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Abstract

Background and Aims: Donors with fatty livers are con-
sidered to address the shortage of livers for transplantation, 
but those livers are particularly sensitive to ischemia-reper-
fusion injury (IRI), and an increased incidence of graft fail-
ure is observed. Kupffer cells account for 20–35% of liver 
nonparenchymal cells, and have been shown to participate 
in the process of IRI and inflammatory reactions of hepatic 
steatosis. NOD-like receptor thermal protein domain-asso-
ciated protein 3 (NLRP3) is an intracellular sensor activated 
by Kupffer cells to promote generation and participates in 
IRI. Dynamics-associated protein 1 (Drp1) is one of the main 
proteins regulating mitochondrial division and exacerbates 
IRI by affecting mitochondrial dynamics. The mechanism of 
interaction of Kupffer cells with Drp1 and NLRP3 to aggra-
vate IRI has not been clarified. Methods: A mouse model of 
hepatic steatosis was established by feeding the mice with 
a high-fat diet. In vitro experiments were performed using 
AML12 normal mouse liver cells and RAW264.7 mononuclear 
macrophage cells cultured in medium with palmitate and 
oleic acid. Western blotting and immunohistochemical (IHC) 
staining were used to detect the expression of NLRPP3 and 
Drp1 in IRI in the control and high-fat diet groups. The ex-
pression of F4/80+ cells during IRI in hepatic steatosis was 
verified by IHC staining, and the role of NLRPP3 and Drp1 
in Kupffer-cell mediated IRI was investigated by targeting 
Drp-1 inhibition. Results: Drp1 and NLRP3 expression was 

increased during IRI in hepatic steatosis, and the expression 
of Drp1 and NLRP3 were decreased after the elimination of 
Kupffer cells. That indicated Kupffer cells were involved in 
the process of IRI in hepatic steatosis through the action 
of Drp1 and NLRP3. After Drp1 inhibition, liver function was 
restored and NLRP3 expression level was reduced. Conclu-
sions: Kupffer cells aggravated IRI in hepatic steatosis via 
NLRP3 and Drp1. Drp1 inhibitors might be useful as specific 
therapeutics to alleviate IRI in hepatic steatosis and may 
have promise in case of liver donor shortage.
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Introduction
Scarcity of liver donor limits liver transplantation. As margin-
al donors, donors with fatty liver are promising candidates to 
increase the number of livers for transplantation.1 In China, 
the percentage of donors with fatty liver is as high as 15–40% 
of all liver donors The donors with hepatic steatosis are par-
ticularly susceptible to ischemia-reperfusion injury (IRI), and 
the incidence of nonfunction of the grafts after transplanta-
tion is very high.2 This deleterious outcome may be related to 
the high correlation between proinflammatory activation of 
innate immune and inflammatory response. Innate immune 
cells in the liver are mainly Kupffer cells (KCs), which are 
innate macrophages of the liver. They account for 80–90% 
of the total number of macrophages and are a considerable 
link of the mononuclear macrophage system.3 Activated KCs 
produce various mediators aggravating hepatic inflammation 
and dysregulation of fat metabolism.4,5 The progression of 
hepatic steatosis and underlying inflammatory reaction are 
closely related to the interaction between macrophages and 
hepatocytes. Therefore, macrophages play a crucial role in 
the pathophysiology of hepatic steatosis and inflammation.6

NOD-like receptor thermal protein domain-associated 
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protein 3 (NLRP3) is an intracellular sensor.7 NLRP3 inflam-
masomes are produced by pathogen stimulation, immune 
signals, and inflammatory stimuli.8 Wang et al.9 reported 
that itaconic acid can inhibit the activity of NF-κB pathway 
and affect the downstream expression of NLRP3, thereby al-
leviating liver dysfunction and inflammation responses. IRI 
involves inflammation, apoptosis, and other pathological pro-
cesses associated with mitochondrial dysfunction.

Mitochondrial dynamics regulate the structure and func-
tion of mitochondria, which is represented by the fusion and 
division of mitochondria.10 Dynamics-associated protein 1 
(Drp1) regulates mitochondrial division.11 Qasim et al.12 re-
ported that in intestinal ischemia-reperfusion, the expression 
of p-Drp1 and Ser637 decreased and translocation of Drp1 
to mitochondrial outer membrane was inhibited, thus inhib-
iting mitochondrial division to improve cell damage during 
intestinal IRI. However, the organs through which Drp1 and 
NLRP3 regulate KC-mediated inflammatory response in IRI in 
hepatic steatosis have not been studied.

In this study, we verified the role of Kupffer cells in IRI 
in hepatic steatosis by in vivo and in vitro experiments. We 
found that after IRI in hepatic steatosis, Kupffer cells ex-
acerbated the immune inflammatory response and IRI by 
promoting expression of NLRP3 and Drp1. Targeted inhibi-
tion of Drp1 not only reduced NLRP3 expression but also 
attenuated IRI in hepatic steatosis. The findings indicate 
that Kupffer-cell mediated immune inflammation is an im-
portant cause of exacerbating IRI in hepatic steatosis, and 
support Drp1 as a target for reducing IRI in hepatic stea-
tosis, providing a potential solution for donor shortage and 
contributing to the prognosis of recipients with terminal-
stage hepatic disease.

Methods

Animal and induction of hepatic steatosis
Male C57BL/6J specific-pathogen free mice 3–4 weeks of age 
were provided by the Experimental Animal Center of Drum 
Tower Hospital Affiliated to Nanjing University School of Med-
icine. The mice were housed at. a constant temperature (21–
23°C) in a 12-h day and night cycle with free access to drink-
ing water. The mouse model of hepatic steatosis received 
high-fat diet (D12492; Research Diets, New Brunswick, NJ, 
USA) for 16–18 weeks. The control mice were fed a nor-
mal diet. The study was conducted following animal use and 
feeding standards established by the Committee of the China 
Animal Protection Association. The animal procedures were 
approved by the Institutional Animal Care and Use Commit-
tee of Nanjing University, Nanjing, China (No. 20180701).

Mouse hepatic ischemia-reperfusion model
The hepatic IRI model was prepared as previously described 
with slight modification.13 After inhaling isoflurane, the mice 
were placed in the supine position on the animal platform. 
The stomach and duodenum were pulled downward, and the 
left lobe of the liver was pushed upward to expose the he-
patic hilum. The blood vessels supplying the left and middle 
lobes of the liver were clipped with a microscopic hemostatic 
clip to achieve partial liver ischemia. The clamping time was 
0 m in the sham operation group and 60 m in the experimen-
tal IRI group. The microscopic hemostatic clip was opened 
to recanalize the hilar vessels. Mice were sacrificed 6 h after 
reperfusion, and blood and liver tissues were preserved. To-
tal cholesterol (TC), triglycerides (TG), alanine aminotrans-
ferase (ALT), and aspartate aminotransferase (AST) levels in 
serum were determined by an automatic biochemical ana-

lyzer (NX700i; Fuji, Tokyo, Japan).

Histology and immunohistochemical (IHC) staining
To assess the degree of liver dysfunction, paraffin-embed-
ded hepatic tissues were stained with hematoxylin and eosin 
(H&E). Liver injury was assessed by criteria described by Su-
zuki et al.14 During IHC staining, paraffin-embedded tissues 
were incubated with antibodies against F4/80+ (1:1,000, 
29414-1-AP; Proteintech, Wuhan, China), NLRP3 (rabbit, 
1:500, 27458-1-AP; Proteintech, Wuhan, China), and Drp1 
(rabbit, 1:1,000, ab184247; Abcam).

Cell culture and H/R model
AML12 normal mouse liver cells and RAW264.7 mononu-
clear macrophage cells were purchased from the American 
Type Culture Collection (Manassas, VA, USA). AML12 cells 
were grown in DMEM containing 10% fetal bovine serum. 
RAW264.7 cells were grown in 1640 medium containing 10% 
fetal bovine serum. To assess H/R injury in cells, they were 
treated with hypoxic gas mixture (5% CO2, 94% N2, and 1% 
O2) without fetal bovine serum and incubated at 37°C for 12 
h. Subsequently, the cells were cultured for 4 h as previously 
described.15

Western blotting
Western blotting was conducted as previously described,16 
which involved incubation with anti-NLRP3 (rabbit, 1:1,000, 
ab263899; Abcam), anti-Drp1 (rabbit, 1:1,000, ab184247; 
Abcam), and anti-actin (rabbit, 1:3,000, 20536-1-AP; Pro-
teintech, Rosemont, IL, USA) antibodies. An Odyssey fluo-
rescence scanner (Li-Cor Biosciences, Lincoln, NE, USA) 
was used to detect the signal from fluorescein-conjugated 
secondary antibodies. Image J (USA National Institutes of 
Health, Bethesda, MD, USA) software was used to measure 
and compare gray values.

Cell viability assay
AML12 and RAW264.7 cell suspensions were seeded in a 96-
well plate at a density of 2×105 cells per well before adding 
100 µL medium containing palmitate:oleic acid (1:2) at final 
concentrations of 100, 200, 300, 400, 500, 600, 800, and 
1,000 µM) to each well and incubating for 48 h. Cell viability 
was determined with a cell counting kit-8 assay (TransGen, 
Beijing, China).

Real-time quantitative polymerase chain reaction 
(RT-qPCR)
The total RNA was extracted from AML-12 and RAW264.7 cells 
using Trizol reagent. Complementary DNA (cDNA) was syn-
thesized with HiScript II RT SuperMix for qPCR+gDNA wiper 
( Yeasen Biotech, Shanghai, China), followed by RT-qPCR 
with SYBR Premix ExTaq (Yeasen Biotech) and detection us-
ing the ABI7500 real-time PCR system (Applied Biosystems, 
Foster City, CA, USA).The primers were Actin forward CTTCC-
CTCAGCACCTTCCAG and Actin reverse GCATCTCTGGTCCAG-
TAGGAA, NLRP3 forward AGGCTGCTATCTGGAGGAACT and 
NLRP3 reverse TTGCAACGGACACTCGTCAT, Drp1 forward: 
GGCAGATATGCTGAAGGCAC and Drp1 reverse: AGCTGCCGT-
GACAGAAAACA.

Measurement of cytokine levels
Serum and supernatant levels of tumor necrosis factor alpha 
(TNF-α), interleukin (IL)-6, IL10, and IL1β were determined 
by ELISA following the kit manufacturer’s instructions (Solar-
bio, Beijing, China).
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Statistical analysis
The results were reported as means±standard deviation (SD) 
and analyzed by PRISM 8 (https://www.graphpad.com/fea-
tures). Multiple-group comparisons were performed by one-
way analysis of variance, and p<0.05, p<0.01, and p<0.001 
were levels of significance.

Results

IRI was more serious in mice with fatty liver than it 
was in control mice
Male C57BL/6J mice at 3–4 weeks of age were fed a high-fat 
diet (Fig. 1A–F). The IRI model was established by 60 m of 
ischemia and 6 h of reperfusion and the sham group on un-
derwent only exploratory laparotomy. The levels of ALT and 
AST in the IRI group were significantly higher than those in 
the Sham group (Fig. 1G, H), and the injured area of liver 
was significantly larger, with hepatic sinusoid stasis, hepat-
ocyte swelling, and even hepatocyte necrosis (Fig. 1I and 
Supplementary Fig. 1A). Liver injury was studied after IRI in 
mice with fatty liver. The liver IRI model was established by 
the same protocol as described before. The results indicated 
that the ALT and AST levels in mice in HFD IRI group were 
significantly higher than those in the CD IRI group (Fig. 1J, 
K). The area of liver injury was significantly larger, and sinu-
soidal stasis, hepatocyte swelling, and hepatocyte necrosis 
were more severe (Fig. 1L and Supplementary Fig. 1B). The 
poor tolerance of IRI in hepatic steatosis may be an impor-
tant restriction factor for becoming a marginal donor.

KCs aggravate IRI in hepatic steatosis
To explore the recruitment of KCs in the livers of CD mice af-
ter IRI, cells with F4/80 markers, a unique marker of murine 
macrophages, were detected by IHC staining off liver tissue. 
After liver ischemia-reperfusion in CD mice, the recruitment 
of F4/80+ cells in the necrotic area increased significantly 
(Fig. 2A). Further, we observed that the distribution of F4/80+ 
cells in the HFD IRI group was slightly different from that of 
the CD IRI group. In the HFD IRI group, F4/80+ cells were 
distributed diffusely in the liver tissue because of the more 
extensive area of hepatocytic necrosis (Fig. 2B). We explored 
the effect of eliminating KCs from IRI in hepatic steatosis. 
The hepatic IRI model was established in mice fed the HFD at 
the same week of age, as per the 60 m and 6 h IRI regimen. 
Three days before the operation, the experimental group 
(HFD CLO IRI group) was intraperitoneally injected with 400 
µL clodronate liposomes (CLO) and the control group (HFD 
IRI group) was intraperitoneally injected with 400 µL dime-
thyl sulfoxide (DMSO). The results revealed that serum ALT 
and AST levels in the HFD CLO IRI group were significantly 
lower than those in the HFD IRI group (Supplementary Fig. 
2A, B). HE staining revealed that hepatic sinusoid congestion 
and hepatocyte necrosis of mice in the HFD CLO IRI group 
were significantly less than those in the HFD IRI group (Fig. 
2C). IHC staining confirmed the effective elimination of KCs 
in the liver by liposomal CLO (Fig. 2D). KCs are important 
immune cells in the liver, and their immune effects are en-
hanced in fatty livers, which aggravates the IRI.

Expression of NLRP3 and Drp1 decreased after IRI in 
normal livers
The levels of NLRP3 and Drp1 in the CD IRI group were con-
siderably lower than those in the Sham group (Fig. 2E, H–J 
and Supplementary Fig. 3A). IHC staining confirmed these 
results (Fig. 2H–J). Further, we investigated the effect of hy-

poxia/reoxygenation on NLRP3 and Drp1 expression in non-
steatotic cells in vitro. The results revealed that the protein 
and mRNA levels of NLRP3 and Drp1 were considerably de-
creased in AML12 and RAW264.7 cells (Fig. 2F, G, K–L, and 
Supplementary Fig. 3B, C). Therefore, NLRP3 and Drp1 were 
not up-regulated during the IRI in normal liver.

Expression of NLRP3 and Drp1 and inflammatory 
cytokines increased after IRI in hepatic steatosis
The levels of NLRP3 and Drp1 after IRI in hepatic steato-
sis were assessed in vivo. Western blot and IHC staining re-
vealed that expression of NLRP3 and Drp1 in the HFD IRI 
group was significantly increased compared with the CD IRI 
group (Fig. 3A–C). Serum IL1β, IL10, IL6, and TNF-α levels 
were significantly higher in the HFD IRI group than in the CD 
IRI group (Fig. 3D–G). Before constructing the steatosis cell 
model, CCK-8 assays were performed to determine the IC50s 
of fatty acids in AML12 and RAW264.7 cells. A concentration 
of 300 µM was selected for fatty acids (palmitic acid: oleic 
acid; 1:2), added to the culture medium, and incubated for 
24 h. Oil red staining was used to verify the steatosis cell 
model (Fig. 3H–J). The results showed that the protein and 
mRNA levels of NLRP3 were slightly up-regulated (p>0.05) 
in the steatosis group (FA H/R group) compared with the 
normal group (H/R group), but the expression of Drp1 was 
significantly decreased in mouse AML12 hepatocyte cells af-
ter 12 h of hypoxia and 6 h of reoxygenation preculture. In 
mouse macrophage RAW264.7 cells, the expression of the 
two proteins and mRNAs in the FA H/R group were signifi-
cantly higher than those in H/R group (Fig. 3K, L and Sup-
plementary Fig. 4A, B). The supernatant levels of IL1β, IL10, 
IL6, and TNF-α in AML12 cells were significantly higher in the 
HFD IRI group compared with the CD IRI group (Fig. 3M). 
The results indicate that macrophages promoted NLRP3 and 
Drp1 immune activation and may aggravate IRI in hepatic 
steatosis.

Elimination of KCs reduced NLRP3 and Drp1 expres-
sion after IRI in hepatic steatosis
The effect of intrahepatic KCs on the levels of NLRP3 and 
Drp1 after IRI in hepatic steatosis was verified by western 
blotting and IHC staining. After IRI, compared with the HFD 
IRI group, the expression of NLRP3 and Drp1 in the livers of 
the HFD CLO IRI group were significantly decreased (Fig. 4A, 
C). Compared with the control group, the levels of NLRP3 and 
Drp1 in the livers of HFD mice lacking KCs decreased after 
IRI. Therefore, KCs, as innate immune cells of the liver, ag-
gravated IRI in hepatic steatosis through NLRP3 and Drp1.

Inhibition of Drp1 decreased IRI, down-regulated the 
expression of NLRP3, and decreased the levels of in-
flammatory cytokines in hepatic steatosis
To explore the effect of Drp1 in IRI in mice fed an HFD, the 
mice in the HFD mdivi-1 IRI and HFD IRI groups were in-
traperitoneally injected with Drp1 inhibitor mdivi-1 (50 mg/
kg) and normal saline 2 h before the operation. ALT and AST 
levels in the HFD mdivi-1 IRI group were considerably lower 
than those in the HFD IRI group (Supplementary Fig. 5A, B). 
HE staining revealed that the liver injury area, sinus conges-
tion, and hepatocytic necrosis in mice in the HFD mdivi-1 IRI 
group were significantly decreased compared with those in 
the HFD IRI group (Fig. 4D). Western blotting revealed that 
the protein levels of NLRP3 and Drp1 in the HFD mdivi-1 
group were decreased (Fig. 4B). IHC staining of mouse liver 
tissue revealed the same results (Fig. 4E). Compared with 
the HFD IRI group, the serum IL1β, IL10, IL6, and TNF-α 
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Fig. 1.  Ischemia-reperfusion injury was significantly increased in mice with fatty livers. (A) Changes in body weight between HFD and Ctrl groups. (B–E) Serum 
TC, TG, ALT, AST contents of mice after 16 weeks of HFD and Ctrl groups 4 (n=5–7 mice per group). (F) HE staining and oil red staining of liver of mice on HFD and Ctrl 
groups. (G, H) Serum levels of ALT and AST in the CD IRI and sham groups (n=5–7 mice per group); (J, K) Serum levels of ALT and AST in HFD IRI group and CD IRI group 
(n=5–7 mice per group); (I) HE staining of liver in CD IRI and Sham groups; (L) HE staining of liver in the HFD IRI and CD IRI groups. HFD, high-fat diet; Ctrl, ordinary 
diet; Sham, sham operation group; CD IRI, normal diet ischemia-reperfusion group; HFD IRI, high-fat diet ischemia-reperfusion group; H&E, hematoxylin and eosin.
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Fig. 2.  Kupffer cells aggravate ischemia-reperfusion injury in hepatic steatosis. (A) F4/80 cells were detected by IHC of liver tissue in CD IRI group and Sham 
group. (B) F4/80 cells were detected by IHC of liver tissue in HFD IRI group and CD IRI group. (C) HE staining of liver in HFD CLO IRI group and HFD IRI group; (D) F4/80 
cells were detected by in HFD CLO IRI group and HFD IRI group; (E) the protein expression of NLRP3 and Drp1 in the liver of Sham and CD IRI groups. (F and G) the 
protein expression of NLRP3 and Drp1 in the AML12 and RAW264.7 of Ctrl and H/R groups. (H–J) NLRP3 and Drp1 were detected by IHC of liver tissue in Sham and CD IRI 
groups. (K and L) the mRNA expression of NLRP3 and Drp1 in the AML12 and RAW264.7 of Ctrl and H/R groups using RT-qPCR. Drp1, dynamics-associated protein 1; IHC, 
immunohistochemistry; NLRP3, NOD-like receptor thermal protein domain-associated protein 3; RT-qPCR, real-time quantitative polymerase chain reaction.
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Fig. 3.  Kupffer cells aggravate ischemia-reperfusion injury in hepatic steatosis by upregulating Drp1 and NLRP3. (A–C) NLRP3 and Drp1 expression in liver 
tissue from the HFD IRI and CD IRI groups assayed by western blotting and IHC. (D–G) Serum IL1β, IL10, IL6, and TNF-α assayed after sham treatment and in the CD 
IRI and HFD IRI groups (n=5−6 mice per group). (H) Inhibition of the proliferation of AML12 and RAW264.7 cells by fatty acids. (K, J) HE and Oil red staining was used to 
detect intracellular lipid droplets to verify the success of the model of cellular steatosis. (F, E) Protein and mRNA expression of NLRP3 and Drp1 in the AML12 and RAW264.7 
of HFD IRI and CD IRI groups using Western Blotting and RT-qPCR. (F) supernatant IL1β, IL10, IL6, and TNF-α was assayed in the Ctrl, H/R and FA H/R groups by ELASA. 
Ctrl, Control group; Drp1, dynamics-associated protein 1; ELISA, enzyme-linked immunosorbent assay; FA, fatty acid culture group; H&E, hematoxylin and eosin; IHC, 
immunohistochemistry; NLRP3, NOD-like receptor thermal protein domain-associated protein 3; RT-qPCR, real-time quantitative polymerase chain reaction.
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Fig. 4.  Inhibition of Drp1 down-regulated NLRP3 expression and reduce IRI in hepatic steatosis. (A and C) Expression of NLRP3 and Drp1 in the liver of HFD 
CLO IRI and HFD IRI groups. (B and E) NLRP3 and Drp1 expression in the liver tissue from the HFD Mdivi-1 IRI and HFD IRI groups using IHC and Western Blotting 
(D) HE staining of liver in the HFD Mdivi-1 IRI and HFD IRI groups. (F) Serum IL-1β, IL-10, IL-6, and TNF-α was measured assayed in the HFD Mdivi-1 IRI and HFD IRI 
groups by ELASA. ELISA, enzyme-linked immunosorbent assay; H&E, hematoxylin and eosin; IHC, immunohistochemistry.

levels were significantly decreased in the HFD mdivi-1 IRI 
group (Fig. 4F). Therefore, inhibition of Drp1, which attenu-
ated NLPR3 expression and IRI in fatty liver, and can be a 
specific therapeutic strategy.

Discussion

For patients with terminal-stage hepatic disease, liver trans-

plantation is a promising treatment. However, the number of 
patients waiting for liver transplantation is increasing year by 
year, and the shortage of liver donors has become a serious 
problem.17 Donors with fatty livers are widely accepted by 
medical centers as marginal liver donors to solve the prob-
lem of donor shortage.18 Donors with steatosis are particu-
larly vulnerable to IRI, and the incidence of graft nonfunction 
is high after transplantation.2 Compared with mice fed on a 
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regular diet, graft dysfunction was detected when the liver 
from mice donors with fatty liver was used.19 It is generally 
believed that livers with steatosis are more susceptible to IRI 
than the normal liver. Multiple factors and pathways aggra-
vate IRI in fatty liver. Zhang et al.20 reported that TLR4 in-
creased the levels of TNF-α and IL-6, inhibited levels of PGC-
1α and Mfn2, reduced mitochondrial fusion in IRI in NAFLD, 
and significantly aggravated IRI. Nii et al.21 reported that 
hydrolyzed whey peptide had an anti-inflammatory role and 
alleviated liver injury by reducing the levels of TNF-α, IL6, 
iNOS, and uncoupling protein-2 (UCP2) in the liver of NAFLD 
rats with IRI. Our results revealed that IRI in fatty liver was 
more significant than that in livers with no steatosis. The 
serum levels of ALT and AST were significantly increased, 
and the area of liver injury was significantly expanded. That 
was manifested as hepatic sinusoidal stasis and hepatocytic 
swelling and necrosis. More attention should be paid to the 
prevention and treatment of IRI when the liver from a mar-
ginal donor is used as a graft.

IRI is a type of aseptic inflammatory injury in which the 
activation of the innate immune system has an important 
role. KCs in the hepatic sinusoids are integral to the im-
mune response.22,23 Some studies have reported that he-
patic ischemia-reperfusion increased the infiltrating M1-state 
macrophages in the liver lobe.24 Wei et al.25 reported that 
ischemia led to increase of anaerobic glycolysis and lactic 
acid accumulation, formation of acidic microenvironment, 
inhibition of PPAR-γ, and transformation of macrophages to 
M1 state, further aggravating IRI. Naroa et al.26 reported 
that knockdown of endogenous negative regulator of meth-
ylation-controlled J protein (MCJ) restored the mitochondrial 
energy supply, regulated immune responses, accelerated 
the initiation and process of liver regeneration through G1/S 
phase conversion, and prevented cell death after IRI. There-
fore, macrophage activation is an important part of ischemia-
reperfusion in the liver.

This study demonstrated that KCs were activated during 
hepatic IRI and were recruited in the necrotic area. The IRI in 
hepatic steatosis was more severe, and the activation of KCs 
was greater, which is diffusely distributed in various necrotic 
areas in the liver. The elimination of macrophages in fatty 
liver significantly reduced IRI in fatty livers. The study results 
confirmed that KCs aggravated IRI in the liver.

The results of in vitro and in vitro experiments demon-
strated that IRI in hepatic steatosis increased the secretion 
of inflammatory factors, and serum inflammatory factor 
levels were significantly reduced by targeted inhibition of 
Drp1. TNF-α and IL1β are two of the most important cy-
tokines that aggravate liver IRI.27 KCs are the main site of 
IL1β production, and IL1β production mainly occurs through 
the activation of NLR inflammasomes. In addition, activa-
tion of NLRP3 in hepatic macrophages releases TNF-α; thus, 
the activation of NLRP3 in KCs is an important link in IRI 
in hepatic steatosis. NLRP3 is an intracellular sensor that 
is mostly inactive and ubiquitinated in the stable state.28 
Various upstream signals induce intracellular formation 
and activation of NLRP3 inflammasome through two differ-
ent modes: PAMPs and DAMPs. Subsequently, caspase-1 
is cleaved and activated to mediate tissue inflammation.29 
Inflammatory factors are linked to IRI in hepatic steatosis. 
Reducing inflammatory responses is a promising strategy to 
alleviate IRI in hepatic steatosis.

Oxidative stress is high in hepatic steatosis, and its level 
is related to the severity of nonalcoholic fatty liver disease 
(NAFLD).30 After liver ischemia-reperfusion, a cascade caus-
ing oxidative stress is activated; however, the antioxidant 
system is inhibited. The clearance of reactive oxygen species 

(ROS) is reduced, leading to a sharp increase in ROS, which 
produces oxidized protein that acts as a ligand for NLRP3 ac-
tivation.31 Similar findings were reported in this study. Mice 
with fatty livers produced more ROS because of the pres-
ence of fatty acids and oxidative stress. ROS production was 
increased after ischemia-reperfusion, significantly increasing 
the expression of NLRP3 and aggravating tissue damage. Af-
ter hypoxia and reoxygenation, NLRP3 expression was only 
slightly increased in vitro in hepatocytes with steatosis com-
pared with those with no steatosis, but was significantly in-
creased in macrophages with steatosis. The results suggest 
that the increase of NLRP3 expression in fatty liver with IRI 
was mediated by KCs.

IRI involves oxidative stress response, inflammation, Ca2+ 
overload, and apoptosis, and these pathological processes 
are closely associated with mitochondrial dysfunction.32 Mi-
tochondrial dynamics regulate the structure and function of 
mitochondria, which is manifested as the fusion and fission 
of mitochondria. Drp1 is one of the major proteins regulating 
mitochondrial fission. Drp1 is dispersed in the cytoplasm and 
is recruited from the cytoplasm to break sites on the mito-
chondrial surface after mitochondrial fission is activated.33 
Archer et al.34 found that Drp1 inhibitors protected cardiomy-
ocytes from IRI by reducing ROS production and maintaining 
mitochondrial dynamics. Qasim et al.35 reported that during 
intestinal ischemia-reperfusion, translocation of Drp1to the 
outer mitochondrial membrane was inhibited, thus inhibit-
ing mitochondrial fission and ROS generation to improve cell 
damage during intestinal ischemia-reperfusion. The above 
studies indicated that Drp1 cleaved mitochondria and pro-
moted ROS production.

The production of ROS activates NLRP3 inflammasomes, 
and Drp1 promotes the activation of NLRP3 inflammasomes. 
Several studies have reported that Drp1 activation promoted 
NLRP3 activation, leading to aggravation of tissue damage 
or disease progression in various diseases. However, inhi-
bition of Drp1 activation has beneficial effects.36 Zhang et 
al.37 reported that overactivation of Drp1 in mature oligoden-
drocytes triggered NLRP3-related inflammation by inhibiting 
hexokinase 1, which may be a key mechanism in Alzheimer’s 
disease. Some studies reported that down-regulation of Drp1 
expression or knockdown of Drp1 gene reduced the produc-
tion of ROS and contributed to the inhibition of NLRP3, cas-
pase-1, IL-β protein expression, and cancer cell migration.38 
In this study, the use of mdivi-1, a Drp1 inhibitor, reduced 
the expression of NLRP3 in fatty liver with IRI and in turn 
reduced the severity of injury. Drp1 may be used as a target 
to protect fatty liver from IRI.

This study demonstrated that activation of KCs aggra-
vated IRI in hepatic steatosis. The mechanism may involve 
KC-mediated inflammatory responses that stimulated the 
formation of NLRP3 inflammasomes that activated Drp1. It 
caused the dysfunction of mitochondrial dynamics and ag-
gravated IRI in hepatic steatosis. Drp1 inhibitors effectively 
attenuated KC-mediated immune inflammatory responses 
and protected against the deleterious consequences of is-
chemia-reperfusion in hepatic steatosis. More in vivo exper-
iments are needed to verify the effect of KCs on IRI in fatty 
liver using macrophage-deficient mice; the experimental 
results may be better verified in the hepatic IRI after mac-
rophage infusion.

Conclusions
This study verified that fatty liver reduced the tolerance of 
liver tissue to ischemia and hypoxia, and IRI was more se-
vere than that in the normal liver. In terms of mechanism, 
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fatty liver promoted the stimulation of KCs in the liver and 
increased the expression of Drp1. Subsequently, the ex-
pression of NLRP3 was increased, aggravating IRI in hepatic 
steatosis. mdivi-1, a Drp1 inhibitor, reduced the expression 
of NLRP3 and alleviated IRI of fatty livers. The study pro-
vides new insights for the prevention of IRI in hepatic stea-
tosis.
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