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INTRODUCTION
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Dilek Ozbeyli,2 ® Aleyna Muhan,? @ Koray Ak*

ABSTRACT

Objective: Remote lung injury is one of the most challenging issues in patients undergoing
ischemia reperfusion (IR) injury of the lower limbs. We examined the role of progesterone
(PG) on the remote injury of the lungs seen after IR of the lower limbs.

Methods: Eighteen male Sprague Dawley rats were divided into three groups. (1) Con-
trol: rats had only two physiological saline injections intraperitoneally (i.p.) 2 h apart under
general anesthesia. (2) IR: underwent 2 h tourniquet induced ischemia for both lower limbs
followed by 2 h of reperfusion. Animals were injected with physiological saline (i.p.) before
both ischemia and reperfusion. (3) IR + PG: rats underwent the same IR protocol as the
IR group and were injected with PG (16 mg/kg, i.p.) before both ischemia and reperfusion.
After reperfusion, rats were sacrificed, and lung tissues were taken out for histopathologic
and biochemical analyses.

Results: In IR + PG group, tissue levels of malondialdehyde and nitric oxide decreased
significantly compared with the IR group (p<0.01). Similarly, glutathione level and superox-
ide dismutase and glutathione S-transferase activities significantly increased in the IR + PG
group than in the IR group (p<0.05, p<0.01, and p<0.05, respectively). In light microscopy,
reduced inflammatory cell infiltration, amelioration in alveolar structure, and mild vascular
congestion in the parenchyma were seen in the IR + PG group. A significant improvement in
histopathologic score was seen in the IR + PG group compared with the IR group (p<0.001).

Conclusion: PG might be effective in attenuating remote injury of the lung in lower body
IR via its antioxidant function.

preconditioning on attenuation of the remote organ injury
have been shown experimentally. Unfortunately, the bene-

Remote lung injury (RLI) related to ischemia reperfusion
(IR) of the lower limbs has been shown to be the cause
of short- and long-term mortality in vascular surgical pa-
tients.'! While the molecular mechanisms of the RLI are
quite diverse, the release of inflammatory mediators and
reactive oxygen species (ROS) from the skeletal muscle
exposed to IR plays a pivotal role in the pathophysiology.
[ As a consequence, mitochondrial degeneration, vascular
congestion, fibrin-rich microthrombus formation, and pul-
monary edema cause the impairment in lung function to
varying degrees.’

To tackle the issue, the protective roles of many anti-in-
flammatory and antioxidant agents and remote ischemic

ficial outcome gathered from those studies is yet to alter
our current therapeutic strategies used against the RLI in
vascular surgical patients.!

Progesterone (PG) is shown to be a pleotropic agent, and
it has a protective action in both ischemic and traumatic
brain injury through the reduction of cerebral edema,
oxidative stress, and apoptosis.’! In addition to its neu-
roprotective action, PG has been shown to exert a pro-
tective role against the IR injury of several organs such
as the ovary, retina, heart, and kidney.”'"l Vermillion et
al.' found that increased circulating PG during pregnancy
causes a positive remodeling in the lung tissue that makes
it more resistant to pulmonary inflammation related to
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severe influenza infection. All these studies suggest that
PG may also have a protective potential on lung tissue ex-
posed remotely to the lower limb IR.

In this study, we aimed to study the impact of PG given
before ischemia and reperfusion on acute RLI related to
lower limb IR in an experimental rat model.

MATERIALS AND METHODS

Chemicals

Ketamine hydrochloride (Ketalar, 100 mg/10 mL, Pfizer,
llaclari Ltd. Sti., Turkey) and xylazine hydrochloride (Rom-
pun % 2, Bayer, Tirk Kimya San. Ltd. $ti., Turkey) were
used for anesthesia. PG (Progestan, 50 mg/mL) was ob-
tained from Kogak Farma ilag ve Kimya Sanayi A.S., Turkey.

Ethical approval and animals

This study was approved by the Animal Care and Use
Committee (Date: April 11, 2022, Decision no: 29.2022.
mar). Eighteen male Sprague Dawley rats (3—4 months,
300—400 g) were housed in cages where they were fed
standard rat pellets and water ad libitum. The cages were
kept in a temperature-controlled room (22+2°C) with
standardized light/dark (12/12 h) cycles.

Experimental design

Rats were divided into three groups. In the control group
(n=6), rats had physiological saline (0.1 cc/100 g, intraperi-
toneally (i.p.)) injection two times 2 h apart under gen-
eral anesthesia. In the IR group (n=6), rats were exposed
to bilateral lower extremity limb ischemia for 2 h by the
tourniquet method. After 2 h of ischemia, tourniquets
were released, and reperfusion was allowed for 2 h. Before
ischemia and reperfusion, physiological saline (0. cc/100
g, i.p.) was injected into rats. In IR + PG group (n=6), rats
underwent the same IR protocol and were injected with
PG (16 mg/kg) before ischemia and reperfusion. At the
end of reperfusion, rats were sacrificed, and lung tissues
were taken out for histopathologic and biochemical analy-
ses.

Lower limb IR protocol

The rat was anesthetized with ketamine hydrochloride
(100 mg/kg, i.p.) and xylazine hydrochloride (10 mg/kg,
i.p.). Under general anesthesia, a rubber-band tourniquet
was used to bind each hind limb proximal to the trochanter
major to cause bilateral lower extremity ischemia for 2
h. Cessation of the arterial flow totally just distal to the
tourniquet was confirmed using a pocket Doppler device
(Doppler Ultrasonic IABP Assembly, Getinge Group) and
cyanotic color changes of the sole of the foot. At the end
of the ischemia period, rubber-band tourniquets were re-
leased for starting 2 h of reperfusion. Again, the reestab-
lishment of the arterial flow was confirmed by the Dop-
pler device.

Biochemical analysis

Lung tissue homogenates were performed using saline so-
lution and were stored in the refrigerator at —20°C to
determine the biochemical parameters. Levels of malon-
dialdehyde (MDA), glutathione (GSH), and nitric oxide
(NO), and activities of superoxide dismutase (SOD), glu-
tathione S-transferase (GST), and catalase (CAT) were
measured by the methods given in the literature.['>!4]

Histological analysis

Lung tissues were fixed with 10% neutral buffer formalde-
hyde and processed routinely for paraffin embedding.
Five-micrometer-thick paraffin sections were stained with
hematoxylin and eosin (H&E) for morphologic evaluation.
For histopathologic scoring, at least five microscopic ar-
eas in each sample were investigated and scored using
a semiquantitative scale (0: normal, I: mil, 2: moderate,
and 3: severe damage), including the following criteria:
alveolar degeneration, inflammatory cell accumulation,
congestion, and interstitial edema.[! All stained sections
were investigated under an Olympus BX5| (Tokyo, Ja-
pan) photomicroscope and photographed using a digital
camera (Olympus DP72, Tokyo, Japan) linked to a micro-
scope.

Statistical analysis

All analyses were performed using GraphPad Prism 8.42
(GraphPad Software, Inc., San Diego, CA). Results were
shown as meanzstandard deviation (SD). Statistical differ-
ences were assessed with analysis of variance (ANOVA)
followed by Tukey’s multiple comparison tests and un-
paired t-test. A value of p<0.05 was accepted as significant.

RESULTS

Biochemical findings

The level of MDA was significantly higher in the IR group
than the level in the control group (p<0.01, Fig. I). Treat-
ment with PG significantly decreased MDA levels in the IR
+ PG group (p<0.01, Fig. I). The level of GSH decreased
significantly in the IR group when compared with the
control group (p<0.05, Fig. 1). In the IR + PG group, ad-
ministration of PG significantly caused an improvement in
GSH level compared with the IR group (p<0.05, Fig. I).
Activities of SOD and GST in the IR group significantly
decreased compared with the control group (p<0.0l, Fig.
I). Administration of PG in the IR + PG group caused a
significant increase in SOD and GST activities when com-
pared with the IR group (p<0.0l and p<0.05, respectively,
Fig. 1). The level of NO significantly increased in the IR
group compared with the control group (p<0.05, Fig. 1).
Treatment with PG significantly decreased the NO level in
the IR + PG group compared with the IR group (p<0.01,
Fig. ). There was no significant difference in CAT activi-
ties among the experimental groups.
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Figure 1. The lung malondialdehyde (MDA) level (a), glutathione (GSH) level (b), nitric oxide (NO) level (c), superoxide dismutase
(SOD) activity (d), glutathione S-transferase (GST) activity (e), and catalase (CAT) activity (f) in experimental groups. ‘P<0.05 vs
control group, “p<0.01 vs control group, *p<0.05 vs the IR group, “*p<0.01 vs the IR group, IR: ischemia reperfusion, PG: proges-

terone.

Histopathological findings

Light microscopic investigation showed regular lung mor-
phology in the control group (Fig. 2). Severe disturbance
of alveolar structure, intense inflammatory cell infiltration,
and severe hemorrhage and edema in the parenchyma
were the prominent features in the IR group (Fig. 2). In the
IR + PG group, amelioration in alveolar structure, reduced
inflammatory cell infiltration, and mild vascular congestion
in the parenchyma were observed compared with the IR
group (Fig. 2). The histopathologic score was significantly
increased in the IR group, and PG treatment in the IR +
PG group significantly reduced the histopathologic score
(p<0.001, Fig. 2).

DISCUSSION

Remote organ damage has remained the most critical issue
dictating the morbidity and mortality after vascular surgi-
cal procedures with no currently available treatment ap-
proach. We showed that treatment with PG immediately
before both ischemia and reperfusion has a protective role
in preventing RLI after lower body IR. The mechanisms
of its therapeutic benefit were found to be related to the
attenuation of the tissue markers of oxidation.

Lower limb IR-related remote organ damage is linked to
microvascular dysfunction in the muscle tissue. Briefly, ac-
tivated endothelial cells release ROS at the initial periods
of reperfusion with a concurrent reduction in the synthe-
sis of N) in all segments of the microcirculation, which
subsequently induce a systemic inflammatory response
and cause remote organ damage.''"! The inflammatory

response in tissues primarily exposed to IR induces the
release of interleukins |-beta, 6, and 8, and tumor necrosis
factor-alpha.l'®! Out of many remote organs, lungs are the
most vulnerable organs to IR injury of the lower limbs,
and the severity of lung dysfunction remains to be a lead-
ing determinant of early postoperative survival in vascular
surgery.l'l After initiation of reperfusion, sequestration
and extravasation of activated polymorphonuclear cells
and macrophages in the pulmonary microvasculature is
central to the development of acute RLLI'*'"] In our study,
we detected a significant increase in the indicators of ox-
idative stress (MDA) in the lung tissues exposed to re-
mote IR. Similarly, tissue antioxidants such as GSH level
and SOD and GST activities decreased in rats exposed to
IR compared with controls. Also, disturbance of alveolar
structure, intense inflammatory cell infiltration, and severe
hemorrhage and edema were seen in the parenchyma in
accordance with the reported findings in the literature.

Previously, sex-related differences in the outcome of the
cerebrovascular accident had triggered the idea that sex
steroids, particularly PG, could have a therapeutic role in
lessening the hypoxic—ischemic neuronal damage.'¥ PG
is a versatile sex steroid and has been mainly studied as
a neuroprotective agent in traumatic and ischemic neu-
ronal injury experimental models. In ischemic brain injury,
Gibson et al.l'] revealed that the neuroprotective effect
of PG given after cerebral ischemia (8 mg/kg) was shown
to reduce the expression of interleukin I, transforming
growth factor $2, and NO synthase 2, and thus reducing
the volume of the brain tissue affected by cerebral edema.
In the same study, it was reported that exogenous PG
has a dose- and time-dependent neuroprotective action.
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Figure 2. Representative photomicrographs of lung tissue in experimental groups (a—c) and the graph of histopathologic score (d).
Normal alveolar morphology with intact alveolar structure in the control group (a). Severe hemorrhage (*) and edema in parenchyma,
inflammatory cell infiltration (e), vascular congestion (arrow head) and severe alveolar degeneration (arrows) in the IR group (b).
Quite regular alveolar structure (arrow), mild vascular congestion (arrow heads) in the IR + PG group (¢). Hematoxylin and eosin
(H&E) staining, original magnification x 200 and x 400 (inset). “"P<0.001 vs control group, “**p<0.001 vs the IR group, IR: ischemia

reperfusion, PG: progesterone.

Higher doses of PG and abrupt termination of the therapy
were claimed to result in exacerbated excitotoxicity and
ischemic cell death.®! In their study, Ishrat et al.?'! found
that the beneficial function of the postischemic application
of PG in cerebral ischemia could be attributed to its an-
tiapoptotic action on ischemic neurons. Andrabi et al.?2
revealed the mitochondrial protective role of PG in the
neurons exposed to IR.

Apart from neuroprotection, PG has been successfully
used in the treatment of IR injury seen in different tissues.
Sandhi et al.'! studied the protective role of exogenous
PG (given before ischemic period, 5-10 mg/kg) against
renal IR injury. They concluded that PG exerts a reno-
protective effect via its antioxidant action in acute kidney
injury. Similarly, when it comes to myocardial cells, treat-
ment with PG (after induction of ischemia, 2 mg/kg) was
shown to cause a cardioprotective effect on myocardial I/R
injury. It was mentioned that the protective effect of PG
could be explained by attenuation of inflammation and its
possible interaction with endogenous estrogen.”®! On the

other hand, some authors claimed that pretreatment with
PG inhibits the cardioprotective function of estrogens in
myocardial IR injury in a rat model of the coronary artery
occlusion. In another study by Giile¢ Bager et al.® 8
mg/kg PG 30 min before ovarian detorsion was shown to
have a significant effect in decreasing the number of apop-
totic cells and increasing the total antioxidant status of the
ovary subjected to IR.

Among sex steroids, the effect of estrogen treatment on
remote organ injury seen after IR has been studied in many
studies. It was found that pretreatment with estradiol re-
duces lung inflammation after intestinal IR, and its action
was shown to be through the blockage of NO synthase
activity in lung tissue.” In a study by Nahavandi et al.,l*¥]
preischemic application of estrogen in ovariectomized rats
exposed to renal IR caused a significant improvement in
lung damage via suppressing oxidative injury. The antiox-
idant action of estrogen has been shown to take place by
both suppressing the expression of antioxidant enzymes
such as SOD and the production of inflammatory cy-
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tokines.” While the antioxidant and anti-inflammatory
potential of PG in IR have been shown in several studies,
its role in remote organ damage related to IR is still un-
known. In this regard, our study examined the role of PG
in an RLI model, and the results revealed that the applica-
tion of PG in rats undergoing lower limb IR caused a signif-
icant decrease in MDA as the tissue marker of oxidation.
Also, the derangement of tissue antioxidant capacity such
as SOD, GST, and GSH seen in the IR group improved sig-
nificantly with PG therapy. We also detected a significant
decrease in the tissue level of NO in rats treated with
PG, which was also shown to be protective against RLI.
[ The benefit of PG was also verified at the tissue level
with reduced inflammatory cell infiltration, amelioration
in alveolar structure, and mild vascular congestion in the
parenchyma. The protective action of PG on RLI seems to
be related to its antioxidant and anti-inflammatory action.

CONCLUSION

Our results suggest that PG ameliorates the RLI associ-
ated with IR of the lower limbs. It exerts an antioxidant ef-
fect on the lungs via suppressing the neutrophil infiltration
and related acute inflammation seen after IR of the lower
limb. More studies are warranted to confirm the results.
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Alt Ekstremite iskemi Reperflizyon Sonrasi Gortlen Akciger Hasarinda Progesteronun

Koruyucu Rolu

Amag: Alt ekstremitede iskemi reperfiizyon (IR) hasarina maruz kalan hastalarda goriilen en 6nemli problemlerden birisi akciger hasaridir.
Bu galigmamizda alt ekstremite IR sonrasi ortaya gikan akciger hasarinda progesteronun (PG) rolii arastiriimistir.

Gereg ve Yontem: On sekiz adet erkek Sprague-Dawley sigan tig gruba ayrildi: (1) kontrol: sicanlara genel anestezi sonrasi iki saat aralikla
iki kez serum fizyolojik (SF) enjeksiyonu yapildi (intraperitoneal (i.p.)), (2) IR: siganlara turnike kullanilarak iki saat iskemi sonrasinda iki saat
reperfiizyon uygulandi. Hem iskemi hem de reperfiizyon 6ncesi ayni dozda SF enjeksiyonu yapildi, (3) IR+PG: siganlara IR grubuyla ayni deney
protokolii uygulanmis olup hem iskemi hem de reperfiizyon 6ncesi PG enjeksiyonu yapilmistir (16 mg/kg, i.p.). Reperfiizyon sonrasi siganlar
sakrifiye edilerek akciger dokusu gikartilmis ve biyokimyasal ve histolojik analizler yapilmistir.

Bulgular: IR+PG grubunda doku malondialdehit ve nitrik oksit seviyeleri IR grubuna kiyasla anlamli diizeyde azalmigtir (p<0.01). Benzer
sekilde IR+PG grubunda glutatyon seviyesi ve siiperoksit dismutaz ve glutatyon S-transferaz aktiviteleri IR grubuna kiyasla anlamli derecede
artmistir (p<0.05, p<0.0l ve p<0.05). Isik mikroskopik incelemede IR+PG grubunda akciger parankiminde azalmis enflamatuvar hiicre infilt-
rasyonu, alveol yapilarda diizelme ve hafif vaskiiler konjesyon gériilmistiir. IR+PG grubunda IR grubuna kiyasla histopatolojik skorda anlaml
diizeyde iyilesme tespit edilmistir (p<0.001).

Sonug: Progesteron antioksidan fonksiyonundan dolayi alt ekstremite IR sonrasi goriilen akciger hasarinin azaltilmasinda etkili olabilir.

Anahtar Sozciikler: Akciger; alt ekstremite; iskemi; reperfiizyon; uzak organ hasari.
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