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 Background: Propofol improves rodent pulmonary injury after intestinal ischemia-reperfusion (IIR). However, its effect and 
underlying mechanisms in large animals remain unclear. Here, we examined whether pretreatment with pro-
pofol could relieve lung injury during IIR in pigs, then investigated the underlying mechanism.

 Material/Methods: A porcine model of IIR-induced lung injury was built by clamping the super mesenteric artery for 2 h and loos-
ening the clamp for 4 h. Randomized grouping was used, and pigs were assigned to a sham-operated group, 
an IIR with saline pretreatment group, and an IIR with propofol pretreatment group. Pulmonary histopatholog-
ic changes, permeability, and oxygenation were assessed to evaluate the effect of propofol. We assessed levels 
of methane dicarboxylic aldehyde (MDA), superoxide dismutase (SOD), myeloperoxidase (MPO), high-mobility 
group box 1 protein (HMGB1), Toll-like receptor 4 (TLR4), and double-stranded RNA activated protein kinase R 
(PKR) to investigate the underlying mechanism.

 Results: IIR caused severe lung damage, including morphological changes, high permeability, airway resistance, low static 
compliance, hypoxemia, and acidemia. Pulmonary and plasma MDA content and MPO activity increased, where-
as SOD activity decreased. The HMGB1/TLR4/PKR signaling pathway was activated following IIR. Pretreatment 
with propofol markedly attenuated lung injury (such as reducing the lung edema and permeability), increased 
MDA content and MPO activity, and restored SOD activity induced by IIR, accompanied by inhibiting the effect 
of the HMGB1/TLR4/PKR signaling pathway.

 Conclusions: IIR caused acute lung injury in pigs. Pretreatment with propofol alleviated the lung injury, which was related 
to its suppression of the HMGB1/TLR4/PKR signaling pathway.
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Background

Intestinal ischemia-reperfusion (IIR) always occurs in critical 
patients who experience ileus, shock, acute blood loss, or dis-
seminated intravascular coagulopathy [1]. Generally, IIR can 
induce intestinal mucosal barrier injury, bacterial transloca-
tion, and remote organ damage [2,3]. As lung injury is a com-
mon type of remote organ damage caused by IIR [4], it is im-
portant to protect lung tissues during IIR. Recent reports have 
confirmed that high-mobility group box 1 protein (HMGB1) 
is essential in lung, heart, and intestinal injury after IR [5-7]. 
HMGB1, an endogenous ligand of Toll-like receptors 4 (TLR4), 
can activate TLR4 to induce inflammatory responses [8]. When 
activated by HMGB1, TLR4 further activates double-stranded 
RNA activated protein kinase R (PKR) [9-11], which is impor-
tant in regulating the release of inflammatory factors (TNF-a, 
IL-1b, and IL-6) in acute lung injury (ALI) [12]. Thus, we inferred 
that HMGB1 participated in the process of IIR-induced ALI by 
activating the TLR4/PKR signal pathway.

Propofol is a short-acting intravenous anesthetic agent wide-
ly used in intensive care units [13]. It acts as a sedative and 
has antiemetic effects, immunomodulatory activity, and anx-
iolytic effects [14,15]. Previous studies have shown that pro-
pofol reduces lung injury induced by IIR [16,17]. Although pro-
pofol’s protective effect against IIR is mainly due to its ability 
to antagonize lipid peroxidation, the underlying mechanisms 
remain unclear. It was recently shown that propofol could 
protect against lipopolysaccharide (LPS)-induced ALI and ven-
tilation-induced lung injury by inhibiting the expression of 
HMGB1 [18,19]. However, whether the protective effect of pro-
pofol on IIR-induced ALI is dependent on the HMGB1/TLR4/
PKR signal pathway needs to be further studied.

In addition, previous studies on IIR were mainly based on ro-
dent models [20-22]. Few studies used pigs even, even though 
the anatomical structure, physiological indicators, and im-
mune system are similar between pigs and humans [23,24]. 
Therefore, our study assessed the lung-protection effect of 
propofol in miniature pigs with IIR and investigated its un-
derlying mechanism.

Material and Methods

Animals and Experimental Groups

All study procedures were approved by the Animal Care and 
Ethics Committee on Experimental Animals of Pudong Hospital 
(Fudan University, Shanghai, China). Male miniature pigs 
(Shanghai Jiagan Biotechnology Co., Ltd) weighing 9.0-12.4 kg 
were adapted to the laboratory environment for 1 week before 
experiments began. Animals were randomly assigned to a sham 

group, an IIR+normal saline (NS) group, and an IIR+propofol 
(P) group (8 per group) according to a random number table.

The flow chart is shown in Figure 1. After anesthesia induction 
(15 min), all the animals received intubation. In the IIR+P group, 
pigs received a continuous injection of propofol (AstraZeneca, 
Italy) 10 mg/kg/h from 10 min before clamping the SMA to 
the end of the operation. Pigs in the IIR+NS group received an 
equal amount of normal saline at the same time as the IIR+P 
group. Pulmonary static compliance and airway resistance 
were measured at baseline (T0), 2 h after ischemia (T1), and 
2 h (T2) and 4h (T3) after reperfusion. At the end of the re-
perfusion, arterial blood gases were analyzed, after which all 
the pigs were euthanized. Then, pulmonary wet-to-dry weight 
ratio and permeability index were measured. In addition, the 
right upper lungs were harvested for HE staining. MPO activi-
ty, SOD activity, and MDA levels in the blood and the lung tis-
sue were measured. Western blot analysis was used to assess 
the expression of HMGB1, TLR4, and PKR protein.

Intestinal Ischemia-Reperfusion Protocol

Following overnight fasting and free access to drinking water, 
the pigs were intramuscularly injected with ketamine (Hengrui 
Medicine, Jiangsu, China) and atropine sulfate (CR Double, 
China). Then, the trachea was intubated after anesthesia in-
duction by intravenous injection of ketamine, fentanyl (Yichang 
Humanwell Pharmaceutical CO., China), and rocuronium bro-
mide (N. V. ORGANON, USA). Sevoflurane (Baxter Healthcare 
Co., USA) and rocuronium bromide were used during gener-
al anesthesia. The left femoral artery and femoral vein were 
cannulated to monitor arterial pressure, collect blood samples, 
and for intravenous infusion. Electrocardiogram, arterial pres-
sure, and esophageal temperature were continuously moni-
tored during the operation. A crystalloid solution was infused 
to compensate for body fluid loss.

After stabilization of the respiratory and circulatory systems 
under anesthesia, pigs underwent surgery on warming pads. 
A laparotomy was performed to construct the IIR model. We 
separated abdominal tissue to occlude the superior mesenter-
ic artery (SMA) using a microvascular clamp. During the next 
2 h, humid sterile cotton balls were placed on the laparotomy 
incision to reduce fluid loss. Then, we removed the vascular 
clamp, and confirmed intestinal reperfusion by the pulsation of 
the superior mesenteric artery. A change in bowel loops color 
from dark purple to dark red 5 min after unclamping the SMA 
indicated that the model was successfully established. Pigs in 
which the model was not successfully established were not 
included in the experiment. The SMA was exposed but not oc-
cluded in the sham group. After 4 h of intestinal reperfusion, 
all the pigs were euthanized for further study.
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Figure 1. Study flow chart.
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Arterial Blood Gases

Before being euthanized, 0.5 ml of arterial blood was drawn 
for blood gas analysis (ABL800; Radiometer, Copenhagen, 
Denmark), which included PaO2, PaCO2, and pH. The alve-
olar-arterial oxygen pressure difference (DA-aO2) was cal-
culated according to the following formula: DA-aO2=(PiO2- 
PaCO2×1/R)-PaO2. In this formula, PiO2=FiO2×(barometric 
pressure-47), and R is the respiratory quotient (ie, the vol-
ume of the evolved carbon dioxide volume to the volume of 
the absorbed oxygen) [24].

Pulmonary Static Compliance and Airway Resistance

After the animals were anesthetized, the pulmonary static com-
pliance and airway resistance were measured using the elec-
trocardiomonitor’s respiratory function module (PRO-400V2, 
730PRO, General Electric Co.) at baseline (T0), 2 h after isch-
emia (T1), and at 2 h (T2) and 4 h (T3) after reperfusion. At 
the time of measurement, the flow velocity–pressure sensor 
used for children was connected in series between the venti-
lator and the airway intubation tubes. Muscle relaxants were 
administered before the test to prevent the effects of the ex-
perimental animals’ respiratory movement on pulmonary com-
pliance and airway resistance.

Pulmonary Wet-to-Dry Weight Ratio and Permeability 
Index

At the end of the experiment, pigs were sacrificed using in-
tracardiac thiopental sodium (50 mg/kg) [25]. The chest was 
opened, and the proximal artery was clamped to prevent blood 
from entering the lung. Then, 10 ml/kg normal saline at 4°C 
was infused into the right lung’s bronchoalveolar space and 
harvested using a sterile centrifuge tube, and each animal re-
ceived bronchoalveolar lavage 3 times. The bronchoalveolar 
lavage fluid (BALF) was centrifuged at 3000 rpm. The super-
natant was used to detect protein levels using a BALF protein 
assay kit (Nanjing Jiancheng Biology Engineering Institute, 
Nanjing, China). Serum protein content was determined using 
a protein assay kit obtained from Nanjing Jiancheng Biology 
Engineering Institute. The pulmonary permeability index (PPI) 
was calculated using the following formula: PPI=BALF pro-
tein/serum protein.

At the same time, the left upper lobes of the lungs were re-
moved and weighed using a precision balance (wet weight). 
After being dried for 24 h at 95°C, they were reweighed (dry 
weight). Before and after drying, the ratio of the lung weight 
was calculated as an index of pulmonary edema [19].

Histopathologic Examination

The right upper lungs were harvested 4 h after reperfusion, 
fixed in 10% formaldehyde, and embedded in paraffin to make 
sections, which were stained with hematoxylin and eosin (HE 
staining) for light microscope analysis. Two blinded patholo-
gists scored the histopathologic injury. The criteria for lung his-
topathologic injury score were according to a previous report 
[26]. The score of normal lung tissue was zero, slight inflam-
matory injury was 1, mild to moderate inflammatory injury 
without damage to the lung architecture was 2, moderate in-
flammatory injury with alveolar septae thickening was 3, mod-
erate to severe inflammatory injury (formation of nodules or 
areas of pneumonitis) was 4, and severe inflammatory injury 
(total obliteration of the normal lung tissue in the field) was 5.

Detection of Myeloperoxidase Activity in Lung Tissues and 
Blood

Lung tissues were homogenized, and the supernatants were 
used to assess pulmonary myeloperoxidase (MPO) activi-
ty with an MPO detection kit (Nanjing Jiancheng Biological 
Engineering Institute) according to the manufacturer’s instruc-
tions. The MPO activity in blood was also measured using the 
MPO detection kit.

Detection of MDA Content and SOD Activity in Lungs and 
Blood

Superoxide dismutase (SOD) activity and methane dicarbox-
ylic aldehyde (MDA) content in lungs and blood were mea-
sured using a kit from Nanjing Jiancheng Biological Engineering 
Institute. The experimental procedure was performed accord-
ing to manufacturer’s instructions.

Detection of HMGB1/TLR4/PKR Signal Pathway in Lungs

HMGB1/TLR4/PKR pathway-related proteins were measured 
by western blot. The BCA kit (71285, NOVAGEN, Darmstadt, 
Germany) was used to evaluate the protein concentration. 
We mixed the protein sample (30 μg) with 10% SDS gel buf-
fer at a 1: 1 ratio and then put it in 95°C water for 5 min to 
degrade the protein.

The samples were transferred to PVDF membranes (Bio-Rad, 
Hercules, CA, USA), and 5% nonfat dry milk was used to block 
the membrane at 4°C. Then, the PVDF membranes were incu-
bated with primary antibodies against HMGB1 (1: 500, Biorbyt, 
Cambridge, UK), TLR4 (1: 500, Biorbyt, Cambridge, UK), PKR 
(1: 2000, Abcam, Cambridge, UK), and GAPDH (1: 1000, Santa 
Cruz, CA, USA) at 4°C for 12 h. After washing, the membranes 
were incubated with corresponding secondary antibodies (1: 
2000, Santa Cruz, CA, USA) for 2 h at room temperature. The 
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protein was colored for 3-5 min with ECL luminescent sub-
strates (Beyotime, Jiangsu, China) after washing. GAPDH, as an 
invariant control, was also measure by western blot.

Statistical Analysis

SPSS 26.0 software (IBM Corp., Armonk, NY, USA) was 
used for analyzing study data. Results are presented as the 
mean±standard deviation (SD). Data were evaluated with the 
t test and two-way analysis of variance (ANOVA) between 
groups, followed by the Student-Newman-Keuls post hoc test. 
A P value of <0.05 was considered to be statistically significant.

Results

Pulmonary Gas Exchange

Arterial PaO2 and pH were significantly lower and alveolar-
arterial oxygen pressure difference (DA-aO2) was higher in 
the IIR+NS group than in the sham group (Table 1, P<0.01). 
Pretreatment with propofol significantly increased oxygen-
ation. Arterial PaO2 and pH were significantly higher, where-
as DA-aO2 was lower in the propofol +IIR group compared to 
the IIR+NS group (Table 1, P<0.01).

Pulmonary Static Compliance and Airway Resistance

Pulmonary static compliance decreased in a time-dependent 
manner in the IIR+NS group, whereas it was maintained at a 
steady level in the sham group. In the IIR+NS group, static lung 
compliance decreased at 2 h after reperfusion (T2) (Figure 2, 
P<0.05) and continued to decrease until 4 h after reperfusion 
(T3) (Figure 2, P<0.01) compared with the sham group at the 
same time points. Propofol partially reversed the decrease of 
static lung compliance induced by IIR at T3 (Figure 2, P<0.05).

Pulmonary airway resistance increased in a time-dependent 
manner in the IIR+NS group, whereas it was maintained at a 
steady level in the sham group. In the IIR+NS group, airway re-
sistance began to increase at T2 (Figure 2, P<0.05) and contin-
ued to increase at T3 (P<0.01), compared with the sham group 
at the same time points. Propofol inhibited the increase of air-
way resistance induced by IIR at T3 (Figure 1, P<0.05).

Pulmonary Permeability

The indicators of pulmonary edema included wet-to-dry lung 
ratio (W/DR) and the permeability index. The W/DR was sig-
nificantly higher in the IIR+NS group compared to the sham 
group (Figure 3, P<0.01), and propofol reduced the change in 

Groups PaO2 (mmHg) pH DA-aO2 (mmHg)

Sham group 273±13 7.47±0.010 24±4

IIR+NS group 214±7* 7.33±0.155* 62±6*

IIR+P group 255±9# 7.45±0.008# 44±5#

Table 1. Results of arterial blood gas analysis.

Data are expressed as mean±SD, n=8. * P<0.01 compared with the sham group; # P<0.01 compared with the IIR+NS group; 
PaO2 – arterial oxygen partial pressure; DA-aO2 – alveolar-arterial oxygen pressure difference.
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the W/DR induced by IIR (Figure 3, P<0.05). Similarly, the per-
meability index was higher in the IIR+NS group than in the 
sham group (Figure 3, P<0.01), and propofol significantly de-
creased the permeability index during IIR (Figure 3, P<0.01).

Histological Change in Lung Tissue

As shown in Figure 4, histological analysis showed that lung 
tissues were clear, with a complete alveolar wall, no intersti-
tial exudation, and normal small blood vessels without bleed-
ing or edema (Figure 4A1, 4A2). Intestinal ischemia for 2 h 
and reperfusion for 4 h caused severe damage to lung tis-
sues, as indicated by alveolar collapse, a widened alveolar 
septum, small blood vessel bleeding, and neutrophil infiltra-
tion (Figure 4B1, 4B2). Pretreatment with propofol reduced 
IIR-induced lung damage, which included decreasing pulmo-
nary interstitial hemorrhage, edema, and neutrophil infiltra-
tion (Figure 4C1, 4C2). Also, the histopathologic injury score 
revealed similar results (Figure 4D). The score of the IIR+NS 
group was higher than that of the sham group, while propo-
fol pretreatment significantly reduced the score compared to 
the normal saline pretreatment group (Figure 4D P<0.05 IIR+P 
group vs IIR+P group).

Change of MPO in Lungs and Blood

MPO activity in lung tissues and plasma increased in the 
IIR+NS group compared to the sham group (Figure 5, P<0.01). 
Pulmonary and plasma MPO activity decreased in the IIR+P 
group at the end of reperfusion compared to the IIR+NS group 
(Figure 5, P<0.05).

Change in Reactive Oxygen Species in Lungs and Blood

IIR increased the MDA levels and decreased the SOD activity 
both in the lungs and in blood (Figure 6, P<0.01 IIR+NS group 

vs sham group). Pretreatment with propofol partially reversed 
the changes of MDA levels and SOD activity (Figure 6, P<0.05 
IIR+P group vs IIR+NS group).

Propofol Inhibited Protein Expression of HMGB1, TLR4, and 
PKR in Lung Tissue

To evaluate if the HMGB1/TLR4/PKR signaling pathway had a 
role in the effect of propofol on lung damage during IIR, our 
study used western blot analysis to detect the protein ex-
pression of HMGB1, TLR4, and PKR. IIR elevated the protein 
levels of HMGB1, TLR4, and PKR in the lung tissue (Figure 7, 
P<0.01 IIR+NS group vs sham group). Propofol (10 mg/kg/h) 
significantly prevented the increase in protein expression of 
HMGB1, TLR4, and PKR induced by IIR (Figure 7, P<0.05 IIR+P 
group vs IIR+NS group). The HMGB1/TLR4/PKR signaling path-
way could have a role in the protective effect of propofol on 
pulmonary injury after IIR.

Discussion

This study showed that propofol protects against pulmonary 
injury in a pig model of IIR, which was consistent with pre-
vious reports in rodents [27,28]. Propofol markedly reduced 
neutrophil activation and decreased oxidative stress induced 
by IIR, accompanied by inhibiting the HMGB1/TLR4/PKR sig-
naling pathway.

Rodents are commonly used as a model to study acute lung in-
jury induced by IIR [20,21]. Recently, large-animal models have 
been increasingly used to study IIR. Compared with rodents, 
it is easier to develop safe preclinical protocols directly trans-
ferable to humans using large animals [29]. Among the large 
animals, pigs are the ideal model for human IIR research be-
cause of their similarity in size, physiology, immunology [25], 
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and organ development [30]. Furthermore, there is a strong 
morphological and functional resemblance of the organ sys-
tems between humans and pigs, including the intestines [31]. In 
the present study, we selected pigs for establishing an animal 
model of IIR to accurately assess the protective effects propo-
fol against lung tissue damage induced by IIR. Our laboratory’s 
work further demonstrated that propofol could alleviate lung 
injury caused by IIR in a pig model. Consistent with propofol’s 
beneficial effects in rodents, propofol improved pulmonary ox-
ygenation, decreased airway resistance and pulmonary micro-
vascular permeability, and restored the pathological chang-
es associated with lung injury in pigs exposed to IIR [20,21].

IIR induces several functional changes in the body. Firstly, dam-
age to the intestinal mucosal barrier results in mucosal malab-
sorption and undernutrition [32,33], which, in turn, may lead 
to the invasion of enteric bacteria into lymph nodes, spleen, 
and the whole body through the injured mucosal barrier, thus 
resulting in systemic inflammatory response syndrome (SIRS) 
and triggering the release of inflammatory mediators [34,35]. 
The inflammatory mediators can cause remote organ damage, 
especially acute lung injury [36,37]. The mechanism underlying 
lung injury during IIR is complex and not yet fully clarified. IIR 
can cause cell membrane phospholipid degradation, leading 
to chemokine release, such as leukotriene, platelet-activating 
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Figure 5.  (A, B) Pulmonary and plasma myeloperoxidase (MPO) activity. Propofol at 10 ml/kg or the same volume of saline was 
intravenously injected into pigs with a computerized infusion pump via the femoral vein 10 min before the start of 
reperfusion. Lung tissues and blood were collected from pigs at 4 h after reperfusion. Data are expressed as the mean±SD, 
n=8. ** P<0.01 compared with the sham group, # P<0.05 compared with the IIR+NS group. IIR – intestinal ischemia-
reperfusion; NS – normal saline; P – propofol.
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Figure 6.  (A-D) Pulmonary and plasma superoxide dismutase (SOD) activity and malondialdehyde (MDA) levels. Propofol at 10 ml/kg 
or the same volume of saline was intravenously injected into pigs with a computerized infusion pump via the femoral 
vein 10 min before the start of reperfusion. Lung tissues and blood were collected from pigs at 4 h after reperfusion. Data 
are expressed as the mean±SD, n=8. ** P<0.01 compared with the sham group, # P<0.05 compared with the IIR+NS group. 
IIR – intestinal ischemia-reperfusion; NS – normal saline; P – propofol.
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factor, and complement [38]. Chemokines act as attractants, 
leading to the accumulation of neutrophils in vascular and lung 
tissues and the release of oxygen-free radicals and proteolyt-
ic enzymes, which results in endothelial damage, microvas-
cular leakage, and edema in the lung [39]. The results of the 
present study showed that IIR significantly increased the poly-
morphonuclear (PMN) cells infiltration and oxygen-free radi-
cal damage in lung tissue. In addition, myeloperoxidase (MPO) 
activity, malondialdehyde (MDA) content increased, and su-
peroxide dismutase (SOD) activity decreased in the IIR group. 
MPO is a marker enzyme of polymorphonuclear (PMN) cells, 
and increased activity of MPO in tissues indicates an increase 
of PMN infiltration [40]. Furthermore, MDA is one of the ma-
jor products of membrane lipid peroxidation, and its content 
is proportional to the degree of damage induced by oxygen-
free radicals [41]. In addition, SOD is an oxygen-free radical-
scavenging enzyme that protects cells from damage [42]. Large 
amounts of oxygen-free radicals activated by PMN and lipid 
peroxidation caused by reactive oxygen species are the path-
ological indicators of lung injury after IR [43]. SOD is a kind of 
reactive oxygen species (ROS), which are always generated in 
the development of oxidative stress induced by ischemia-re-
perfusion injury [44].
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Figure 7.  (A-D) Protein expression level of HMGB1/TLR4/PKR by western blot, IIR+NS, and IIR+P groups. Data are expressed as the 
mean±SD (n=8). ** P<0.01 compared with the sham group. # P<0.05 compared with IIR+NS group. IIR – intestinal ischemia-
reperfusion; NS – normal saline; P – propofol.

Propofol has a chemical structure similar to that of vitamin E 
and has comparable antioxidant properties [45]. When IIR oc-
curs, lipid oxidation reaction in the cell membrane alters the 
permeability of alveolar capillaries [46]. Propofol has been re-
ported to interfere with peroxynitrite to eliminate reactive ox-
ygen species (ROS) and protect lung tissue [47]. Previous stud-
ies have shown that propofol reduces lung injury induced by 
IIR [16,17]. Similar to these previous results, we found that 
pretreatment with propofol markedly attenuated lung injury 
(such as reducing the lung edema and permeability), increased 
MDA content and MPO activity, and restored SOD activity re-
duced by IIR. In addition, we evaluated the effect of propofol 
on the HMGB1/TLR4/PKR signal pathway. HMGB1 is a nonhis-
tone chromatin protein present in all cell types [48]. It main-
ly regulates gene transcription as a critical damage-associat-
ed molecular pattern molecule (DAMP) after being released. 
Excessive amounts of extracellular HMGB1 can cause tissue in-
jury and organ dysfunction in the pathogenesis of many differ-
ent diseases of both sterile and infectious origin [49-51], such 
as lung injury induced by ischemia-reperfusion injury [52,53]. 
After activation, HMGB1 can bind to its receptor TLR4 to acti-
vate it [8]. Similar to previous studies, the present study also 
confirmed that IIR induced the activation of HMGB1, followed 
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by activation of TLR4. PKR is a widely expressed serine and 
threonine protein kinase, which was first confirmed as an an-
ti-viral protein induced by interferon (IFN) [54]. Li et al report-
ed that inhibition of PKR could regulate lung protein permea-
bility, the release of proinflammatory cytokines (TNF-a, IL-1b, 
and IL-6), and lung apoptosis in LPS-induced lung injury [12]. 
Studies have shown that PKR is normally activated TLR4 [55]. 
In our study, we found the expression of PKR was elevated 
in lung tissue of the IIR model pigs. Furthermore, propofol 
could inhibit the expression of HMGB1/TLR4/PKR, which par-
ticipates in the protective effect of propofol against pulmo-
nary injury during IIR.

Conclusions

Our data showed that propofol used in anesthesia has a pro-
tective effect during IIR, as indicated by changes in the his-
tologic and biochemical markers in lung injury. The effect of 
propofol can be mediated by the inhibition of oxidant gener-
ation and infiltration of neutrophils with the involvement of 
the HMGB1/TLR4/PKR signaling pathway.
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