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Abstract

Objective: Heme oxygenase-1 (HO-1) is a protein involved in the inflammatory response following ischemia-reperfusion injury (IRI).
Evidence suggests that pyroptosis plays an important role in IRI. However, the underlying mechanism between HO-1 and pyroptosis in
IRI requires further investigation. Methods: Using the “two-cuff” method, a Sprague Dawley rat model of liver transplantation (LT)
was established using livers from donors after circulatory death. An automatic biochemical analyzer was used to detect serum alanine
transaminase (ALT) and aspartate aminotransferase (AST) levels and evaluate liver function. Paraffin sections of the rat liver were stained
with hematoxylin-eosin (HE) to observe the degree of pathological damage. An enzyme-linked immunosorbent assay was used to detect
serum levels of interleukin (IL)-1β and IL-18. Moreover, western blotting was used to analyze the expression of HO-1, pro-caspase-1,
p22, full-gasdermin D (GSDMD), and cleaved-N-GSDMD in the liver. Immunohistochemistry was used to detect NLRP3 expression.
Results: HO-1 expression was time-dependent with IRI. HE staining and Suzuki score showed that necrosis was more severe at 6 h after
IRI than in controls. Reactive oxygen species (ROS), ALT, and AST levels in the reperfusion were significantly higher at 6 h after IRI.
Similar to HO-1 expression, pro-caspase-1, p22, and GSDMD expression in the reperfusion was time-dependent and was significantly
higher at 6 h. Compared with the HO-1-shRNA (short hairpin RNA) group, the HO-1 overexpression group significantly inhibited
ROS, p22, GSDMD, IL-1β, IL-18, ALT, and AST. Immunohistochemistry revealed that NLRP3 levels were the highest in the HO-1
overexpression group. Conclusions: HO-1 improved the survival rate and IRI recovery after LT in rats. This study demonstrates that
HO-1 inhibits hepatocyte pyroptosis, thereby reducing IRI after LT.
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1. Background

Liver diseases are often associatedwithmulti-factorial
liver insufficiency and irreversible damage to organs, ow-
ing to which such diseases are often associated with a high
risk of mortality. Often, liver transplantation (LT) is the
only curative treatment for these diseases [1]. Donors after
circulatory death (DCD) have recently been themain source
of organs. However, DCD livers are frequently exposed to
a long ischemic period [2]. This often results in hepatic
ischemia-reperfusion injury (IRI), which is the main risk
factor for early allograft dysfunction and acute or chronic
rejection. Additionally, IRI is an important factor in the
shortage of donor organs [3]. Since the mechanism under-
lying liver IRI is not well understood, it is necessary to study
themechanism of graft IRI to improve the clinical outcomes
of LT. A variety of damage-associated molecular patterns
(DAMPs) upregulate Kupffer cells (KCs) to form several
inflammatory complexes through different pattern recogni-

tion receptors (PRRs) [4]. NLRP3 is one such PRR that
induces the autohydrolysis of two adjacent pro-caspase-1
molecules to produce caspase-1, an enzyme that cleaves the
precursors of interleukin (IL)-1β and IL-18 [5]. Hepatic IRI
is characterized by cell death that is mediated by processes
such as apoptosis, necrosis, iron death, and pyroptosis [6].
Specifically, pyroptosis is closely associated with themech-
anisms underlying hepatic IRI. Pyroptosis relies on the ac-
tivation of inflammasome-mediated caspase-1, and the in-
sertion of gasdermin D (GSDMD) leads to the formation of
pores in the plasma membrane. In turn, intracellular pro-
teins are released from the cells, resulting in ion decom-
pensation. Furthermore, water influx from the surroundings
into the cell leads to cell swelling [7]. Activated caspase-
1 can additionally cleave GSDMD to produce GSDMD-N
and -C [8,9]. In addition, following oxidative stress re-
sponse, mitochondria produce excessive oxygen free radi-
cals, amongwhich reactive oxygen species (ROS) levels are
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significantly increased [10]. The overexpression of ROS
can promote the maturation of NLRP3 and ultimately me-
diate the occurrence of pyroptosis through caspase-1 [11].

Heme oxygenase-1 (HO-1) is the stress-inducing,
rate-limiting enzyme that catalyzes the oxidation degrada-
tion of heme into carbon monoxide, iron, and biliverdin
[12]. Moreover, HO-1 has been demonstrated to have an-
tioxidant and cytoprotective activity in various models of
organ damage and diseases of the lung, kidneys, heart, and
liver [13]. In addition, previous studies have shown that
HO-1 plays a vital role in the pathogenesis of IRI by en-
hancing the ability of liver cells to resist oxidative stress and
by stabilizing mitochondrial function. In patients undergo-
ing orthotopic LT, pretreatment with adenovirus, which in-
terferes with HO-1 expression, significantly improves IRI
in Sprague Dawley (SD) rats and promotes the recovery of
liver function [10,14,15].

Based on this evidence, the present study aims to de-
termine whether HO-1 could alleviate hepatic IRI in DCD
rats and improve liver function by inhibiting hepatocyte py-
roptosis.

2. Materials and Methods
2.1 Ethics Statement

This study purchased 208 male SD rats (150–180
g; 5–6 weeks old; SPF grade) from Beijing HuaFuKang
Bioscience Company (Beijing, China). The animal pro-
tocol was approved by the Institutional Animal Care and
Use Committee of KunmingMedical University (Kunming,
China; KMMU2020189). All animal experiments were
performed in compliance with the National Institute of
Health guidelines for animal experimentation.

2.2 SD Rat Surgery Procedure
The SD rat LT model was established using the “two-

cuff” technique reported by Kamada et al. [16], which has
been detailed in the Supplementary Materials. The study
has been reported per the ARRIVE guidelines [17].

2.3 Adeno Associated Virus Transfection Efficiency Test
To explore the transfection efficiency of adeno-

associated virus (AAV), 25 SD rats were randomly allo-
cated into five groups: shRNA-NC, shRNA-HO-1, AAV-
NC, AAV-HO-1, or normal groups. Rats in all groups were
injected with 200 µL of AAV titer (2.5 × 109 mg/µL; Han-
bio Biotechnology, Shanghai, China) via the tail vein. The
AAV-HO-1, shRNA-HO-1, and the respective blank control
virus vectors were transduced into SD rats for 21 days.

2.4 Study Design
Of the 208 rats, 88 were injected with AAV via the

tail vein and were randomly divided into the following six
groups: sham (n = 8, only laparotomy); DCD (n = 16,
donors were injected with normal saline); DCD + shRNA-
NC (n = 16, donors underwent transduction with HO-1-

shRNA empty-loaded virus); DCD+ shRNA-HO-1 (n = 16,
donors underwent transduction with HO-1-shRNA-AAV);
DCD + AAV-NC (n = 16, donors underwent transduction
with HO-1-overexpressing empty-loaded virus); or DCD +
AAV-HO-1 (n = 16, donors underwent transduction with
HO-1-overexpressing AAV).

In addition, to explore whether HO-1 induces pyrop-
tosis in hepatic IRI and whether this effect is observed
in a time-dependent manner, 54 rats were randomly allo-
cated into five groups: normal group (n = 6) and hepatic
ischemia-reperfusion (IR) groups with reperfusion for 6 h
(DCD + IR6h), 24 h (DCD + IR24h), 72 h (DCD + IR72h),
or 168 h (DCD + IR168h) (each, n = 12).

Furthermore, 66 SD rats were randomly divided into
the following six groups for assessing HO-1-related cell py-
roptosis at 6 h (n = 12, i.e., 6 pairs). The groups were as
follows: sham (n = 6, only underwent laparotomy), DCD
(n = 12, the donor was injected with normal saline via the
tail vein), DCD + shRNA-NC (n = 12, donor underwent
transduction with HO-1 shRNA AAV via the tail vein);
DCD + shRNA-HO-1 (n = 12, donor underwent transduc-
tion with HO-1 shRNA AAV via the tail vein); DCD +
AAV-NC (n = 12, donor underwent transduction with HO-
1-overexpressing AAV empty virus via the tail vein); and
DCD + AAV-HO-1 (n = 12, donor underwent transduction
with HO-1-overexpressing AAV via the tail vein).

2.5 Biochemical Assay and Measurement of Cytokines
The serum alanine transaminase (ALT) and aspar-

tate aminotransferase (AST) levels in SD rats were mea-
sured using a fully automatic biochemical analyzer (BIO-
RAD, Hercules, CA, USA), expressed in U/L. In addition,
serum IL-1β and IL-18 levels in blood from the coronary
artery (ERC007.96, ERC010.96, Neobioscience Technol-
ogy Company, Shenzhen, China) were assessed using a
commercially available enzyme-linked immunosorbent as-
say kit, according to the manufacturer’s instructions. Opti-
cal density was measured at 450 nm.

2.6 Flow Cytometry
Initially, 50 µg of fresh SD rat liver tissuewasweighed

and then homogenized and filtered into a cell suspen-
sion. This suspension was centrifuged, and then the ob-
tained pellet was mixed with an appropriate volume of
DCFH-DA (S0033S, Beyotime Biotechnology, Shanghai,
China), which was diluted with serum-free culture medium
(1:1000) to make a final concentration of 10 µmol/L. Sub-
sequently, the medium was incubated at 37 °C for 20 min.
The cells were then washed thrice with a serum-free cell
culture medium to remove the DCFH-DA that had not en-
tered the cells. The ROS-positive control group was treated
with Rosup for 20–30 min. Then, flow cytometry (excita-
tion wavelength: 488 nm, emission wavelength: 525 nm)
was used to detect the fluorescence intensity before and af-
ter stimulation.
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2.7 Histological and Immunohistochemical Study
For histological analyses, the liver tissues of rats were

fixed with 4% paraformaldehyde for 48 h. The fixed liver
samples were then dehydrated, embedded in paraffin, and
cut into <3 mm thick sections (n = 3 for each liver).
The sections were stained with hematoxylin-eosin (HE) for
pathological evaluation.

In addition, fresh liver tissues were embedded in opti-
mum cutting temperature compound, frozen, sectioned, and
observed under an inverted fluorescence microscope.

For immunohistochemical analyses, liver tissues were
embedded in paraffin and sliced, as mentioned above. The
sections obtained were incubated at 65 ℃ for 20 min and
were deparaffinized using a gradient of xylene and ethanol
solution, followed by treatment with 0.01 mol/L (pH 6.0)
citrate buffer for antigenic repair. Subsequently, the sec-
tions were treated with 3% hydrogen peroxide to quench
endogenous peroxidase activity and, after 15 min, were
blocked with 5% bovine serum albumin for 30 min. The
sections were then incubated with NLRP3 antibody (dilu-
tion ratio: 1:200; 19771-1-AP, ProteinTech, Wuhan, Hubei,
China) overnight at 4 °C. Following this, the sections were
treated with secondary antibody for 50 min and incubated
with DAB. The sections obtained were observed under an
optical microscope (Olympus, cymml-3ptxcj-004, Ham-
burg, Germany). All images shown in the results represent
at least three images of each liver. The Liver Suzuki scoring
standard was used [18,19]. ImageJ software (Rasband WS,
ImageJ, V 1.8.0, National Institutes of Health, Bethesda,
MD, USA) was used to quantify the stained areas in sec-
tions.

2.8 Western Blot Analysis
As reported previously [20], the membrane was

blocked with 5% skim milk for 2 h and then incubated
with rabbit anti-HO-1 (dilution ratio 1:1000; E6Z5G, Cell
Signaling Technology, Danvers, MA, USA), anti-caspase-
1 (dilution ratio 1:1000; EPR19672, Abcam, Cambridge,
UK), anti-GSDMD (dilution ratio 1:1000; EPR20859, Ab-
cam), and NLRP3 (dilution ratio 1:1000; 19771-1-AP, Pro-
teintech) overnight at 4 °C. After washing thrice with Tris-
Buffered Salineand Tween 20 (TBST), the membrane was
incubated with IgG antibody at room temperature for 2
h. The membrane was completely covered with the de-
veloping liquid and observed using the gel imaging system
(Monad, GD50202, Suzhou, China).

2.9 Reverse Transcription-Quantitative Polymerase Chain
Reaction (RT-qPCR)

RT-qPCR was performed as described previ-
ously using the SuperReal PreMix Plus (SYBR Green,
Roche, Mannheim, Germany) kit and the Mx3005 P
Real-Time PCR System (Agilent, Santa Clara, CA,
USA) [21]. Briefly, total RNA from liver tissues was
extracted using TRIzol (Invitrogen, Waltham, MA,

USA). cDNA was extracted using SureScript™ First-
Strand cDNA Synthesis Kit (GeneCopoeia, Guangzhou,
China). mRNAs amplification was performed using
the following specific primers: HO-1 (102 bp) for-
ward 5′-CCATCCCTTACACACCAGCC-3′, reverse
5′-GGTAGCGGGTATATGCGTGG-3′; β-tubulin (152 bp)
forward 5′-GAGGCAGATGGCAGTGACAG-3′, reverse
5′-TGGTTGGGGAACACGGAGTA-3′ (Sangon Biotech,
Shanghai, China).

2.10 Statistical Analysis
Quantitative data are presented as mean± standard er-

ror. Measurement data were presented as x̄ ± s. Multiple
groups of measurement data were compared using a single-
factor analysis of variance and an advanced homogeneity
of variance test. In the case of uniform distribution, the
least significant difference test was used, and in the case of
skewed distribution, Dunnett’s T3 test was used. Survival
and statistical data were assessed using Kaplan–Meier anal-
ysis. Differences were considered statistically significant
when p < 0.05. All statistical graphs were created using
the GraphPad Prism software (GraphPad Software 9, Inc.,
San Diego, CA, USA), and all data were analyzed using
SPSS 24.0 (IBM Corp., Armonk, NY, USA).

3. Results
3.1 Fluorescence Results and HO-1 Expression Level in
Liver Tissue after AAV Transduction

The fluorescence intensity in the liver tissue was as-
sessed 21 days after AAV transduction (Fig. 1A–D). HO-1
transcription levels were significantly lower in the shRNA-
HO-1 group than in the shRNA-NC group. The gene tran-
scription level was higher in the AAV-HO-1 group than in
the AAV-NC (normal control), shRNA-HO-1, shRNA-NC,
and normal groups (Fig. 1E). The fluorescence intensity and
HO-1 mRNA transcription levels in the four DCD groups
are shown in Table 1 and at four-time points are shown in
Table 2.

3.2 HO-1 Expression Significantly Affected Survival Curve
Following LT

The overall comparison result was χ2 = 14.449 (de-
gree of freedom ν = 5; p < 0.05). In addition, paired com-
parisons revealed significant survival (p < 0.05) among
the sham, DCD + shRNA-HO-1, and DCD + AAV-HO-1
groups (Fig. 1F).

3.3 HE Staining Score of Liver Tissues at Different
Reperfusion Time Points

The effects of ischemia on the transplanted liver were
assessed at different durations of reperfusion (DCD + IR6h,
DCD + IR24h, DCD + IR72h, and DCD + IR168h groups).
HE staining revealed rapid progression of tissue damage in
the DCD + IR6h group, along with obvious necrosis. In the
DCD + IR24h group, the liver tissue damage was greater
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Fig. 1. Efficiency of AAV transfection and HO-1 mRNA transcription level in rat liver tissue. (A) AAV2/9-EGFP interference
control. 400×. (B) AAV2/9-r-Hmox1 shRNA-EGFP interferes with expression. 400×. (C) AAV2/9-ZsGreen overexpression control.
400×. (D) AAV2/9-CMV-r-Hmox1-3xflag-ZsGreen is overexpressed. 400×. (E) The change in HO-1 gene transcription level mRNA
after AAV transfection in SD rats. *, compared with the normal group, the difference is statistically significant, p < 0.05; #, compared
with the shRNA-HO-1 group, the difference is statistically significant, p < 0.05; &, compared with the AAV-NC group, the difference
is statistically significant, p < 0.05. (F) Analysis of postoperative survival time of SD rats between groups after successful DCD liver
transplantation modeling. AAV, adenoassociated virus; HO-1, Heme oxygenase-1; DCD, Donors after circulatory death; shRNA, short
hairpin RNA; NC, normal control.

than in the DCD + IR6h group, with extensive necrosis.
However, in the DCD + IR72h and DCD + IR168h groups,
necrosis was not as obvious as in the DCD + IR24h group,
and the degree of damage gradually decreased. Particu-
larly, the normal lobules had been destructured, and the
sinus space was still wider than normal. Compared with
the normal group, the DCD + IR6h, DCD + IR24h, DCD
+ IR72h, and DCD + IR168h groups demonstrated signif-
icantly greater liver tissue damage (p < 0.05). Compared
with the DCD + IR6h group, the normal, DCD + IR24h,
and DCD + IR168h groups showed significant differences
in the degree of injury (p < 0.05) (Fig. 2).

3.4 ROS Levels in Reperfused Liver Tissue after DCD LT
Over time, the ROS levels in the liver tissues of each

group decreased after reperfusion. Compared with the nor-
mal group, the DCD + IR6h, DCD + IR24h, DCD + IR72h,
and DCD + IR168h groups had significantly lower ROS
levels (p < 0.05). Compared with the DCD + IR6h group,
the normal, DCD + IR72h, and DCD + IR168h groups were
significantly different (p < 0.05) (Fig. 3).
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Fig. 2. HE staining and Suzuki score of the donor livers after liver transplantation. (A–E) HE results of liver tissue after LT, (A)
normal, (B) DCD + IR6h, (C) DCD + IR24h, (D) DCD + IR72h, and (E) DCD + IR168h. (F) The histogram based on the Suzuki score,
*, p < 0.05 compared with normal; #, p < 0.05 compared with DCD + IR6h. LT, liver transplantation; IR, ischemia-reperfusion.

Table 1. DCD groups of study of biomarkers after reperfusion.
Characteristic DCD + shRNA-NC DCD + shRNA-HO-1 DCD + AAV-NC DCD + AAV-HO-1

HO-1 ↑/# ↓ ↑/# ↑/*#&
p22 ↑/# ↑/* ↑/# ↓/#&
cleaved-N-GSDMD ↑/# ↑/* ↑/# ↓/#&
NLRP3 ↑/#& ↓/* ↓/# ↓/*&
ROS ↑/# ↑/* ↑/# ↓/*#&
ALT ↑/# ↑/* ↑/# ↓/*#&
AST ↑/# ↑/* ↑/# ↓/*#&
IL-1β ↑/# ↑/* ↑/# ↓/*#&
IL-18 ↑/# ↑/* ↑/# ↓/*#&
*, compared with DCD group, p< 0.05; #, compared with DCD + shRNA-HO-1 group, p< 0.05; &, compared with
DCD + AAV-NC group, p < 0.05; ↑ /↓ , compared with DCD group. ALT, alanine transaminase; AST, aspartate
aminotransferase; IL, interleukin; ROS, reactive oxygen species; GSDMD, gasdermin D.

3.5 Change in Liver Function and Cytokines after LT

The liver function and cytokine levels would change
accordingly after reperfusion. The results revealed that
ALT and AST levels increased significantly at 6 and 24 h
but decreased at 72 and 168 h. Compared with the normal
group, ALT and AST levels were significantly different in
the DCD + IR6h, DCD + IR24h, DCD + IR72h, and DCD
+ IR168h groups (p < 0.05). The normal, DCD + IR72h,
and DCD + IR168h groups differed significantly from the
DCD + IR6h group (p < 0.05) (Fig. 4A,B).

Over time, IL-1β and IL-18 levels in the liver tis-
sues increased and then decreased, which was consistent.
Compared with those in the normal group, cytokine lev-
els were significantly different in the DCD + IR6h, DCD

+ IR24h, DCD + IR72h, and DCD + IR168h groups (p <

0.05). Moreover, the normal, DCD + IR72h, and DCD +
IR168h groups differed significantly from the DCD + IR6h
group (p < 0.05) (Fig. 4C,D).

3.6 The Expression of Each Protein was Detected in Tissue
Over time, proteins showed a trend with the prolonga-

tion of the postoperative reperfusion time after LT. Results
of western blotting revealed that (Fig. 4E) HO-1 expression
was significantly increased in the DCD + IR6h group, but
it decreased in the other long-term groups. Moreover, HO-
1 expression in the DCD + IR6h group was significantly
different from the normal group, DCD + IR72h, and DCD
+ IR168h groups (p < 0.05). However, it was not signifi-
cantly different from the DCD + IR24h group. In addition,
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Fig. 3. ROS level changes after LT. (A–E) After DCD LT, the donor liver of ischemia was followed by different durations of reperfusion
for 6 h, 24 h, 72 h, and 168 h. (F) Flow cytometry was used to detect the expression level of ROS in the liver tissue. *, compared with
normal group, p < 0.05; #, compared with DCD + IR6h group, p < 0.05.

Table 2. DCD, expression of biomarkers at various time
points after reperfusion.

Characteristic 6 h 24 h 72 h 168 h

HO-1 ↑/* ↑/* ↑/*# ↑/#
p22 ↑/* ↑/* ↑/*# ↑/#
cleaved-N-GSDMD ↑/* ↑/* ↑/*# ↑/#
NLRP3 ↑/* ↑/*# ↑/*# ↑/*#
ROS ↑/* ↑/* ↑/*# ↑/*#
ALT ↑/* ↑/* ↑/*# ↑/*#
AST ↑/* ↑/* ↑/*# ↑/*#
IL-1β ↑/* ↑/* ↑/*# ↑/*#
IL-18 ↑/* ↑/* ↑/*# ↑/*#
*, compared with normal group, p < 0.05; #, compared with
DCD + IR6h group, p < 0.05; ↑ compared with normal group.

compared with the normal group, the DCD + IR6h, DCD +
IR24h, and DCD + IR72h groups had significantly different
HO-1 expression (p < 0.05) (Fig. 4F).

The p22 of pro-caspase1was significantly increased in
the short term but gradually decreased over the long term.
Compared with the normal group, p22 expression in the

DCD + IR6h, DCD + IR24h, and DCD + IR72h groups was
significantly different (p < 0.05). Although p22 expres-
sion in the DCD + IR168h group was higher than the nor-
mal group, the difference was not statistically significant.
Compared with the DCD + IR6h group, p22 expression in
the normal, DCD + IR72h, and DCD + IR168h groups was
statistically different (p < 0.05) (Fig. 4G).

The expression of cleaved-N-GSDMD was the high-
est in the short-term groups but decreased in the long-term
groups. Compared with the normal group, the expression
of cleaved-N-GSDMD in the DCD + IR6h, DCD + IR24h,
and DCD + IR72h groups were significantly different (p <
0.05). Although the expression in the DCD + IR168h group
was higher than in the normal group, it was not statistically
significant. Comparedwith the DCD+ IR6h group, the nor-
mal, DCD + IR72h, and DCD + IR168h had significantly
different expression levels (p < 0.05) (Fig. 4H).

Immunohistochemistry revealed that NLRP3 was not
expressed in the normal group. Notably, the DCD + IR6h
and DCD + IR24h groups demonstrated extensive necro-
sis. However, NLRP3 expression in the DCD + IR6h group
was the lowest among the other groups. Over time, NLRP3
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Fig. 4. Liver function and protein changes after LT. (A) Biochemical analysis results of ALT. (B) Biochemical analysis results of AST.
(C) The level of IL-1β in serum. (D) The level of IL-18 in serum. (E) Western blot method to detect the protein expression of HO-1,
Caspase-1, p22, full-GSDMD, and cleaved-N-GSDMD in each group. (F–H) the statistical results of HO-1/β-tubulin, p22/β-tubulin,
and cleaved-N-GSDMD/β-tubulin in each group, respectively. *, compared with normal, p< 0.05; #, compared with DCD + IR6h, p<
0.05.

expression increased in the short term but decreased over
the long term. Compared with the DCD + IR6h group, the
normal group, DCD + IR24h, DCD + IR72h, and DCD +
IR168h groups differed significantly in terms of NLRP3 ex-
pression (p < 0.05) (Fig. 5).

3.7 Following AAV Treatment, the Donor Liver of DCD LT
with IRI for Reperfusion of Tissues with HE Results and
Suzuki Score

Based on previous experiments, the time point of
reperfusion was chosen as 6 h in this study. After 21 days
of AAV pretreatment, the donor’s liver was reperfused for

6 h after DCD LT. Compared with the control group, the
DCD + shRNA-HO-1 group exhibited greater damage in
the liver tissue, with larger areas of necrosis, severe conges-
tion, and sinus space. The necrotic area in the DCD +AAV-
HO-1 group was significantly reduced, the hepatic cord was
intact, the sinus space was approximately the same as the
sham group, and the degree of congestion was significantly
lower. Compared with the DCD group, the sham, DCD +
shRNA-HO-1, and DCD + AAV-HO-1 groups showed sta-
tistically significant differences in the degree of damage (p
< 0.05). The damage was not significantly different in the
DCD + shRNA-NC and DCD + AAV-NC groups. More-
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Fig. 5. Change in NLRP3 after LT. (A–E) Immunohistochemistry of NLRP3 results of liver tissue after LT. (A) Normal, (B) DCD +
IR6h, (C) DCD + IR24h, (D) DCD + IR72h and (E) DCD + IR168h. (F) The expression level of NLRP3 in the liver tissue. *, compared
with normal, p < 0.05; #, compared with DCD + IR6h, p < 0.05.

Fig. 6. HE staining results and Suzuki score of different groups afterAAVpretreatment. (A–F) Postoperative liver tissueHE staining
results. (A) Sham, (B) DCD, (C) DCD + shRNA-NC, (D) DCD + shRNA-HO-1, (E) DCD + AAV-NC, and (F) DCD + AAV-HO-1. (G)
A histogram based on the Suzuki score. *, compared with the DCD group, p < 0.05; #, compared with the DCD + shRNA-HO-1 group,
p < 0.05; &, compared with the DCD + AAV-NC group, p < 0.05.

over, compared with the degree of damage in the DCD +
shRNA-HO-1 group, the DCD, DCD + shRNA-NC, DCD
+AAV-NC, and DCD +AAV-HO-1 groups was statistically
significant (p< 0.05). In addition, the DCD+AAV-NC and
DCD + AAV-HO-1 groups differed significantly in the de-
gree of damage (p < 0.05) (Fig. 6).

3.8 ROS Level Following AAV Treatment

The hepatic ROS level in the DCD + shRNA-HO-1
group was significantly higher than that in other groups
but was significantly lower than the DCD + AAV-HO-1

group. The ROS level differed significantly between the
DCD + shRNA-HO-1 group and the DCD, DCD + shRNA-
NC, DCD + AAV-NC, and DCD + AAV-HO-1 groups (p<
0.05). Similarly, the DCD + AAV-NC and DCD + AAV-
HO-1 groups had significantly different ROS levels (p <

0.05) (Fig. 7).

3.9 Changes in Liver Function and Cytokine Levels
Following AAV Treatment

Following DCD LT, the donor liver was pretreated
with AAV for 21 days and was then reperfused for 6 h.
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Fig. 7. After AAV pretreatment, the donor’s liver was reperfused for 6 h after DCD LT and the level of ROS was measured in
liver tissues. *, compared with DCD group, p< 0.05; #, compared with DCD + shRNA-HO-1 group, p< 0.05; &, compared with DCD
+ AAV-NC group, p < 0.05. (A–F) The result of ROS level in flow cytometry. (A) Sham; (B) DCD; (C) DCD + shRNA-NC; (D) DCD
+ shRNA-HO-1; (E) DCD + AAV-NC, (F) DCD + AAV-HO-1 groups. (G) The bar chart shown the percentage of ROS cells in each
group.

Following this, serum ALT and AST levels in the DCD
+ shRNA-HO-1 group increased significantly. However,
these levels in the DCD + AAV-HO-1 group showed a
downward trend compared with those in the control, but
they were still higher than those in the sham group.

Compared with the DCD + shRNA-HO-1 group, the
DCD, DCD + shRNA-NC, DCD + AAV-NC, and DCD +
AAV-HO-1 groups had significantly different ALT levels (p
< 0.05). Moreover, the ALT level differed significantly be-
tween the DCD + AAV-NC and DCD + AAV-HO-1 groups
(p < 0.05) (Fig. 8A).

Compared with the DCD + shRNA-HO-1 group, the
DCD, DCD + shRNA-NC, DCD + AAV-NC, and DCD +
AAV-HO-1 groups had significantly different AST levels
(p < 0.05). Moreover, the AST level differed significantly
between the DCD+AAV-NC andDCD+AAV-HO-1 levels
(p < 0.05) (Fig. 8B).

The hepatic levels of IL-1β and IL-18 in the DCD +
shRNA-HO-1 group were higher than in the other groups.
However, in the DCD + AAV-HO-1 group, the hepatic IL-
1β and IL-18 levels showed a downward trend compared
with the control group, were significantly lower than those
in the DCD + shRNA-HO-1 group, and were slightly higher
than those in the sham group. Moreover, the levels of IL-1β
and IL-18 in each group correlated positively.

Compared with the DCD + shRNA-HO-1 group, the
IL-1β level differed significantly in the DCD, DCD +
shRNA-NC, DCD + AAV-NC, and DCD + AAV-HO-1
groups (p < 0.05). Compared with the DCD + AAV-NC
group, the IL-1β level in the sham and DCD + AAV-HO-1
groups was significantly different (p < 0.05) (Fig. 8C).

Compared with the IL-18 level in the DCD + shRNA-
HO-1 group, the DCD, DCD + shRNA-NC, DCD + AAV-
NC, andDCD+AAV-HO-1 groups was significantly differ-
ent (p< 0.05). Compared with the DCD + AAV-NC group,
the sham and DCD + AAV-HO-1 groups had significantly
different IL-18 levels (p< 0.05) (Fig. 8D).

3.10 Protein Expression Following AAV Treatment

The HO-1 mRNA level in the transplanted liver in
each group was in line with our expectations. The mRNA
transcription level of the HO-1 interference expression
group was significantly lower than that of the control but
was slightly higher than that of the sham group. In con-
trast, the mRNA transcription level of the DCD + AAV-
HO-1 was significantly higher. The mRNA transcription
levels in the DCD, DCD + shRNA-NC, DCD + shRNA-
HO-1, DCD + AAV-NC, and DCD + AAV-HO-1 groups
were significantly different (p < 0.05). Moreover, at the
protein level, the trend in HO-1 expression was consistent
with that at the transcription level. HO-1 expression was
significantly different between the DCD + shRNA-HO-1
group and all other groups except for DCD (p < 0.05). At
the same time, HO-1 expression was significantly differ-
ent between the DCD + AAV-HO-1 and DCD + AAV-NC
groups (p < 0.05) (Fig. 8E–G).

The expression of p22 of pro-caspase1 was increased
significantly in the DCD + shRNA-HO-1 group but was de-
creased in theDCD+AAV-HO-1 group. In addition, the ex-
pression was significantly different in the DCD + shRNA-
HO-1 group compared with the DCD, DCD + shRNA-NC,
DCD + AAV-NC, and DCD + AAV-HO-1 groups (p <
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Fig. 8. With AAV pretreatment, the donor liver was reperfused for 6 hours after DCD LT. (A) Biochemical analysis results of
ALT. (B) Biochemical analysis results of AST. (C) The expression level of IL-1β in serum. (D) The expression level of IL-18 in serum.
(E) The mRNA level of HO-1 in the liver tissue. (F) Western blot method to detect the protein expression of HO-1, Caspase-1, p22,
full-GSDMD, and cleaved-N-GSDMD in each group. (G) Statistical results of (G) HO-1/β-tubulin, (H) p22/β-tubulin, and (I) cleaved-
N-GSDMD/β-tubulin in each group. *, compared with DCD group, p < 0.05; #, compared with DCD + shRNA-HO-1 group, p < 0.05;
&, compared with DCD + AAV-NC group, p < 0.05.

0.05). Moreover, the DCD + AAV-NC and DCD + AAV-
HO-1 groups differed significantly in terms of p22 expres-
sion (p < 0.05) (Fig. 8H).

The trend in the expression of spliced cleaved-N-
GSDMD of full-GSDMD was similar to that of p22. The
expression of spliced cleaved-N-GSDMD was increased
significantly in the DCD + shRNA-HO-1 group and was
decreased significantly in the DCD + AAV-HO-1 group.
Compared with spliced cleaved-N-GSDMD expression in
the DCD + shRNA-HO-1 group, the DCD, DCD + shRNA-
NC, DCD + AAV-NC, and DCD + AAV-HO-1 groups was
significantly different (p < 0.05) (Fig. 8I).

In addition, treatment altering the expression of HO-1
immediately affected the NLRP3 level, which in turn af-
fected the level and activation of caspase-1 and GSDMD.

Immunohistochemical analysis revealed that NLRP3
expression in the DCD + shRNA-HO-1 group was signif-
icantly decreased; the group also had large areas of tis-
sue necrosis. The expression differed significantly among
DCD, DCD + shRNA-NC, and DCD + AAV-NC groups (p
< 0.05). Compared with the DCD + AAV-NC group, the
DCD + AAV-HO-1 group had significantly lower NLRP3
expression (p < 0.05) (Fig. 9).

4. Discussion
LT is reportedly the most effective curative treatment

for end-stage liver disease [22]. However, in cases of DCD,
it is essential to optimize graft function and reduce IRI to
eventually increase donor liver availability [23]. HO-1 is
the rate-limiting enzyme of heme metabolism, and its high
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Fig. 9. Following AAV pretreatment, the donor liver was reperfused for 6 hours after DCD LT, and the expression of NLRP3 was
observed. (A–F) Immunohistochemistry results of NLRP3 coloration in each group (200×). (A) Sham, (B) DCD, (C) DCD + shRNA-
NC, (D) DCD + shRNA-HO-1, (E) DCD + AAV-NC, and (F) DCD + AAV-HO-1. (G) The statistical results of the relative expression
levels of NLRP3 in each group relative to the sham. *, compared with DCD group, p < 0.05; #, compared with DCD + shRNA-HO-1
group, p < 0.05; &, compared with DCD + AAV-NC group, p < 0.05.

expression is currently recognized as a key cytoprotective
mechanism against inflammation, hyperthermia, and IRI
[24]. In LT involving DCD, the expression of HO-1 was
correlated with the ischemia-reperfusion time. Moreover,
HO-1 expression increased significantly in the DCD + IR6h
group and gradually decreased. This trend coincided with
the most severe early stress response of IRI, which addi-
tionally correlated with the ROS level. These findings are
consistent with those of previous studies [10]. In the present
study, HO-1 expression was significantly increased at 6 h
and 24 h, indicating that DCD significantly induces HO-1
expression after IRI, which may have the potential to re-
sist oxidative stress damage. However, the recent high ex-
pression of HO-1 did not immediately relieve liver damage.
As shown in Fig. 2, HE staining revealed extensive necro-
sis in the DCD + IR6h group, with the most severe dam-
age being observed in the DCD + IR24h group. According
to the Suzuki score, damage at 78 and 168 h was signifi-
cantly lower than at 6 and 24 h. In addition, serum ALT and
AST levels indicated that liver damage in the early stages
was severe, with that at 24 h being slightly lower than at
6 h, which then decreased gradually. We speculate in the
early stages, although HO-1 was highly expressed during
IRI and LT, liver damage occurred before this expression.
Therefore, high HO-1 expression could only be seen as a
follow-up response to oxidative stress and could play a role
in anti-inflammatory and anti-injury effects in the future.
The gradual reduction in the long-term damage may be be-
cause the high expression of HO-1 in the early stage exerted
a long-term effect, which enhanced the tolerance of the un-
damaged liver tissue to oxidative stress and inhibited the
combination of DAMPs and PRR. This subsequently inhib-
ited the inflammatory response and reduced the long-term
damage to liver cells, which was consistent with previous
findings [14].

To further explain the cause of hepatic injury, we
tested the level of NLRP3, cleaved caspase-1 (p22/p20),
and cleaved N-GSDMD in the donor’s liver at each IRI time
point. The results showed that the expression of p22 and
cleaved N-GSDMD was the highest at 6 and 24 h, indicat-
ing that pyroptosis occurred when the donor’s liver under-
went IRI. The degree of pyroptosis was the highest at the
beginning of IRI and gradually reduced. However, NLRP3,
which is directly related to pro-caspase-1 activation, was
found to have the opposite effect. In addition, immuno-
histochemistry results revealed that the NLRP3 level in the
IR6h group was the lowest, inconsistent with the most se-
vere scorch death in the IR6h group. Burdette et al. [25]
have revealed that NLRP3 is expressed in the cytoplasm
and mediates pro-caspase-1 splicing activation and func-
tioning. Therefore, we speculated that the inconsistent ex-
pression trend of NLRP3 was due to severe liver damage in
the IR6h group. After cell rupture, NLRP3 is completely
released and cannot be assessed by immunohistochemistry.
This speculation was consistent with the most severe py-
roptosis observed in the IR6h group.

We additionally tested IL-1β and IL-18 levels in the
liver tissues and found that the levels were the highest
at 24 h and decreased gradually after that. Zhang et
al. [26] revealed that warm ischemia injury could lead
to a decrease in the number of KCs in the liver, re-
sulting in a general decrease in Th1 cytokines produced
by hepatic non-parenchymal cells. However, postoper-
ative ischemia-reperfusion localizes local inflammatory
chemokines from the transplanted liver to other body parts.
These chemokines include CXCL1, CXCL2, and CXCL8
to attract neutrophil infiltration and CCL1, CCL2, CCL25,
and CX3CL1 to chemoattract bone marrow mononuclear
cell infiltration [27]. In the present study, HE staining re-
vealed that the number of inflammatory cells that infiltrated
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the liver tissue in the IR24h group was significantly higher
than in the IR6h group, which could explain the upward
trend of IL-1β and IL-18 levels.

RT-qPCR detected the overexpression of HO-1, HO-
1 shRNA recombinant AAV and the respective blank con-
trol viral vectors were transduction into normal SD rats.
This showed that the intervention effect of HO-1 overex-
pression and HO-1 shRNA recombinant AAV was statisti-
cally significant compared with no intervention in the blank
group. HO-1 overexpression was positively correlated with
the survival of SD rats after DCD LT.

RT-qPCR and western blotting revealed that the ex-
pression of HO-1 was in line with expectations. When HO-
1 was overexpressed, the expression of p22 and cleaved N-
GSDMDwas significantly downregulated. However, when
HO-1 expression was downregulated, the levels of p22 and
cleaved N-GSDMD increased significantly. GSDMD-N
and -C mediate cell perforation and rupture causes caspase-
1-dependent cell pyroptosis [9]. Accordingly, under high
HO-1 expression in the donor’s liver, pyroptosis was in-
hibited when the DCD underwent ischemia-reperfusion af-
ter LT. This result was consistent with the results of HE
staining of the transplanted liver. In addition, HE stain-
ing showed that when HO-1 was overexpressed, tissue cell
damage was minimal, with mild cell destruction and lysis.
However, inhibition of HO-1 expression resulted in aggra-
vation of liver cell damage and the necrotic area compared
with the control conditions. In addition, cell lysis was se-
vere, with no intact and normal hepatic cord or hepatic sinu-
soid structure. According to AST and ALT levels, the over-
expression of HO-1 could reduce the level of liver damage
after LT from DCD. This proves that the degree of damage
after LT was significantly alleviated by HO-1 overexpres-
sion in the donors. In addition, when HO-1 expression was
inhibited, NLRP3 levels were significantly lower than in the
donor’s liver with HO-1 overexpression. This effect could
be attributed to severe liver tissue necrosis observed when
HO-1 expression is inhibited, which decreases immunohis-
tochemical detection of NLRP3. Regarding the HO-1 over-
expression group, as the tissue structure was intact and im-
munohistochemical results were normal, these data are reli-
able. Compared with the control group, it was significantly
lower, indicating that NLRP3 activation was inhibited at
that time.

In the early stage of IRI after LT, HO-1 expression was
increased, but this was only a follow-up response to oxida-
tive stress and could not immediately alleviate liver injury.
However, the early-stage high expression of HO-1 played
a role in the recovery of long-term liver function. In the
IR6h group, oxidative stress was the most severe among
all groups, and early pyroptosis was likely to be one of the
main causes of liver damage. Therefore, inhibiting early
liver injury could be the key to promoting the recovery of
liver function after transplant.

Survival analysis revealed significant differences in
at least two groups. Subsequent pairwise comparisons
demonstrated that the sham (14.00± 0.00), DCD+ shRNA-
HO-1 (5.63 ± 5.37), and the DCD + AAV-HO-1 (12.63 ±
3.89) groups were significantly different (p < 0.05). In ad-
dition, the survival rate among the DCD, DCD + shRNA-
NC, and DCD + AAV-NC was not significantly different.
Compared with the survival rate of the sham group, that
of the DCD group decreased from 100% to 75%. Al-
though this was not significant, it proved the success of
the LT model. For SD rats with HO-1 overexpression
and AAV pretreatment (which downregulates HO-1 expres-
sion), short-term survival rates after orthotopic LT were
87.5% and 37.5%, respectively. This indicated that block-
ing HO-1 expression in the liver did not inhibit the dam-
age caused by warm ischemia for 10 min and IRI in the
transplanted liver. Thus, the ability of the liver to tolerate
stress response was reduced. However, compared with HO-
1 interference-expressed cadaveric liver, the survival rate
of HO-1 overexpressed cadaveric liver after LT was higher,
which proved that HO-1 overexpression could significantly
increase survival after LT. Therefore, these results suggest
that HO-1 may play an important role in protecting the
quality of cadaveric livers from DCD, and preconditioning
donor’s livers and ensuring high HO-1 expression in donor
livers may increase survival rate after cadaveric surgery. In
the present study, the donor underwent pretreatment for in-
ducing HO-1 overexpression and HO-1 shRNA recombi-
nant AAV therefore it was able to reach a state of stable HO-
1 expression before LT. This proved the effect of precondi-
tioning the donor liver to change HO-1 expression in IRI af-
ter LT from a cardiac-death donor. In conclusion, HO-1 can
inhibit hepatocyte pyroptosis, thereby alleviating IRI after
LT in SD rats. The study is limited by the fact that it only
observed pyroptosis caused by HO-1; however, the specific
mechanism remains unclear and requires further study.

5. Conclusions
The study selected a cardiac death rat donor model

to simulate the acquisition and preservation of a clinically
transplanted liver, and the study was conducted by interfer-
ing with the expression of HO-1 in the donor liver. The re-
sults showed that HO-1 could promote ischemia reperfusion
recovery in SD rats after DCD liver transplantation; HO-1
overexpression inhibited hepatocyte pyroptosis, thereby al-
leviating ischemia-reperfusion injury after liver transplan-
tation from a cardiac death SD rat donor.
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