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 Background: To improve the quality of liver grafts from extended-criteria donors donated after circulatory death (DCD), this 
study explored whether bone marrow mesenchymal stem cells (BMMSCs) combined with normothermic machine 
perfusion (NMP) have protective effects on DCD donor livers and the effects of ferroptosis in this procedure.

 Material/Methods: Twenty-four male rat DCD donor livers were randomly and averagely divided into normal, static cold storage 
(SCS), NMP, and NMP combined with BMMSCs groups. Liver function, bile secretion, and pathological features 
of DCD donor livers were detected to evaluate the protective effects of NMP and BMMSCs on DCD donor liv-
ers. Hydrogen peroxide was used to induce an oxidative stress model of hepatocyte IAR-20 cells to evaluate 
the protective effects of BMMSCs in vitro.

 Results: Livers treated with NMP combined with BMMSCs showed better liver function, relieved histopathological dam-
age, reduced oxidative stress injury and ferroptosis, and the mechanism of reduction was associated with down-
regulation of intracellular reactive oxygen species (ROS) and free Fe2+ levels. BMMSCs showed significant pro-
tective effects on the ultrastructure of DCD donor livers and ROS-induced injury to IAR-20 cells under electron 
microscopy. BMMSCs also significantly improved the expression level of microtubule-associated protein 1 light 
chain 3 (LC3)-II in both DCD donor livers and ROS-induced injured IAR-20 cells, including upregulating the ex-
pression of ferritin.

 Conclusions: BMMSCs combined with NMP could reduce the level of ROS and free Fe2+ in oxidative stress damaged rat DCD 
donor livers, potentially reduce the ferroptosis in hepatocytes, and repair both morphology and function of DCD 
donor livers.
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Background

Donation after circulatory death (DCD) has become an impor-
tant organ source in the organ transplantation field. The emer-
gence and application of DCD donor livers provides a possible 
solution to the clinical problem of donor liver shortage [1,2]. 
However, the DCD donor livers undergo long-term warm isch-
emic injury, ischemia-reperfusion (I/R) injury, and intracellu-
lar reactive oxygen species (ROS)-induced injury, resulting in 
damaging the structure and function of donor livers, which 
may lead to primary non-function and other complications af-
ter transplantation [3]. All these risks limit the application of 
DCD donor livers [4,5]. Therefore, the preservation method of 
DCD donor liver grafts needs to improve to alleviate hepatic 
injury prior to transplantation.

Static cold storage (SCS) is a classic method of donor liver 
preservation. However, the storage capacity of SCS for ex-
tended-criteria donor liver is limited, which is reflected in the 
fact that DCD donor livers do not have sufficient physiologi-
cal reserves to tolerate the functional damage during preser-
vation and transport, which makes DCD donor livers particu-
larly sensitive to I/R and ROS injuries [6]. During hepatic I/R 
injury, extracellular ROS produced by neutrophils and Kupffer 
cells mediate the injury [7,8]. Yamada et al [9] found that the 
high serum ferritin level of the donor was an independent risk 
factor for hepatic injury after liver transplantation, based on 
the clinical data of pediatric living donor liver transplantation. 
Ferroptosis is a form of programmed cell death independent of 
apoptosis, which is closely associated with ROS and high lev-
els of intracellular free iron [10]. Influenced by various factors, 
the sudden rise of intracellular ROS levels is the direct cause of 
ferroptosis in hepatocytes. Normothermic machine perfusion 
(NMP) is a new method of organ preservation, which mimics 
the normal metabolic state in vivo to protect the structure and 
function of the donor liver more effectively, with promising re-
sults potentially expanding the donor pool [11,12]. However, 
although the in vitro NMP system can increase the supply of 
nutrients and energy sources, it cannot completely avoid the 
oxidative stress damage caused by ischemia-reperfusion [13], 
activation of Kupffer cells and endothelial cells [14], and the 
damage of the bile duct [15]. Therefore, it is necessary to ex-
plore an optimized preservation scheme for DCD donor livers 
on the basis of NMP.

Mesenchymal stem cells (MSCs) are a type of non-hemato-
poietic stem cells originated from the stroma, which can al-
leviate hepatocyte damage and accelerate liver regeneration, 
participate in anti-inflammatory effects, and regulate immu-
nity [16-21]. In this study, we aimed to explore the protective 
effects of bone marrow MSCs (BMMSCs) combined with NMP 
on DCD donor livers, from a new perspective on ferroptosis of 

hepatocytes, in order to provide new basic medical evidence 
for this type of preservation scheme for DCD donor livers.

Material and Methods

Laboratory Animals and Materials

Sprague-Dawley (SD) rats were selected for all experiments, 
which were provided by the China National Institute for Food 
and Drug Control. Fifteen male SD rats (40-60 g) were used 
to extract BMMSCs, and 24 male SD rats (200-220 g) were 
used to acquire donor livers. This study was approved by the 
Ethics Committee of Tianjin first Central Hospital (Permit num-
ber: 2016-03-A1).

Laboratory reagents: Adenoviruses expressing the green fluo-
rescence protein (GFP-Adv) of rats (Shanghai Gene Chem Co, 
Shanghai, China); Microtubule-associated protein 1 light chain 
3 (LC3)-I/II rabbit mAb (Cell Signaling Technology, Boston, MA, 
USA); Prostaglandin-endoperoxide synthase 2 (PTGS2) rabbit 
antibody, P62 rabbit antibody, rabbit nuclear receptor co-ac-
tivator 4 (NCOA4) pAb, and b-actin mouse mAb (Proteintech 
Inc., Rosemont, IL, USA); Rabbit Anti-glutathione peroxidase 
4 (GPX4) antibody (BIOSS, Beijing, China); Rabbit Ferritin 
Heavy Chain (FTH1) mAb (Abcam, Cambridge, Cambridge, UK); 
Malondialdehyde (MDA) assay kit and Glutathione (GSH) assay 
kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Isolation,	Culture,	and	Characterization	of	BMMSCs

BMMSCs were isolated aseptically from the femurs and tibias 
of SD rats. Identification and induction of adipogenic and os-
teogenic differentiation of BMMSCs were performed in vitro 
as described by Yang et al [21,22].

Procurement of Rat DCD Liver and Establishment of NMP 
System	and	Colonization	of	BMMSCs	in	the	Liver

The protocol of treatment of DCD donor liver was described 
in our previous study [19-21]. The NMP system used in this 
study was a single-cycle system, mainly including a centrifu-
gal pump, membrane oxygenator, organ chamber, heater, and 
a pressure and temperature monitor (Figure 1). The DCD liver 
was placed in the organ chamber and connected to the per-
fusion system in advance. The hepatic artery was ligated, and 
perfusate was injected through the portal vein and outflowed 
through the inferior vena cava. The GFP-BMMSCs tracer trans-
duced by GFP-Adv was used to check the liver for the coloni-
zation of BMMSCs in the liver.
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Group and treatment of DCD donor livers

DCD donor livers were randomly and averagely divided into 4 
groups according to our previous study after a 30 min warm 
ischemia process: I. Normal group: livers acquired for later 
use; II. SCS group: DCD livers flushed with 20 ml of University 
of Wisconsin solution (UW solution) at 4°C to wash out the 
blood in the liver, and then stored in UW solution at 4°C. III. 
NMP (P) group: DCD livers connected to the NMP system, and 
immediately perfused continuously by 2 ml normal saline in-
jected slowly and uniformly through the portal vein cannula. IV. 
BMMSCs combined with NMP (BP) group: DCD livers connect-
ed to the NMP system, and immediately perfused continuous-
ly by 2 ml single cell suspension containing 1-3×107 BMMSCs. 
The outflow perfusion from the inferior vena cava was collect-
ed and centrifuged with the supernatant for further testing. 
The liver samples of each group were randomly acquired and 
fixed in formalin, then fixed in 2.5% glutaraldehyde solution. 
Liver tissues were cut into small pieces and quickly cooled in 
liquid nitrogen [19,20].

Oxidative	stress	model	of	hepatocytes	in	vitro

Rat hepatocyte IAR-20 cell line cells were cultured in a-min-
imum essential medium (MEM) containing 20% fetal bovine 
serum and 1% penicillin-streptomycin solution (normal com-
plete medium) at 37°C with 5% CO2. The oxidative stress mod-
el of hepatocytes was induced by 1 μM hydrogen peroxide 
[19]. IAR-20 cells were divided into 4 groups: I. Mock group: 
IAR-20 cells cultured normally (1×106/well, 6-well plate); II. 
Reactive oxygen species injury (ROS) group: IAR-20 cells cul-
tured normally and were stimulated with 1 μM hydrogen per-
oxide for 45 min to simulate the injury process of oxidative 

stress during liver I/R injury in rats; III. Recover (R) group: IAR-
20 cells cultured with complete serum-containing medium in 
normal condition for 6 h after injury, to simulate the perfusion 
process after liver I/R injury in rats; IV. Recover and BMMSCs 
(RB) group: IAR-20 cells cultured normally after being injured 
and then co-cultured with BMMSCs (1×106/well, isolated in 
0.8 μm Transwell chamber).

Biochemical analysis of liver function

The levels of alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) in the outflow perfusion from the in-
ferior vena cava were measured.

Analysis	of	Oxidative	Stress	Injury

Liver tissues were acquired to analyze the oxidative stress inju-
ry, which included MDA to determine the degree of lipid perox-
idation and GSH to determine the degree of peroxidative dam-
age and antioxidant capacity, following the instructions of the 
kits. The intracellular ROS level of IAR-20 cells was measured 
by the ROS Assay Kit (Shanghai Beyotime Biotechnology Co, 
Shanghai, China) according to the manufacturer’s instructions.

Cell Counting Kit-8 (CCK-8)

CCK-8 (Solarbio Co, Beijing, China) was used to detect cell via-
bility (5000 cells/tube), and carried out according to the man-
ufacturer’s instructions.

Histopathological	and	Immunofluorescence	(IF)	of	the	Liver

The histopathological changes in the liver tissues were ob-
served after staining with hematoxylin and eosin (HE). I/R in-
jury was graded according to the histological criteria described 
by Suzuki [23]. It was scored independently by 2 experienced 
pathologists blinded to the group to which the samples be-
longed. A third expert was asked to score independently in 
case of discrepancy. The expression of GPX4 and PTGS2 in liv-
er tissues was determined by IF. The operation referred to our 
previous research [24].

Detection of Ultrastructure of Hepatocytes

The ultrastructure of hepatocytes in liver tissues and IAR-20 
cells was observed under a transmission electron microscope 
(TEM). Fresh liver tissues were cut into 1×1×2 mm pieces, and 
IAR-20 cells were centrifugated to collect the cell deposition. 
The tissues and cells were fixed with 2.5% glutaraldehyde so-
lution, embedded, and ultrathin sectioned.

Roller pumb

Membrane oxygenator
Temperature monitor

Pressure monitor

Bile

Organ chamber

Liver
Heater

Thrombosis �lter

Figure 1.  Schematic diagram of the NMP system. The NMP 
system is a single-cycle system that mainly includes 
centrifugal pumps, membrane oxygenators, organ 
chambers, heaters, and pressure and temperature 
monitors. NMP – normothermic machine perfusion.
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Western Blotting

The total cellular proteins of the liver tissues and IAR-20 cells 
were determined by western blotting, labeled with target anti-
bodies, including GPX4 (1: 750), PTGS2 (1: 500), LC-3-I/II (1: 1000), 
p62 (1: 500), FTH1 (1: 500), NCOA4 (1: 500), and analyzed using 
Alpha View SA software (version 3.4.0; San Jose, CA, USA) [25].

Statistical Analysis

SPSS statistical software package (version 17.0; IBM Corp., 
Armonk, NY, USA) and Graphpad Prism statistical software 
package (version 5.0; Graphpad Software Inc., La Jolla, CA, USA) 
were used for statistical analysis. Normally distributed data 
were presented as means±standard deviation. Different groups 
of data were compared by the analysis of variance (ANOVA), 
and Student-Newman-Keuls post hoc test was used for fur-
ther pairwise comparison. Differences were considered to be 
statistically significant with P<0.05.

Results

Morphology and Phenotypic Analysis of BMMSCs and Liver 
Colonization

BMMSCs grew adherently as long spindle-shaped in a whirlpool 
or paralleled pattern (Figure 2A). BMMSCs could be induced 

to differentiate into adipocytes which showed multiple red 
lipid droplets in the cytoplasm stained by Oil Red O, and os-
teoblasts which showed black fine granular or clump-like cal-
cium salt deposits in the cytoplasm stained by Von Kossa cal-
cium stain (Figure 2B, 2C).

After transduction with GFP-Adv, more than 85% of BMMSCs 
expressed GFP (Figure 2D, 2E); therefore, GFP was success-
fully transduced into BMMSCs as GFP-BMMSCs. Frozen sec-
tions of liver treated by NMP combined with GFP-BMMSCs for 
6 h revealed that BMMSCs were colonized in the hepatic si-
nusoids (Figure 2F).

Quality of DCD Donor Livers Ameliorated by NMP System 
Combined with BMMSCs

ALT and AST of the outflow perfusion from the inferior vena 
cava gradually increased with longer perfusion times. The lev-
els of ALT (P=0.003) and AST (P=0.001) in the BP group were 
significantly lower than those in the P group. Lactate acid was 
the highest immediately after perfusion, decreased gradual-
ly and stabilized with increased perfusion time, and then in-
creased after 6 h of perfusion. The levels of lactic acid in the 
BP group were lower than those in the P group at 6 h, but the 
difference was not statistically significant (Table 1).

After 6 h of SCS, the liver was swollen, uneven in texture, 
and congested, showing a patchy appearance. The livers in 

A

D

B

E

C

F

Figure 2.  Evaluation of the NMP system and BMMSCs. (A) Morphology characteristics of third-generation BMMSCs; (B) Adipogenic 
induction; (C) Osteogenic induction; (D) Bright-field image of GFP-BMMSCs; (E) Fluorescent image of GFP-BMMSCs showing 
that >85% of the cells are transduced with GFP; (F) Fluorescent image of DCD donor liver perfused by BMMSCs combined 
with NMP at 6 h, the arrow indicates GFP-BMMSCs colonized in hepatic sinusoids. BMMSCs – bone marrow mesenchymal 
stem cells; GFP – green fluorescent protein; NMP – normothermic machine perfusion.
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the P group and BP group were not significantly swollen and 
congested and were uniformly yellow after 6 h of perfusion 
(Figure 3A). The SCS group showed vacuolar degeneration of 
the hepatocytes, with severe cellular edema and hepatic sinu-
soidal congestion, while the perfusion group showed nearly no 
vacuolar degeneration, sinusoidal congestion, or inflammatory 
cell infiltration. Hepatic sinusoidal congestion and hepatocyte 
edema were milder in the BP group than those of the P group, 
and the Suzuki’s score in the BP group was significantly low-
er than the P and SCS groups (P<0.001, Table 1, Figure 3B).

Ferroptosis of DCD Donor Liver Alleviated by BMMSCs 
Combined with NMP

Expression levels of GPX4 and PTGS2 in liver tissues was de-
tected by IF and western blotting. The expression levels of 

GPX4 in the BP and P group were significantly higher than 
those in the SCS group (P<0.001, P=0.004), and the expres-
sion level of PTGS2 in the BP group was significantly lower 
than that in the SCS group (P<0.001, Figure 4A, 4B). MDA in 
the BP group and P group were significantly lower than those 
in the SCS group (P<0.001, P<0.001), and GSH in the BP and P 
groups were significantly higher than those in the SCS group 
(P<0.001, P<0.001, Figure 4C, 4D). The Fe2+ release levels in liv-
er tissues were measured, which were significantly higher in 
the SCS group than both the P group (P<0.001) and BP group 
(P<0.001). There was no significant difference in the Fe2+ re-
lease levels between the P and BP groups (P=0.020, Figure 4E).

The ultrastructure of mitochondria was observed under TEM. 
The mitochondria of hepatocytes in SCS group showed severe 
edema, obvious vacuolar degeneration, partial mitochondrial 

Parameters
Normal 
group

SCS 
group

P group BP group

Value 
P value 

(vs SCS group)
Value

P value 
(vs SCS group)

P value 
(vs P group)

ALT (U/l) 31.74±2.00 n.a. 97.40±2.91 n.a. 72.84±2.00 n.a. 0.003#

AST (U/l) 49.24±2.77 n.a. 124.62±3.94 n.a 97.30±4.26 n.a. 0.001#

Lactic acid (mmol/l) 2.04±0.05 n.a. 2.48±0.04 n.a. 2.34±0.11 n.a. 0.107

Cumulative bile (ml) n.a. n.a. 2.92±0.04 n.a. 3.27±0.06 n.a. 0.001#

Suzuki score 0.40±0.55 7.60±0.55 3.40±0.55 <0.001* 1.60±0.55 <0.001* 0.016#

Table 1. DCD donor livers ameliorated by NMP combined with BMMSCs.

Mean±SD. * P<0.05 vs the SCS group; # P<0.05 vs the P group. n.a. – applicable.

A

B

Figure 3.  Quality of DCD donor livers ameliorated by BMMSCs combined with NMP. (A) Gross appearance of DCD donor livers; 
(B) Histopathological change of DCD donor livers. I: warm ischemia at 30 min; II: 6 h in the SCS group; III: 6 h in the P group; 
IV: 6 h in the BP group. BMMSCs – bone marrow mesenchymal stem cells; P – NMP; BP – NMP combined with BMMSCs; NMP 
– normothermic machine perfusion; SCS – static cold storage.
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necrosis and shrinkage, and disordered mitochondrial crest 
structure, which mostly disappeared. The mitochondria in the 
BP and P groups showed nearly no swelling or vacuole degen-
eration, with intact mitochondrial crest structure and less mi-
tochondrial damage (Figure 4F).

Effectively	Alleviated	ROS-Induce	Ferroptosis	in	IAR-20	
cells resuming normal complete culture combined with 
BMMSCs

Effectively Restored Viability of IAR-20 Cells Resuming 
Normal Culture Combined with BMMSCs after ROS 
Stimulation

The CCK-8 assay showed that the cell viability decreased sig-
nificantly after ROS injury induced by the addition of hydro-
gen peroxide (P<0.001), and the cell viability was significantly 
restored after resuming normal culture (P=0.035). When co-
cultured with BMMSCs, the cell viability recovered more sig-
nificantly (P<0.001, Figure 5A), indicating that BMMSCs had 
protective effects on the ROS-induced injury to IAR-20 cells.

Resuming normal Culture Combined with BMMSCs Could 
Effectively Alleviate the Ferroptosis Induced by ROS in IAR-
20 Cells

The intracellular concentration of free Fe2+ in IAR-20 cells in-
creased significantly when stimulated by hydrogen peroxide 
(P<0.001). After resuming normal culture, the intracellular free 
Fe2+ reduced significantly (P=0.010). And the intracellular free 
Fe2+ of IAR-20 cells in the RB group showed significant decrease 
compared with that in the R group (P=0.003, Figure 5B). The 
level of intracellular ROS increased significantly after hydro-
gen peroxide treatment, and the level of ROS in IAR-20 cells in 
the RB group was significantly lower than that in the R group 
(P=0.002, Figure 5C, 5D). Detection of ferroptosis-related 

proteins showed that hydrogen peroxide could induce ferrop-
tosis in IAR-20 cells. Resuming normal complete culture and 
co-cultured with BMMSCs significantly alleviated the ferrop-
tosis of hepatocytes (Figure 5E).

Resuming Normal Culture and Co-cultured with BMMSCs 
Reduced the ROS-induced Mitochondrial Damages in IAR-20 
Cells Observed Under TEM

Normal IAR-20 cells showed intact cell morphology and nor-
mal mitochondria structure observed under TEM. When stim-
ulated by hydrogen peroxide, the intracellular mitochondria 
were destroyed, the cell ridges were twisted and broken, and 
a large number of autophagy vacuoles appeared in the cyto-
plasm. After resuming normal culture for a period of time, the 
hepatocytes recovered to a certain extent. Morphology of the 
hepatocytes in the RB group showed less intracellular autoph-
agy vacuoles and better mitochondrial morphology, which was 
better than in both the R group and ROS group (Figure 5F).

BMMSCs	Combined	with	NMP	Improved	the	Expression	
Level of Ferritinophagy-related Proteins

The ultrastructure showed a significant increase of autophagic 
vacuoles during ferroptosis. The autophagy protein (LC-3-I/II) 
and ferritinophagy-related proteins (FTH1, P62, and NCOA4) 
in IAR-20 cells and liver tissues were detected to further ex-
plore the molecular mechanism of iron ferroptosis. IAR-20 cells 
showed increased LC-3-II levels (P < 0.001) and were significant-
ly decreased in the R group (P=0.005). LC-3-II in the RB group 
was significantly lower than that in the R group and ROS group 
(P<0.001, P=0.001, Figure 6A). Expression of the ferritinoph-
agy-related proteins in the RB group was significantly higher 
than that in the ROS group. LC-3-II in the liver tissues of the 
P group and BP group was significantly lower than that in the 
SCS group (P<0.001, P<0.001), while there was no significant 
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Figure 4.  Oxidative stress and ferroptosis of DCD donor liver alleviated by BMMSCs. (A) IF of GPX4 and PTGS2 in hepatic tissues 
of different groups. GPX4 is shown in green, PTGS2 is shown in red, and the DAPI-stained nuclei are shown in blue. 
(B) Western blot of GPX4 and PTGS2 in hepatic tissues of different groups. The expression levels of GPX4 in the BP group 
were significantly higher than those in the P group (P=0.004) and SCS group (P<0.001). The expression levels of PTGS2 in 
the BP group were significantly lower than those in the P group (P=0.002) and SCS group (P<0.001). (C) MDA in hepatic 
tissues of different groups (P group vs SCS group, P<0.001; BP group vs SCS group, P<0.001; BP group vs P group, P=0.001). 
(D) GSH in hepatic tissues of different groups (P group vs SCS group, P 0.001; BP group vs SCS group, P<0.001; BP group 
vs P group, P=0.132). (E) The levels of Fe2+ release in different groups, which were significantly lower in the P and BP 
groups than those in the SCS group (P group vs SCS group, P<0.001; BP group vs SCS group, P<0.001; BP group vs P group, 
P=0.020). (F) The ultrastructure of hepatic tissues in different groups. The mitochondria of hepatocytes in SCS group showed 
severe edema and vacuolar degeneration, with irreversibly damaged mitochondria, partial mitochondrial necrosis and lysis 
(shown in white arrow), and disordered mitochondrial crest structure, which mostly disappeared. The mitochondria in the 
BP group and P group showed almost no swelling or vacuole degeneration, with intact mitochondrial crest structure and 
less irreversible mitochondrial damage. * P<0.05 vs the SCS group, # P<0.05 vs the P group. DCD – donation after circulatory 
death; SCS – static cold storage; P – NMP; BP – BMMSCs combined with NMP; NMP – normothermic machine perfusion; 
BMMSCs – bone marrow mesenchymal stem cells.
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difference between the P and BP groups (P=0.172). In addi-
tion, BMMSCs and NMP effectively increased the expression 
levels of FTH1 and P62 proteins (P=0.001, P<0.001, Figure 6B).

Discussion

DCD donor livers are an effective supplement to expand the 
available organ donor pool and potentially meeting the short-
age of liver grafts. Assessment of methods of preservation of 
donor livers is currently very pressing for the transplantation 
community, in order to effectively alleviate donor shortag-
es. SCS protocols showed several deficiencies in organ pres-
ervation and transportation, which restricted the application 
of DCD livers and affected the long-term effect of clinical liv-
er transplantation [6]. The emergence of NMP has improved 
the quality of DCD donor livers greatly, prevented hepatocyte 
damage caused by ischemia, promoted the excretion of he-
patic metabolic waste, and effectively eliminated inflamma-
tory factors. In addition, the NMP system was able to assess 
the function of donor organs during the preservation process 

before transplantation, which would significantly alleviate the 
injuries that occurred during ischemia-reperfusion of DCD liv-
ers [26]. The NMP system we used in this study was a self-
modified single-cycle system. Based on our previous studies, 
the donor liver function was best at 6 h perfusion by the NMP 
system [20,27].

Our study indicated that BMMSCs could be colonized in the 
hepatic sinusoids during the repair procedure of DCD livers, 
and then improved the quality of DCD livers, relieved swell-
ing and congestion, ameliorated the pathological damage, 
and alleviated hepatocytes of DCD donor livers, which was 
superior to NMP alone. These results indicated that BMMSCs 
combined with NMP had the effects of reducing hepatocyte 
damage, accelerating liver regeneration, and alleviating I/R in-
jury and oxidative stress injury. Moreover, BMMSCs combined 
with NMP significantly alleviated hepatic pathology and I/R in-
juries, and reduced hepatocyte apoptosis, which verified that 
BMMSCs could increase the protective effects of NMP on DCD 
donor livers [28,29].
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Figure 5.  Alleviated hydrogen peroxide-induced ferroptosis in IAR-20 cells co-cultured with BMMSCs. (A) Relative vitality of IAR-20 
cells in different groups, which was significantly higher in the R group and RB group than that in the ROS group (R group 
vs ROS group, P=0.035; RB group vs ROS group, P<0.001; RB group vs R group, P<0.001). (B) Intracellular concentrations of 
free Fe2+ in IAR-20 cells of different groups, which were significantly lower in the R group and RB group than that in the ROS 
group (R group vs ROS group, P=0.010; RB group vs ROS group, P<0.001; RB group vs R group, P=0.003). (C, D) Intracellular 
concentrations of ROS (graded by the fluorescent intensity) in IAR-20 cells of different groups, which were significantly lower 
in the R group and RB group than that in the ROS group (R group vs ROS group, P=0.036; RB group vs ROS group, P<0.001; 
RB group vs R group, P=0.002). (E) Western blot of GPX4 and PTGS2 in IAR-20 cells of different groups. The expression 
levels of GPX4 in the RB group were significantly higher than those in the R group and ROS group (R group vs ROS group, 
P=0.001; RB group vs ROS group, P<0.001; RB group vs R group, P=0.011). The expression levels of PTGS2 in the RB group 
were significantly lower than those in the R group and ROS group (R group vs ROS group, P=0.002; RB group vs ROS group, 
P<0.001; RB group vs R group, P=0.005). (F) The ultrastructure of IAR-20 cells in different groups. The Mock group showed 
intact cellular morphology, with normal mitochondrial structure. The ROS group showed destroyed intracellular mitochondria, 
with twisted and broken cell ridges, and a large number of autophagy vacuoles in the cytoplasm. Morphology of the IAR-
20 cells in the RB group was significantly better than that of the R group and ROS group, with significant fewer intracellular 
autophagy vacuoles and better mitochondrial morphology. * P<0.05 vs the ROS group, # P<0.05 vs the R group. Mock group 
– normal IAR-20cells; ROS group – hydrogen peroxide-induced injury at 45 min; R group – recovered by resuming normal 
culture for 6 h after injury; RB group – recovered by resuming normal culture and co-cultured with BMMSCs for 6 h after 
injury. ROS – reactive oxygen species; GPX4 – glutathione peroxidase 4; PTGS2 – prostaglandin-endoperoxide synthase 2; 
FITC – fluorescein isothiocyanate isomer.
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The extended-criteria donor livers were more vulnerable to in-
jury during the I/R process, due to their low antioxidant de-
fense capacity and high ROS production by the mitochondri-
al xanthine/xanthine oxidase system [30,31]. Basic research 
showed that ferroptosis occurred during the I/R process in 
the mouse liver, which was involved in the I/R injury [32]. 
Considering all these adverse factors in DCD donor livers, it is 
promising to explore how to alleviate the excessive oxidative 
stress response of DCD donor livers and ferroptosis caused by 
oxidative stress. By detecting MDA and GSH related to the ox-
idative stress injury of DCD donor livers [33], we found that 
BMMSCs combined with NMP significantly inhibited the ex-
pression of MDA, reduced the release of ROS, and increased 
the production of GSH, when compared with the severity of ox-
idative stress injury of DCD livers preserved by SCS and simple 
NMP. BMMSCs combined with NMP played an important role 
in alleviating the oxidative stress injuries of DCD donor livers. 
In addition, our study suggests that BMMSCs combined with 
NMP and simple NMP can reduce the accumulation of tissue 
Fe2+ and alleviate the ferroptosis-related oxidative stress in-
jury, which were better than with SCS. However, there was no 
statistically significant difference between the BMMSCs com-
bined with NMP and NMP group, which was not consistent 
with the results of ex vivo research. The discrepancy may be 

associated with the complicated immune system in vivo, which 
needs further study.

Mitochondria are very sensitive to hypoxia and oxidative stress, 
and are vulnerable to ROS injury [34]. Irreversible mitochon-
drial oxidative damage appeared first in the early stage of liv-
er reperfusion. Both the degree of activation of Kupffer cells 
and endothelial cells and ROS production were relatively high-
er in NMP compared with hypothermia perfusion, which would 
lead to hepatocyte mitochondrial damage [14,35]. During the 
warm ischemia of DCD livers, hypoxia led to further increased 
oxidative stress and decreased mitochondrial biological func-
tion. The sudden increase of oxygen content after reperfusion 
produces mitochondrial ROS, leading to oxidative stress dam-
age [36]. It was confirmed in the liver reperfusion model that 
BMMSCs combined with NMP protected the morphology of 
mitochondria, reduced the level of intracellular ROS, and re-
duced ferroptosis in hepatocytes in the DCD donor liver model.

GPX4 is an important peroxide decomposition enzyme wide-
ly present in the body. It can catalyze GSH into L-Glutathione 
(oxidized), reduce toxic peroxides to non-toxic hydroxyl com-
pounds, and promote the decomposition of hydrogen perox-
ide, thereby protecting cell membrane structure and function 
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A

from interference and injury by peroxides. PTGS2, also known 
as cyclooxygenase 2, is a dual enzyme that functions as cy-
clooxygenase and peroxidase. Both GPX4 and PTGS2 are bio-
markers of ferroptosis. We detected the levels of GPX4 and 
PTGS2 proteins. A large number of ferroptosis occurred in he-
patocytes during the SCS procedure, while the ferroptosis in 
NMP preservation was significantly lower than that of SCS. 
The preservation protocol of BMMSCs combined with NMP 
had better effects in reducing ferroptosis in DCD donor livers 
due to decreased intracellular ROS level.

To further explore the role and mechanism of BMMSCs com-
bined with BMMSCs in reducing hepatocyte ferroptosis, we 
established an in vitro model to simulate oxidative stress in 
hepatocytes [37,38]. The results showed that, when the he-
patocytes were stimulated by hydrogen peroxide in vitro, the 
intracellular levels of ROS and free Fe2+ increased significant-
ly, inducing ferroptosis and decreased cell viability. When the 
ROS damage was eliminated and the normal culture environ-
ment was resumed, the intracellular levels of ROS and free Fe2+ 
decreased, which may be related to the mechanism of self-re-
pair and ROS-efflux. The effects were stronger when hepato-
cytes were co-cultured with BMMSCs, indicating that the an-
ti-inflammatory and immunoregulatory effects induced by the 
paracrine function of BMMSCs had strong protective effects 
on the high ROS-induced damage to the hepatocytes, reduc-
ing ferroptosis. The ultrastructure showed that the number of 
phagosomes present in the cells changed significantly in ad-
dition to mitochondrial damage. The role of autophagy in the 
process of cell death or survival is unclear [39]. However, some 
studies have shown that the increase of autophagosomes and 

autophagy is an important upstream regulatory factor of fer-
roptosis, and its mechanism includes ferritinophagy.

Ferritinophagy is an important pathophysiological process that 
regulates the levels of ferritinophagy-related proteins such as 
FTH1 (iron ion detoxification and storage), NCOA4, and P62 
(induced autophagy degradation of ferritin and the release of 
iron ions), which plays an important role in the regulation of 
intracellular levels of free iron ions [40,41]. Blocking the re-
lease of ferritinophagy-related proteins to control the levels 
of intracellular iron is a novel concept in treatment [42]. After 
detecting the levels of related proteins, the ex vivo and in vi-
tro molecular results showed that, when the DCD donor livers 
were preserved by BMMSCs combined with NMP, autophagy 
was decreased, thereby upregulating the level of ferritinoph-
agy-related proteins, and the intracellular iron ions were fixed 
to ferritinophagy-related proteins, finally stabilizing the intra-
cellular level of free Fe2+ [43]. However, when compared with 
the normal hepatocytes, we found the levels of ferritinopha-
gy-related proteins of hepatocytes were still complex and dif-
ferent, especially in the ex vivo donor livers, which may be 
due to the activation and regulation of the autophagy system 
induced by I/R and other factors, such as the interplay with 
other cells in liver tissues (eg, endothelial cells and Kupffer 
cells). In future research, we plan to study in depth the relat-
ed molecules and immune mechanisms of ferroptosis and fer-
ritinophagy. In brief, ferroptosis of hepatocytes play an impor-
tant role in the preservation and transport of DCD donor liver.

BMMSCs combined with NMP systems could stabilize the in-
tracellular levels of free Fe2+ by regulating the intracellular 
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Figure 6.  Decreased autophagy and increased expression of ferritinophagy-related proteins in IAR-20 cells co-cultured with BMMSCs. 
(A) Western blot of LC-3, FTH1, NCOA4 and P62 in IAR-20 cells of different groups. Expression level of LC-3-II in the RB group 
was significantly lower than that in the R group and ROS group (ROS group vs Mock group, P<0.001; R group vs Mock group, 
P<0.001; R group vs ROS group, P=0.005; RB group vs Mock group, P<0.001; RB group vs ROS group, P<0.001; RB group vs R 
group, P=0.001). Expression level of FTH1 in the RB group was significantly higher than that in the R group and ROS group 
(ROS group vs Mock group, P=0.040; R group vs Mock group, P=0.014; R group vs ROS group, P=0.003; RB group vs Mock 
group, P=0.003; RB group vs ROS group, P=0.002; RB group vs R group, P=0.005). Expression level of NCOA4 in the RB group 
was significantly lower than that in the R group and ROS group (ROS group vs Mock group, P<0.001; R group vs Mock group, 
P<0.001; R group vs ROS group, P=0.013; RB group vs Mock group, P<0.001; RB group vs ROS group, P<0.001; RB group vs 
R group, P=0.002). Expression level of P62 in the RB group was significantly lower than that in the R group and ROS group 
(ROS group vs Mock group, P<0.001; R group vs Mock group, P<0.001; R group vs ROS group, P=0.863; RB group vs Mock 
group, P=0.081; RB group vs ROS group, P<0.001; RB group vs R group, P<0.001). $ P<0.05 vs the Mock group, * P<0.05 vs 
the ROS group, # P<0.05 vs the R group. (B) Western blot of LC-3, FTH1, NCOA4 and P62 in liver tissues of different groups. 
Expression level of LC-3-II in the BP group was significantly lower than that in the SCS group (SCS group vs Normal group, 
P<0.001; P group vs Normal group, P=0.017; P group vs SCS group, P<0.001; BP group vs Normal group, P=0.124; BP group 
vs SCS group, P<0.001; BP group vs P group, P=0.172). Expression level of FTH1 in the BP group was significantly higher 
than that in the P group and SCS group (SCS group vs Normal group, P=0.602; P group vs Normal group, P<0.001; P group 
vs SCS group, P<0.001; BP group vs Normal group, P<0.001; BP group vs SCS group, P<0.001; BP group vs P group, P=0.001). 
Expression level of NCOA4 in the BP group was significantly higher than that in the SCS group (SCS group vs Normal group, 
P<0.001; P group vs Normal group, P<0.001; P group vs SCS group, P=0.054; BP group vs Normal group, P<0.001; BP group 
vs SCS group, P=0.004; BP group vs P group, P=0.055). Expression level of P62 in the BP group was significantly higher than 
that in the P group and SCS group (SCS group vs Normal group, P<0.001; P group vs Normal group, P<0.001; P group vs 
SCS group, P=0.005; BP group vs Normal group, P=0.062; BP group vs SCS group, P<0.001; BP group vs P group, P<0.001). 
$ P<0.05 vs the Normal group, * P<0.05 vs the SCS group, # P<0.05 vs the P group. SCS – static cold storage; P – NMP; BP – 
BMMSCs combined with NMP; NMP – normothermic machine perfusion; BMMSCs – bone marrow mesenchymal stem cells; 
ROS – reactive oxygen species; LC-3 – light Chain 3; FTH1 – ferritin heavy chain; NCOA4 – nuclear receptor co-activator 4; P62 
– sequestosome 1/p62.
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