, median thoracotomy was performed, and
the pulmonary artery was cannulated for antero-
grade perfusion with 20mL of low-potassium dex-
tran (LPD) solution (Perfadex, Vitrolife, China) at
4°C under constant pressure (20cm H,O). Before
perfusion, the inferior vena cava was sectioned to
decrease venous return, and the left atrial append-
age was amputated to drain the LPD. After perfu-
sion, the trachea was clamped to maintain the
lungs in an inflated state. The lungs were then
stored at 4°C for 8h until transplantation.

Just before each recipient procedure, the
donor lungs were prepared by placing three



cuffs into the left pulmonary artery, left atrium,
and left main bronchus. Recipient rats were
anesthetized and ventilated with the same proce-
dure used for the donor rats. A left thoracotomy
was performed. The cuffs in the donor lung
were placed into the corresponding structures in
the recipient through ventral incisions, and the
organs were anastomosed with 7-0 polypropyl-
ene ties. Subsequently, the native lung was
removed (via left pneumonectomy). The lungs
were then reinflated and ventilated with 100%
oxygen. The tidal volume of the recipient rats
was maintained at 6ml/kg during lung trans-
plantation period and returned to 10ml/kg
immediately after reperfusion. The recipient rats
were ventilated and subjected to reperfusion
for 2h.

Lung sample collection

After 2h of reperfusion, all the rats were anesthe-
tized via an intraperitoneal injection of 3% pen-
tobarbital sodium (30mg/kg body weight) and
cannulated. Left arterial blood gas analysis was
performed, and peripheral blood was collected.

Wet-to-dry weight ratio

The wet-to-dry (W/D) weight ratio of left lung
tissues was calculated 2h after reperfusion.
Tissues were excised from the upper third of the
lung. The wet weight (in mg) was measured first,
and the dry weight (in mg) was measured after
the tissue had been dried for 3days at 60°C. The
WDR was calculated as wet weight/dry weight.

Histological analysis

A portion of each lung sample was embedded in
paraffin, and the lung tissue was prepared for HE
staining to evaluate histological injury, which was
scored by 2 independent investigators. The lung
injury score included 5 variables: lung hemor-
rhage, peribronchial infiltration of inflammatory
cells, pulmonary interstitial edema, pneumocyte
hyperplasia, and intra-alveolar infiltration of
inflammatory cells. Each variable was scored on
a semiquantitative scale of 0-4, where 0=normal,
1=minimal change, 2=mild change, 3=moderate
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change and 4=severe change. The overall histo-
logical score was calculated by summing the
scores for variables 1 through 5.

Parameter Score
Hemorrhage Oor1
Peri-bronchial infiltration Oor1
Interstitial edema 0to2
Pneumocyte hyperplasia Oto3
Intra-alveolar infiltration 0to3

Oxidative stress response

The activities of myeloperoxidase (MPO) and
superoxide dismutase (SOD) and the concentra-
tion of malondialdehyde (MDA) in the homoge-
nates were measured with specific kits (Nanjing
Jiancheng, Nanjing, China) per the manufactur-
er’s instructions.

Inflammation assays

Systemic and local inflammation were assessed by
measuring cytokine levels in homogenates and
serum. The levels of tumor necrosis factor-a
(TNF-a), interleukin-13 (IL-1p), and interleukin-6
(IL-6) in the homogenates, as well as the level of
monocyte chemotactic protein 1 (MCP-1) in the
serum, were determined via commercial
enzyme-linked immunosorbent assay (ELISA) kits
following the manufacturer’s protocols. The
expression of NF-kB in the lung tissue was deter-
mined via Western blotting.

Western blotting

The samples were homogenized in ice-cold RIPA
buffer (CWBIO, Beijing) supplemented with a
protease inhibitor mixture, and the supernatant
was collected after centrifugation (12,000 rpm,
10min, and 4°C). A BCA Protein Assay Kit was
used to determine the concentrations of the pro-
teins in the supernatants, after which the proteins
were denatured at 100°C for 5min. Equal amounts
of protein (40ug) were loaded onto SDS-PAGE
gels, separated, and transferred to PVDF mem-
branes, which were incubated at 4°C overnight
with primary antibody. Then, the membranes
were incubated with an horseradish peroxidase
(HRP)-conjugated goat anti-rabbit secondary
antibody. The protein bands were visualized and
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analyzed with a ChemiDocTM XRS Plus lumi-
nescence image analyzer (Bio-Rad, USA) using
an enhanced chemiluminescence (ECL) system
(Millipore, USA).

Apoptosis assays

Terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick end labeling (TUNEL)
staining was wused to detect apoptosis in
LIRI-induced lung tissues. The appropriate
amount of TdT (reagent 1) or dUTP (reagent 2)
from the TUNEL kit was added to the slices at a
1:9 ratio. After TUNEL staining, the lung tissue
was counterstained with diaminobenzidine (DAB),
a color development reagent, to detect nuclei.
Under a light microscope, TUNEL-positive apop-
totic cells and the nuclei of these apoptotic cells
(stained dark brown and yellow brown) in the
lung tissues were observed.

Statistical analysis

Statistical analysis was performed with GraphPad
Prism® 9.0 software (GraphPad Software, Inc.,
California, USA). All the data are presented as
the mean=*standard deviation (SD). Statistical
significance was calculated using ANOVA fol-
lowed by with Bonferroni multiple comparison
post hoc test. p<0.05 indicated statistical
significance.

Results

Metformin increases oxygenation and alleviates
pulmonary edema in the grafted lungs of rats

As shown in Figure 1A, the LIRI group and the
Met group had significantly reduced PaO,-to-
FiO, ratios after reperfusion. Compared with
those in the LIRI group, the PaO, to FiO, ratios
in the Met group were significantly greater.
Similarly, the wet/dry weight ratio in lung tissues
was worsened in the LIRI and Met groups.

However, the increase in the wet/dry weight
ratio was mitigated in the Met group compared
with the LIRI group (Figure 1B).

Met mitigated histological injury to grafted lungs
in rats

Typical histological injury was observed in the
grafted lungs and sham lungs. The histological
changes in the lungs included abnormalities in
the infiltration of inflammatory cells, severe alve-
olar and mesenchymal edema, broken alveoli, and
even hemorrhage. Pathological injury was signifi-
cantly alleviated in the Met group compared with
the LIRI group, as evidenced by significantly
decreased cellular infiltration, ameliorated lung
edema, and decreased alveolar injury (Figure 2A).
Although the Met group still demonstrated sig-
nificantly greater histological injury scores than
the sham group, Met markedly decreased these

Figure 1. Metformin increases oxygenation and alleviates pulmonary edema in the grafted lungs of rats. (A-B) Rats in the sham
group underwent anesthesia and thoracotomy, while rats in the LIRI and Met groups underwent orthotopic left lung transplanta-
tion and were treated with oral saline or metformin. (A) The PaO2/FiO2 ratios of each group were calculated. (B) The wet/dry
weight ratios of lung samples from the rats were determined (B). *p <0.05, vs. the sham group; #p <0.05, vs. the LIRI group.

, sham group; , LIRI group; , Met group.



scores in the rats that underwent lung transplan-
tation (Figure 2B).

Met suppressed the oxidative stress response in
grafted rat lungs

We investigated the impacts of Met on the oxida-
tive and inflammatory responses in grafted lungs.
Transplantation caused severe oxidative stress in
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the lung tissues, as compared with those from the
sham group, lung tissues from the LIRI group
and the Met group had significantly increased
levels of MDA (Figure 3A) and MPO (Figure
3B). Compared with those in the LIRI group, the
levels of MPO and MDA in the Met group were
markedly lower. However, treatment with Met
resulted in higher levels of SOD than treatment
with the other agents (Figure 3C).

Figure 2. Metformin attenuated lung pathological injury in rats after lung transplantation (A) Representative images of H&E-stained
lung tissues from rats. Many inflammatory cells were observed in the transplanted lung tissues, and severe thickening and break-
age of the alveolar wall were observed. Severe edema and hemorrhage were observed in alveolar tissues in the LIRI and Met
groups (magnification, 100 um.) (B) The histological injury scores are shown. *p <0.05, vs. the sham group; #p <0.05, vs. the LIRI

group. , sham group; , LIRI group; , Met group.

Figure 3. Metformin inhibited the oxidative stress response in grafted lung tissues in rats (A-C) the concentrations of MDA (A),
MPO (B) and SOD (C) in lung tissues from the indicated groups were measured. *p <0.05, vs. the sham group; #p <0.05, vs. the

LIRI group. , sham group; , LIRI group;

, Met group.
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Met attenuated local and systemic inflammation

Systemic and local inflammation were assessed by
determining cytokine levels in tissue homogenates
and serum samples, respectively. Met treatment
downregulated the expression of MCP-1 in the
lung tissue of rats after lung transplantation and
reperfusion, although the Met-treated rats still had
significantly greater levels of MCP-1 than the rats
in the sham group (Figure 4A). However, while

the same trend was observed for the plasma con-
centration of MCP-1, the difference was not signif-
icant (Figure 4B). In addition, after reperfusion,
the levels of TNF-a, IL-1B, and IL-6 in lung
homogenates and plasma were significantly greater
than those in the sham group. Compared with
those in the LIRI group, the TNF-a, IL-1p, and
IL-6 levels in the Met group were significantly
decreased (Figure 4C-H). Furthermore, the expres-
sion level of NF-kB in rat lung tissues was

Figure 4. Metformin attenuated the inflammatory response associated with LIRI in rats (A-B) the concentration of MCP-1 in the
serum of the rats was measured. (C-H) The concentrations of TNF-a, IL-1B, and IL-6 in the lung tissue and plasma were measured.

*p<0.05, vs. the sham group; #p <0.05, vs. the LIRI group.

, sham group;

, LIRI group; , Met group.



significantly upregulated by ischemia and reperfu-
sion. Compared with that in the LIRI group, the
expression level of NF-kB in the Met group was
significantly downregulated (Figure 5C).

Met attenuated lung tissue apoptosis in rats after
lung transplantation

There were many apoptotic cells in the trans-
planted lung tissue after reperfusion. The number
of apoptotic cells (was significantly alleviated in
the Met group compared with the LIRI group
(Figure 5A). Compared with that in the LIRI
group, the apoptosis index in the Met group
decreased significantly (Figure 5B). After reperfu-
sion, the protein expression of Bax and cleaved
caspase-3 was significantly upregulated and the
protein expression of of Bcl-2 was downregulated
in the LIRI and Met groups. Compared with that
in the LIRI group, the protein expression of the
Bax and cleaved caspase-3 in the Met group was
significantly downregulated, but the protein
expression of Bcl-2 was upregulated (Figure 5C).
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Discussion

The outcomes of lung transplantation are the
worst among those of all types of solid organ
transplantation. The success of lung transplanta-
tion is mainly limited by primary graft dysfunc-
tion due to lung ischemia-reperfusion injury.'?
Although the pathological mechanism of LIRI is
complex and still not fully understood, inflamma-
tion, the oxidative stress response and apoptosis
have been shown to play key roles in LIRL.™>' In
the present study, oral administration of met-
formin to donor rats for 7days before lung trans-
plantation attenuated lung ischemia-reperfusion
injury. We found that metformin significantly
alleviated lung injury after lung transplantation in
rats by increasing oxygenation and alleviating
pulmonary edema, inhibiting local and systemic
inflammation, alleviating oxidative stress, and
reducing apoptosis. This is the first study to con-
firm the protective effect of Met against LIRI.
Ischemia-reperfusion injury can lead to
breakdown of the endothelial and epithelial bar-
riers through a variety of mechanisms, leading

Figure 5. Metformin attenuated lung tissue apoptosis in rats after lung transplantation (A) merged immunofluorescence images
showing apoptosis in each group (magnification, 200x). (B) The percentage of apoptotic cells in each group was determined. (C)

Representative Western blot images are shown. *p<0.05, vs. the sham group; #p <0.05, vs. the LIRI group.

LIRI group; , Met group.

, sham group; ,



22 H.YU ET AL.

to life-threatening edema and organ dysfunc-
tion."> Specifically, Ming et al.'® demonstrated
that metformin promotes microvascular repair
in acute lung injury by stimulating AMPK-al,
thus alleviating pulmonary edema in acute lung
injury. In this study, we measured capillary per-
meability and histological damage and found
that metformin significantly reduced lung tissue
damage, increased the PaO,/FiO, ratio, and
decreased the wet/dry weight ratio of lung tis-
sue, suggesting that metformin also has a pro-
tective effect against vascular damage induced
by lung transplantation.

Oxidative stress is an important mechanism
leading to lung ischemia-reperfusion injury.!»!¢!”
During oxidative stress, oxygen-free radicals
react with cellular lipids to form malondialde-
hyde (MDA), which accumulates in large quan-
tities in cells. SOD is a metal enzyme that plays
an antioxidant role in cells. It can catalyze the
generation of oxygen and hydrogen peroxide by
oxygen-free radicals.'®* Moreover, neutrophils
play an important role in LIRI-related oxidative
stress by acting on the MPO system. In acti-
vated neutrophils, MPO generates hypochlorite
through the production of hydrogen peroxide
and the release of oxygen-free radicals. MPO
and its derived oxidants are important factors in
the pathogenesis of organ ischemia-reperfusion
injury.”* Many studies have confirmed that
metformin has antioxidant effects in various
organs following ischemia-reperfusion injury.?!-%*
In this study, we also observed that metformin
could inhibit oxidative stress by reducing MDA
levels, increasing SOD activity, and reducing
MPO content, thus exerting protective effects
against LIRL

NF-kB is a key transcription factor in the
inflammatory response. During ischemia-reper-
fusion, NF-«B is activated, which can induce the
release of MCP-1 and other chemokines into the
serum, cause the recruitment of inflammatory
cells into the lung tissue to secrete many inflam-
matory factors, and eventually lead to organ
damage. Li et al.** showed that metformin can
protect against lung tissue injury by reducing the
inflammatory response in lung tissue in an acute
lung injury model. In this study, we found that

metformin could reduce the release of MCP-1,
especially in lung tissue, and further reduce the
secretion of TNF-a, IL-1B and IL-6 in lung tis-
sue and serum. Moreover, metformin signifi-
cantly reduced the inflammatory response by
downregulating the expression of NF-kB. This
finding is consistent with study.*

Apoptosis is a form of programmed cell
death.” Studies have shown that the degree of
apoptosis is affected by the duration of cold isch-
emia. Cold ischemia 6-12h before reperfusion
leads to more apoptosis than necrosis in lung tis-
sue, while cold ischemia 24h before reperfusion
leads to more necrotic cell death.” Bcl-2 and
caspase family members are pivotal mediators of
apoptosis. Bax is a key proapoptotic protein that
can activate the endogenous apoptosis pathway?®’
and further induce the cleavage of caspases. Bcl-2
is an important antiapoptotic protein that can
block endogenous apoptosis by inhibiting the
release of Bax.?® Caspase-3 is the most critical
apoptosis executor, and cleaved caspase-3 is the
activated form of caspase-3. We found that met-
formin significantly downregulated the expression
of Bax and cleaved caspase-3 but upregulated the
expression of Bcl-2. These findings indicate that
the protective effect of metformin against lung
ischemia-reperfusion injury is related to its anti-
apoptotic effect.

The present study has several limitations. First,
we did not induce brain death in the donor ani-
mals. As such, we did not exactly replicate clini-
cal pulmonary transplantation. Second, due to
technical insufficiency, respiratory mechanics and
related data could not be investigated. Third, this
was a descriptive study lacking in vitro experi-
mental verification and in-depth study of the
molecular mechanisms involved. However, these
findings may help our team initiate additional
new experimental studies.

Conclusion

Metformin can alleviate ischemia-reperfusion
injury after lung transplantation in rats, possibly
through inhibition of oxidative stress, inflamma-
tion, and apoptosis and an increase in vascular
permeability.
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