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Abstract
Hypothermic machine perfusion (HMP) has been demonstrated to be more effective in mitigating ischemia–reperfusion 
injury (IRI) of donation after circulatory death (DCD) organs than cold storage (CS), yet the underlying mechanism remains 
obscure. We aimed to propose a novel therapeutic approach to ameliorate IRI in DCD liver transplantation. Twelve clinical 
liver samples were randomly assigned to HMP or CS treatment and subsequent transcriptomics analysis was performed. By 
combining in vivo HMP models, we discovered that HMP attenuated inflammation, oxidative stress, and apoptosis in DCD 
liver through a SEPRINA3-mediated PI3Kδ/AKT signaling cascade. Moreover, in the hypoxia/reoxygenation (H/R) model 
of BRL-3A, overexpression of SERPINA3 mitigated H/R-induced apoptosis, while SERPINA3 knockdown exacerbated cell 
injury. Idelalisib (IDE) treatment also reversed the protective effect of SERPINA3 overexpression. Overall, our research 
provided new insights into therapeutic strategies and identified potential novel molecular targets for therapeutic intervention 
against DCD liver.

Keywords  Hypothermic machine perfusion · Ischemia reperfusion injury · SERPINA3 · PI3kdelta · Donation after 
circulatory death

Introduction

Owing to the worldwide shortage of organ donors, the uti-
lization of marginal donors has progressively emerged as a 
strategy to expand the donor pool [1, 2]. Moreover, patients 
receiving a donation after circulatory death (DCD) of the 
liver are more likely to suffer from severe ischemia–reper-
fusion injury (IRI), resulting in poor graft function and pri-
mary dysfunction, ultimately affecting the recipient survival 
rate [3, 4]. Therefore, it is necessary to establish effective 
strategies to protect the DCD grafts from IRI.

Hypothermic machine perfusion (HMP) has been exten-
sively employed to improve organ preservation [5]. Numer-
ous clinical trials have demonstrated that HMP, in com-
parison to cold storage (CS), effectively ameliorates liver 
function and postoperative complications. More specifically, 
the incidence of postoperative biliary anastomotic stenosis, 
post-reperfusion syndrome, and postoperative graft dys-
function was significantly lower in the HMP group than in 
the CS group [6]. Related animal studies have also shown 
that HMP can improve inflammation, oxidative stress, and 
apoptosis in DCD livers, which is consistent with previous 
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research [7–9]. Although HMP has proven superior to CS, 
its underlying mechanisms of action remain less [10–12]. 
Meanwhile, owing to the large database related to rat livers, 
rats are optimally suited for studying HMP mechanisms [13].

SERPINA3 belongs to the SERine Proteinase Inhibitor 
(SERPIN) superfamily and participates in various biochemi-
cal reactions [14, 15]. More specifically, since its discovery, 
SERPINA3 has played a decisive role as an acute-phase 
reaction protein in inflammatory responses, tumors, wound 
healing, cardiovascular diseases, chronic obstructive pul-
monary diseases, and neurodegenerative diseases [16–21]. 
SERPINA3 in urine can also serve as a marker of renal 
fibrosis and inflammation [22], whereas SERPINA3 may 
function to reduce inflammation and oxidative stress in the 
kidney, cornea, and retina [14, 23]. It activates phosphatidyl 
inositol-3-kinase (PI3K)δ, a gene that promotes the survival 
of hepatocellular carcinoma cells. [24, 25]. Collectively, 
these findings suggest that SERPINA3 regulates cell sur-
vival, inflammation, and oxidative stress; however, its role 
in liver IRI remains to be elucidated.

As a member of the PI3K IA class, PI3Kδ is involved 
in cellular immunity and inflammation [26, 27]. Cell pro-
liferation, survival, inflammation, and oxidative stress are 
all regulated by the PI3K/protein kinase B (Akt) signaling 
pathway, which also plays an important role in apoptosis. 
Telomerase reverse transcriptase (TERT), the catalytic subu-
nit of telomerase in eukaryotic cells regulates proliferation 
and differentiation. Relevant studies have shown that the 
PI3K/Akt pathway is involved in the regulation of TERT 
expression [28]. In the early stages of liver IRI, the PI3K/
Akt pathway is activated to regulate liver apoptosis, inflam-
mation, autophagy, and oxidative stress. Although PI3K/Akt 
is known to contribute significantly to IRI regulation, little is 
known about the mechanism associated with PI3Kδ in IRI.

The primary aim of the current study was to explore the 
roles of SERPINA3 and PI3Kδ/Akt in IRI pathogenesis, par-
ticularly in patients with DCD livers treated with HMP or 
CS. Thus, we hope to provide novel insights into the devel-
opment of a potential new therapeutic strategy to improve 
IRI in DCD liver transplantation.

Materials and methods

Study design

We selected 12 cases of DCD liver grafts with CS at 4 °C or 
HMP in Lifeport liver transporter (Organ Recovery Systems, 
Itasca, IL, USA) for 2 h according to the randomization prin-
ciple and then analyzed the clinical data of liver transplant 
patients. BGISEQ-500-RNAseq technology was used to 
detect differences in gene expression between the two groups 
of liver tissues. Besides, GO and KEGG pathway analyses 

were used to detect the notable pathway, and western blot 
was used to verify the related protein expressions of the sig-
nificantly different signaling pathways. Simultaneously, we 
constructed a Sprague–Dawley rat DCD model and verified 
the expression of the aforementioned differentially expressed 
genes.

Organ donation and procurement

Ethics approval for this study was obtained from the Zhong-
nan Hospital of Wuhan University (Approval Number: 
2016020), and the family members (parents, spouses, and 
adult children) of the donors signed a voluntary organ dona-
tion form. Human livers were procured by standard procure-
ment from organ procurement organizations (OPOs), and 
organ donation and transplant procedures in China were in 
accordance with the National Guidelines for Donation after 
Cardiac Death [29, 30].

Clinical samples

Six pairs of human DCD tissue specimens were collected 
from the Zhongnan Hospital of Wuhan University, Wuhan, 
China (Table 1). Participants gave signed informed consent. 
According to the randomization principle, half of the DCD 
livers underwent HMP in the Lifeport liver transporter for 
2 h without oxygenation, whereas the other half were treated 
with CS, and the livers were orthotopically transplanted into 
recipients. 1 h after the portal vein resumed blood supply, 
liver samples were collected from recipients.

Total human liver RNA extraction and mRNA library 
construction

Total RNA was extracted from the human liver tissue sam-
ples. Agilent 2100 (Agilent Technologies) and NanoDrop 
(Thermo Fisher Scientific) were used to quantitatively 
and qualitatively determine the total RNA amount, and 
the mRNA was purified using magnetic beads attached to 
Oligo (dT). Using a fragment buffer, the cleaved mRNA was 
fractionated into small fragments. First- and second-strand 
cDNA were then synthesized. After adding the a-tail mix 
and the RNA index adapter, the repair process was com-
pleted. Ampure XP Beads were used to purify the cDNA 
fragments and then dissolve them in EB liquid. The product 
was validated using an Agilent 2100 analyzer. The double-
chain PCR product was heated and denatured and a final 
library was generated by circulating the splinted oligonu-
cleotide sequence. A DNA nanosphere (DNB) was created 
by formatting the single-strand circular DNA (ssCir DNA) 
into a library. Finally, DNB was read using the BGIseq-500 
platform (BGI, Shenzhen, China).
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Differentially expressed genes (DEGs) and gene 
ontology (GO) analysis

Data were filtered using SOAPnuke (v1.5.2), where the 
false discovery rate (FDR) was set at 0.05, to identify dif-
ferentially expressed genes. Heat maps and GO analysis 
maps of the top 50 DEGs were constructed.

Animals

Sprague–Dawley rats (~ 250 g) were raised in the Animal 
Experimental Center of Zhongnan Hospital under suit-
able environmental conditions with an adequate supply of 
nutrition (License Number:02520105C). The Wuhan Uni-
versity’s Ethics Committee approved the in vivo model. 
The experiments were performed in accordance with the 
regulations of the China National Science and Technol-
ogy Committee, and the experimental animals were treated 
with humanitarian care.

Sprague–Dawley rat DCD liver and HMP models

After anesthetization, the rats were dissected along the 
abdominal midline without heparinization, and the dia-
phragm was cut to cause cardiogenic death. After cardiac 
arrest, the rats entered the in situ warm ischemia time and 
the temperature of the liver was maintained at 30 °C for 
30 min. Subsequently, approximately 70 mL of histidine-
tryptophan ketoglutaric (HTK) acid solution was applied 
to the liver via the abdominal aorta at 4 °C. After removal 
of the liver, it was stored in HTK for further processing. 
CS, CS + IDE, HMP, and HMP + IDE were treated with 
CS for 23 h, while HMP and HMP + IDE were treated with 
HMP for 1 h without oxygenation; the sham group did not 
receive either treatment (n = 6/group). The authors were 
not blinded to the group allocation. All livers were treated 
with isolated perfusion rat liver model (IPRL) systems for 
1 h prior to sample collection. The HMP and IPRL models 
have been previously described [9].

Drug administration

The CS + IDE and HMP + IDE groups were intraperito-
neally injected with a 28 mg/kg solution of 10% DMSO, 
20% PEG300, and 70% saline dissolved in IDE (Med-
ChemExpress, HY-13026), a specific inhibitor of PI3Kδ, 
for 3 days before surgery. All other groups were intraperi-
toneally injected with isodose solvent. BRL-3A cells were 
treated with 25 µM idelalisib.
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Cell culture and H/R model

BRL-3A cells (Procell Life Science&Technology Co.,Ltd, 
Wuhan, China) were cultured in a humidified incubator 
(Thermo, Marietta, GA, USA) maintained at 37 °C and 5% 
CO2 in high-glucose Dulbecco’s modified Eagle medium 
(DMEM) supplemented with 10% heat-inactivated fetal 
bovine serum, 1% 100 U/mL penicillin G, and 100 μg/mL 
streptomycin. To generate the in vitro H/R model, BRL-3A 
cells were incubated for 12 h in a microaerophilic system 
(Heal Force, Shanghai, China) containing 5% CO2, 1% O2, 
and 94% N2 gas. Then, the cells were cultured for 6 h under 
normoxic conditions to allow reoxygenation.

Plasmid construction, in vitro transfection, and flow 
cytometry for apoptosis

The Serpina3 plasmid was obtained from MiaoLingBio, 
China. Serpina3 siRNA was synthesized by Genechem Bio-
tech Inc., China. The BRL-3A cells were transfected with 
the relevant plasmid or the SiRNA using Lipofectamine 
3000 according to the manufacturer’s instructions. Cells, as 
well as the culture medium, were collected and stained with 
Annexin V–FITC and PI (Bioworld). Cell apoptosis was 
determined by flow cytometry (Beckman). At least 10,000 
events were recorded for each sample.

Hematoxylin–eosin (H&E) staining

After the collection of human and animal liver samples, 
paraformaldehyde solution (4%) was used to fix the liver 
tissues, which were then paraffin embedded. Each tissue sec-
tion was stained with hematoxylin and eosin. Liver tissues 
were histopathologically scored based on the Suzuki criteria. 
The ImageJ software (ImageJ, Bethesda, MD, USA) was 
used for image analysis.

Biochemical analysis

Alanine transferase (ALT) and aspartate aminotransferase 
(AST) levels in the perfusate or patient serum were meas-
ured using a biochemical analyzer. Hepatic malondialdehyde 
(MDA) and hepatic superoxide dismutase (SOD) levels in 
rats were detected using kits purchased from the Nanjing 
Jiancheng Bioengineering Institute.

TUNEL staining and MPO immunofluorescence

We followed the instructions in the TUNEL kit (Roche, 
Branchburg, NJ, USA) for dewaxing, antigen repair, and 
staining, followed by nucleation of DAPI, image acquisi-
tion by fluorescence microscopy, and image analysis using 
ImageJ. For dewaxing, antigen repair, and circle and 3% 

BSA blocking, the sections were incubated with anti-MPO 
(1:100, Servicebio, GB11224) and subsequently with Cy3-
conjugated goat anti-rabbit IgG (H + L; 1:100, Servicebio, 
GB21303). DAPI dye solution was added and the slices were 
mounted, observed under a fluorescence microscope, and 
photographed.

ROS staining

Frozen slices were prepared and dried. Histochemical pen 
circles were placed around the tissues, to which a spontane-
ous fluorescence-quenching agent was dropped. The reaction 
continued for 5 min, after which the slices were washed with 
water for 10 min. ROS staining solution drops were added 
to the rings and incubated at 37 °C. The sections were then 
rinsed three times with PBS. DAPI dye solution was added 
and the reaction was allowed to proceed at 25 °C. The slices 
were then mounted using an anti-fluorescence quenching 
mounting tablet, observed under a fluorescence microscope, 
and photographed.

Immunohistochemical (IHC) staining

After fixation with 4% paraformaldehyde and paraffin 
embedding, liver slices were dewaxed and hydrated. Sub-
sequently, anti-SERPINA3 (1:500, ABclonal, A1021) was 
added and incubated overnight. The samples were then incu-
bated at 37 °C, stained with 3,3-diaminobenzidine tetrahy-
drochloride (DAB) and hematoxylin, dehydrated with an 
ethanol gradient, cleared with xylene, and fixed with neutral 
sesame oil. Optical density analysis was performed using the 
ImageJ software.

Enzyme‑linked immunosorbent assays (ELISA) assay

The abundance of interleukin (IL)-1β, IL-6, IL-10, and 
tumor necrosis factor (TNF)-α in the rat liver tissue was 
determined using ELISA. A moderate biotin antibody (1 ×) 
was then added, and the samples were resealed and incu-
bated at 37 °C for 1 h. Subsequently, 100 μL of HRP-avidin 
(1 ×) was added and incubated at 37 °C for 1 h. Finally, each 
well was measured at 450 nm.

Western blot analysis

Total protein was extracted from the liver samples, and 
the liver tissue was ground and centrifuged. The superna-
tant was mixed with a loading buffer (Servicebio, Wuhan, 
China) and heated in boiling water for 10 min. Proteins 
were separated by SDS-PAGE, transferred to an appropri-
ate PVDF membrane, and incubated with 5% BSA. The 
following antibodies were used: anti-SERPINA3 (1:1000, 
ABclonal, A1021), anti-PI3Kδ (1:1000, ABclonal, A19742), 
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anti-phosphorylated Akt (1:6000, Proteintech, 66444-1-IG), 
anti-Akt (1:6000, Proteintech, 60203-2-IG), anti-TERT 
(1:1000, ABclonal, A2979), anti-Bcl-2 (1:1500, Protein-
tech, 26593-1-AP), anti-Bax (1:1500, Proteintech, 50599-
2-IG), anti-C-caspase 3 (1:500, Proteintech, 19677-1-AP), 
and anti-β-actin (1:3000, Proteintech, 66009-1-IG). Protein 
bands were detected using the ECL kit after incubation for 
2 h. The number of protein bands was determined using 
ImageJ software.

Statistical analysis

The data were analyzed using GraphPad Prism v8.0 (Graph-
Pad Software, San Diego, CA, USA). All data are expressed 
as mean ± standard deviation (SD). To identify statistical dif-
ferences among multiple groups, one-way analysis of vari-
ance (ANOVA) with Tukey’s post hoc test was performed. 
Statistical significance was set at P < 0.05 (two-tailed) and 
considered statistically significant.

Results

HMP alleviates IRI of DCD liver

HE staining and Suzuki’s scoring of clinical specimens 
showed that liver tissue in clinical CS exhibited obvious 
edema, necrosis, vacuolation, and inflammatory cell infiltra-
tion. Meanwhile, HMP significantly improved injury sever-
ity compared to CS (Fig. 1C, D). Additionally, significant 
differences in serum AST and ALT levels were observed 
between the two patient groups on day 2 post-transplantation 
(P < 0.01; Fig. 1A, B). These results suggest that HMP alle-
viates IRI in DCD liver.

HMP promotes SERPINA3 expression

Transcriptomic analysis of clinical samples identified 17204 
DEGs between the two groups. A heat map was generated 
using the top 50 genes, including SERPINA3 and SER-
PINA1 (Fig. 2A). Subsequent GO analysis revealed that 
SERPINA3 participates in the regulation of lipid metabolic 
processes (GO: 0019216), acute inflammatory response 
(GO:0002526), and neutrophil degranulation (GO:0043312) 
(Fig. 2B).

Western blot analysis further confirmed the differential 
abundance of SERPINA3 in the clinical samples of the 
DCD and CS groups (P < 0.01); however, the abundance of 
SERPINA1 did not differ significantly between the groups. 
Therefore, SERPINA3 was selected as the target gene for the 
subsequent experiments.

Inhibition of PI3Kδ interferes with the protective 
effect of HMP

To investigate whether HMP alleviates IRI in the DCD liver 
via the SERPINA3/PI3Kδ pathway, we treated a proportion 
of rats with IDE (a specific PI3Kδ inhibitor). Transaminase 
levels were significantly higher in the HMP + IDE group 
than in the HMP group (P < 0.05). The HMP + IDE and 
CS groups showed no significant differences (Fig. 3A, B). 
Hence, the inhibition of PI3Kδ appears to prevent the protec-
tive effect of HMP on DCD liver function.

Liver function damage in the CS + IDE group was more 
serious than that in the CS group (P < 0.01), indicating that 
IDE inhibited PI3Kδ and aggravated IRI in DCD livers 
in rats. These results were confirmed by HE staining and 
Suzuki scoring (Fig. 3C, D).

HMP promotes SERPINA3 expression and related 
pathway proteins

Western blot analysis of the liver tissues collected from 
rats showed that the HMP group exhibited a significantly 
upregulated abundance of Serpina3, PI3Kδ, pAkt, and 
TERT compared with the sham group (P < 0.01) and CS 
group (P < 0.05). However, both CS and CS + IDE, or HMP 
and HMP + IDE had similar Serpina3 abundance, while 
PI3Kδ, pAkt, and TERT were significantly downregulated 
(Fig. 4B, D–G). The Serpina3 immunohistochemical results 
were consistent with the western blot results (Fig. 4A, C). 
Hence, HMP may also promote the expression of Serpina3 
in Sprague–Dawley rat DCD liver models, whereas IDE can 
effectively inhibit the expression of PI3Kδ and its down-
stream molecules.

Inhibition of PI3Kδ aggravates oxidative stress 
injury

To explore the effect of PI3Kδ inhibition on oxidative stress, 
MDA and SOD levels were measured in the five rat groups. 
The MDA content in the HMP group was decreased, whereas 
that of SOD was increased (P < 0.01). However, no signifi-
cant differences were observed between the HMP + IDE and 
CS groups, indicating that the inhibition of PI3Kδ counter-
acted the protective effect of HMP. Meanwhile, the MDA 
level in the CS + IDE group was further increased, and 
SOD levels were decreased compared with the CS group, 
indicating that PI3Kδ inhibition increased MDA levels and 
decreased SOD levels (Fig. 5C, D).

In addition, ROS staining revealed significantly lower 
ROS levels in the HMP group than in the CS group, whereas 
ROS levels in the HMP + IDE group were higher than those 
in the HMP group (P < 0.01; Fig. 5A, B). Hence, PI3Kδ inhi-
bition can counteract the protective effect of HMP against 
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DCD liver oxidative stress, thus aggravating the associated 
damage to the DCD liver.

Inhibition of PI3Kδ interferes with the protective 
effect elicited by HMP against liver inflammation

In this study, we stained neutrophil MPO in liver tissues and 
found that compared with that in the HMP group, neutro-
phil aggregation in the CS group was significantly increased 
(P < 0.01), while no significant difference was observed 
between the CS and HMP + IDE groups (Fig. 6A, B). In 
addition, IL-6, IL-1β, and TNF-α levels were significantly 

decreased, and IL-10 levels were significantly increased 
in the HMP group compared to those in the CS group 
(Fig. 6C–F). The levels of IL-1β, IL-6, TNF-α, and IL-10 
did not differ significantly between the CS and HMP + IDE 
groups. Hence, inhibition of PI3Kδ appears to prevent the 
protective anti-inflammatory effect of HMP and aggravate 
DCD liver inflammation in Sprague–Dawley rats.

Liver cell apoptosis and the protective effect of HMP

Considering that IRI inevitably leads to hepatocyte apopto-
sis, we assessed the effect of PI3Kδ inhibition on hepatocyte 

Fig. 1   HMP alleviates clinical DCD liver IRI and improves donor liver function recovery. A, B AST and ALT levels within 1 week after liver 
transplantation. n = 6/group; C Suzuki’s score; D HE staining of the liver. n = 6/group, **P < 0.01
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apoptosis in DCD livers using TUNEL staining. Negligi-
ble levels of apoptosis were observed in the sham group, 
whereas significantly higher levels were detected in the 
hepatic cells of the CS group than in the HMP group. The 
number of apoptotic cells in the HMP + IDE group was also 
greater than that in the HMP group (P < 0.01); no differ-
ences were observed between the CS and HMP + IDE groups 
(Fig. 7A, B).

Western blot analysis further revealed that Bax and C-cas-
pase 3 expression were downregulated and Bcl-2 expression 
was upregulated in the HMP group (P < 0.01). Moreover, 
compared with the HMP group, Bax and C-caspase 3 were 
further elevated in the HMP + IDE group, while Bcl-2 was 
further reduced (P < 0.05; Fig. 7C, D), but no significant 
difference was observed between the CS and HMP + IDE 
groups. These results suggest that the inhibition of PI3Kδ 

Fig. 2   Transcriptome analysis of clinical samples showed that HMP 
promotes SERPINA3 expression. A Heat map of the top 50 differ-
entially expressed genes, in which SERPINA1 and SERPINA3 were 
significantly upregulated; B GO enrichment analysis plot; C western 

blot detection of SERPINA1 and SERPINA3 in clinical samples; D: 
statistical analysis of western blot. ns, no significance; n = 4/group; 
**P  <  0.01
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could counteract the protective effect of HMP and increase 
hepatocyte apoptosis in the DCD liver.

Serpina3 attenuates hepatocyte H/R‑induced injury 
by regulating the PI3Kδ/Akt pathway

Potential activation of the Serpina3-associated alternative 
pathway to counteract the exacerbation of hepatic H/R injury 
was assessed in in vitro. Results revealed that overexpres-
sion of Serpina3 ameliorated hypoxia/reoxygenation injury 
in BRL-3A cells, whereas the SI group exhibited an opposite 
trend compared to the OV group (P < 0.01) (Fig. 8E, F). 
Concurrently, overexpression of Serpina3 further activated 
the PI3Kδ/Akt pathway (Fig. 8A, B). IDE reversed the pro-
tective effect of Serpina3 overexpression, accompanied by 
a decrease in the expression of PI3Kδ compared to the OV 
group (P < 0.01) (Fig. 8C, D). These findings suggest that 
Serpina3 alleviates H/R injury in rat hepatocytes by activat-
ing the PI3Kδ/Akt pathway, which is consistent with in vivo 
experiment outcomes.

Discussion

The large discrepancy between the supply and demand of 
donated organs represents the primary issue in organ dona-
tion [31]. Moreover, the variable and unpredictable warm 
ischemia time during DCD can increase the incidence of 
primary non-function and biliary tract complications while 
decreasing patient survival rates [32]. IRI of donor livers is 
complex and involves myriad pathophysiological processes. 
Although previous studies have shown that HMP, compared 
with CS, can significantly reduce IRI in DCD livers [33–35], 
the mechanism remains unclear and was the focus of the 
current study. Our results highlight the pivotal modulatory 
role of SERPINA3 in this process. Specifically, upon DCD 
liver IRI, SERPINA3 directly activates PI3Kδ to ameliorate 
oxidative stress, inflammatory responses, and apoptosis.

We found that HMP ameliorated IRI in the DCD liver in 
clinical samples, as evidenced by the attenuation of patho-
logical injury. Moreover, our RNA-seq results showed that 
SERPINA3 was among the top 50 DEGs between DCD and 

Fig. 3   Inhibition of PI3Kδ can counteract the effect of HMP and aggravate the IRI of DCD donor liver. A, B ALT and AST of the perfusate; C 
Suzuki’s score; D HE staining. n = 6/group, ns no significance; **P  <  0.01
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CS patient groups. Through GO analysis, we found that 
SERPINA3 plays a significant role in the regulation of lipid 
metabolic processes (GO: 0019216), acute inflammatory 
response (GO: 0002526), and neutrophil degranulation (GO: 
0043312). These pathophysiological processes are strongly 
associated with IRI.

Subsequently, focused on SERPINA3 by combining the 
transcriptome and western blot results. During DCD liver 
IRI, the cell oxygen supply is reduced, cell homeostasis is 
unbalanced, and Na+ and Ca2+ levels are increased, caus-
ing cell damage, apoptosis, and the accumulation of ROS. 
This not only causes an excessive oxidative stress reaction, 
but also promotes the production of arachidonic acid [36], 

inflammatory cytokines, and excessive activation of the 
inflammatory response, resulting in irreversible damage to 
the donor liver [37]. Zhang et al. demonstrated that SERPI-
NA3K protects against oxidative stress by blocking intracel-
lular calcium overload through the inhibition of phospholi-
pase C (PLC) activation [14]. Similarly, in the present study, 
we found that SERPINA3 activated PI3Kδ/Akt to protect 
the liver from oxidative stress, inflammation, and apoptosis.

Although few studies have reported the role of SER-
PINA3 in IRI, SERPINA3 is reportedly critical for heart 
ischemic disease, cerebral ischemia–reperfusion injury, 
regulation of inflammation, thrombosis, tumors, and other 
related diseases [16–21]. Moreover, Ko et al. showed that 

Fig. 4   Expression of SERPINA3 and related pathway proteins after 
inhibition of PI3Kδ; A Immunohistochemical staining of Serpina3; B 
western blot analysis of Serpina3, PI3Kδ, Akt, pAkt, and TERT; C 
quantitative analysis of immunohistochemical staining of Serpina3, 

n = 6, ns, no significance; *P  <  0.05; **P < 0.01; D-G: Quantitative 
analysis of protein expression. n = 3; ns, no significance; *P  <  0.05; 
**P  <  0.01
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oxidative modification of SERPINA3 promotes hepatocel-
lular carcinoma cell survival by activating the PI3Kδ/Akt/
TERT pathway, while inhibiting PI3Kδ and SERPINA3 
leads to tumor cell death [25]. In our in vivo experiment, 
SERPINA3 was increased in the CS group and further 
upregulated after 1  h of HMP. We postulate that SER-
PINA3, an acute reaction protein, increases stress during 
the early stages of DCD liver IRI. HMP can further promote 
the expression of SERPINA3 while eliminating metabolic 
wastes and toxins in the donor liver, thereby initiating the 
protective effect of SERPINA3 and inhibiting inflammation, 
oxidative stress, and apoptosis.

Previous studies have shown that hypothermic machine 
perfusion can activate Akt and Kruppel-like factor 2 (KLF2) 
and downregulate matrix metalloproteinase 9 (MMP9) to 
relieve IRI. However, the specific mechanisms have not 
been fully defined. Ko et al. reported that SERPINA3 is 
oxidized to activate hnRNP-K and upregulate its transcrip-
tion. However, Zhou et al. found that the expression of SER-
PINA3 induced by H2O2 can reduce oxidative stress [38]. 
Meanwhile, others have shown that SERPINA3 secretion 
is closely associated with vascular endothelial cells, vas-
cular smooth muscle cells, and fibroblasts [39]. Addition-
ally, HMP stimulates liver endothelial and vascular smooth 
muscle cells through fluid shear stress to induce eNOS and 

thrombomodulin to combat inflammation and atherosclerosis 
[40]. SERPINA3 has also been shown to effectively inhibit 
MMP9 activation [41], which is crucial for wound healing 
and inflammation. More specifically, MMP9 can damage the 
integrity of blood vessels and endothelial cells by degrading 
TJP1 in vascular endothelial cells and aggravate IRI [42]. In 
summary, we suspect that HMP may directly or indirectly 
stimulate the upregulation of SERPINA3 expression via one 
of the above pathways, acting on PI3Kδ and other pathways, 
thus alleviating liver IRI.

Certain limitations of this study were noted. First, our 
study did not use a rat liver transplantation model, but rather 
IPRL instead of liver transplantation [43, 44]. Second, the 
sampling time point of the clinical liver specimens (1 h rep-
erfusion during transplantation) may not adequately reflect 
the prognosis of both treatments. Hence, further investiga-
tions are needed to explore the true long-term survival of 
animals and to decipher the role of SERPINA3 in protection 
against DCD injury.

In conclusion, our study started with clinical trials of 
hypothermic machine perfusion, based on RNA-seq results 
of clinical samples, and finally carried out relevant interven-
tion and verification in Sprague–Dawley rats and BRL-3A 
cells, indicating that SERPINA3 is crucial for improving IRI 
in DCD livers. In particular, selective inhibition of PI3Kδ 

Fig. 5   Inhibition of PI3Kδ aggravates oxidative stress injury in the 
DCD liver of Sprague–Dawley rats and offsets the protective effect 
of HMP. A ROS staining; B statistical analysis of ROS staining area; 

C, D: SOD and MDA level of livers. n = 6; ns, no significance; *P  
<  0.05; **P  <  0.01
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interferes with the protection offered by HMP. Overall, 
the SEPRINA3-mediated PI3Kδ/AKT pathway alleviates 
inflammation, oxidative stress, and apoptosis in the DCD 
liver, which is one of the protective mechanisms offered 
by HMP. Hence, this study provides novel insights into the 
design of a treatment strategy targeting potential molecular 
in the DCD liver.

Fig. 6   Inhibition of PI3Kδ aggravates inflammation injury in DCD 
liver of Sprague–Dawley rats and offsets the protective effect of HMP. 
A Immunofluorescence of MPO; B quantitative analysis of positive 

cells; C–F: ELISA analysis of IL-6, IL-10, IL-1β, and TNF-α. n = 6, 
ns, no significance; *P  <  0.05; **P  <  0.01
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Fig. 7   Inhibition of PI3Kδ aggravated liver cell apoptosis in 
Sprague–Dawley rats and counteracted protective effect of HMP. A 
TUNEL staining; B quantitative analysis of TUNEL staining, n = 6; 

ns no significance; *P  <  0.05; **P  <  0.01; C, D: expression of Bax, 
Bcl-2 and C-caspase 3 quantitative analysis. n = 3; ns no significance; 
*P  <  0.05; **P  <  0.01
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