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Lycopene alleviates hepatic ischemia reperfusion injury via the 
Nrf2/HO-1 pathway mediated NLRP3 inflammasome inhibition in 
Kupffer cells
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Background: Lycopene is a naturally occurring carotenoid found in many fruits and vegetables, which has 
antioxidant effects. Although lycopene’s protective effect has been observed on ischemia reperfusion (IR) 
injury in different organs, the effect of lycopene on Kupffer cells (KCs) has not been clearly elucidated in IR-
induced acute hepatic inflammatory injury.
Methods: Mice were administered with either olive oil (10 mL/kg body weight) as the control or lycopene 
(20 mg/kg body weight) by gavage for 2 weeks before undergoing hepatic IR injury.
Results: In this study, we observed that the levels of aspartate aminotransferases (AST), alanine 
aminotransferase (ALT), and the percentages of hepatocellular apoptosis in mice pretreated with lycopene 
were significantly lower than control mice. Lycopene inhibited F4/80+ macrophage and Ly6G+ neutrophil 
accumulation, which further decreased the levels of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), 
and interleukin 6 (IL-6). Interestingly, lycopene induced increased autophagy in KCs, which was evidenced 
by elevated autophagosomes and the increased protein level of LC3B. In these KCs, lycopene-induced 
upregulation of autophagy inhibited NOD-like receptor family pyrin domain-containing 3 protein (NLRP3) 
inflammasome activation, which was demonstrated by the reduced mRNA and protein levels of NLRP3, 
cleaved caspase-1, an apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC), 
and IL-1β. Furthermore, 3-methyladenine, an autophagy inhibitor, abolished lycopene’s inhibitory effect on 
the NLRP3 inflammasome in KCs, which led to increased hepatic IR injury. Intriguingly, we identified that 
the protein levels of nuclear factor erythroid 2-related factor 2 (Nrf2) and heme oxygenase 1 (HO-1) were 
elevated in KCs isolated from IR-stressed mice pretreated with lycopene. Nrf2-siRNA or HO-1-siRNA 
could block the autophagy activation enhanced by lycopene in KCs, resulting in the activation of the NLRP3 
inflammasome and aggravated hepatic IR injury.
Conclusions: Our findings demonstrated that lycopene promoted Nrf2/HO-1 pathway activation and 
further suppressed the NLRP3 inflammasome via enhancing KC autophagy, which alleviated hepatic IR injury.
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Introduction

Hepatic ischemia reperfusion (IR) injury remains the 
leading cause of acute hepatic dysfunction and failure after 
undergoing trauma, hepatectomy, and liver transplantation, 
which results in a poor prognosis for these patients (1). The 
pathological process of hepatic IR injury is characterized 
by mitochondrial dysfunction, cellular calcium overload, 
overproduction of reactive oxygen species (ROS), and 
overactivation of inflammatory cells (2,3). It has been 
reported that Kupffer cells (KCs) are integrally involved in 
the pathogenesis of hepatic IR injury by regulating acute 
immune responses (4,5). Increasing evidence suggests 
that quiescent KCs play a critical role in maintaining 
hepatic immune homeostasis; however, this can be 
disrupted by activated KCs through the production of 
ROS and the secretion of pro-inflammatory factors and 
chemokines, which recruit multiple immune cells to hepatic 
tissue (6). Furthermore, a growing number of studies 
have demonstrated that the activation of the NLRP3 
inflammasome in KCs is closely involved in hepatic IR 
injury (7,8). The NLRP3 inflammasome made up of 
the NOD-like receptor NLRP3, the enzyme caspase-1, 
and the adaptor molecule ASC (9), generates a mass of 
proinflammatory cytokines in IR injury, such as IL-1β 
and IL-18 (10,11). As a cytoprotective process, autophagy 
is featured by conserved self-eating and contributes to 
the degradation of intracellular components, including 
dysfunctional organelles, macromolecular complexes, 
long-lived cytoplasmic proteins, and foreign bodies (12). 
It has been well reported in many studies that autophagy 
plays a vital role in the pathological processes of hepatic 
diseases, including tumors (13), viral hepatitis (14), liver IR 
injury (15), and steatohepatitis (16), amongst others. Recent 
studies demonstrated that cerebral and myocardial IR injury 
was attenuated by enhanced autophagy through suppressing 
NLRP3 inflammasome activation (17,18). Nevertheless, 
the relationship between the NLRP3 inflammasome and 
autophagy in hepatic IR injury has rarely been reported.

Nuclear factor erythroid 2-related factor 2 (Nrf2), 
well known as the central regulator of cellular defense, 
maintains cellular redox homeostasis (19,20). Nrf2 contains 
7 Neh (Nrf2-ECH homology) domains and is localized 
in the cytoplasm under physiological conditions. Kelch-
like erythroid-associated protein 1 (Keap1) maintains Nrf2 
homeostasis through the ubiquitination and proteasome 
pathway (19,21). However, Nrf2 is translocated into the 
nucleus and combines with the antioxidant response elements 
(AREs) of multiple protective genes under stress conditions, 
contributing to cytoprotective and antioxidative effects (22). 
Emerging evidence indicates that Nrf2 is involved in liver 
diseases via regulating autophagy (23). Many studies have 
reported that the Nrf2/HO-1 pathway plays a critical role in 
regulating hepatic IR injury. Our previous data showed that 
ATF3-mediated Nrf2/HO-1 signaling played an important 
role in regulating TLR4-driven inflammatory responses in 
IR-stressed livers (24). Recent results further indicated that 
the Nrf2/HO-1 pathway activation could improve hepatic 
IR injury in mice (25-27). However, no studies have reported 
that Nrf2/HO-1 signaling can regulate autophagy in KCs in 
hepatic IR injury.

Lycopene is one dietary carotenoid found in fruits and 
vegetables (28), which possesses pharmacological effects 
including antioxidant (29), anti-inflammatory (30), and anti-
cancer effects (31), and regulates lipid metabolism (32). 
Numerous studies have confirmed that lycopene plays 
an essential role in improving IR injury of the brain (33),  
heart (34), liver (35), and kidney (36). However, the 
underlying mechanisms of how lycopene alleviates hepatic 
IR injury remain to be elucidated.

In the present study, we demonstrated that lycopene 
inhibits the activation of the NLRP3 inflammasome in 
KCs via activating the Nrf2/HO-1 pathway and enhancing 
autophagy, which attenuates hepatic damage and acute 
immune responses in a hepatic IR mouse model.

We present the following article following the ARRIVE 
reporting checklist (available at http://dx.doi.org/10.21037/
atm-20-7084).
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Methods

Animals

The animal experiments in this study were approved by 
the Ethics Committee of Nanjing Medical University 
(Approval No.: IACUC-1912015), in compliance with the 
Nanjing Medical University guidelines for the care and 
use of animals. Male wild type C57BL/6 mice (8–10 weeks 
old) were purchased from the Department of Laboratory 
Animal Center of Nanjing Medical University. All mice 
were housed in a specific pathogen-free facility following 
institutional guidelines.

Hepatic IR injury model and treatment

The procedure for establishing the mouse hepatic IR injury 
model was the same as described in a previous study (37). 
In brief, the mice (n=6) were firstly anesthetized; then, a 
ventral linea alba incision was made. The partial portal vein 
and hepatic artery supplying the middle and left lateral liver 
lobes were occluded with an atraumatic vascular clip for 90 
min to cause ischemia in 70% of liver tissue, followed by 6 h 
reperfusion by removing the clip. The same procedures were 
performed in the sham group without vascular clamping. 
Mice were administered with either olive oil (10 mL/kg body 
weight) as a control or lycopene (20 mg/kg body weight) 
by gavage for 2 weeks before undergoing IR injury. The 
dose of lycopene was based on Boeira et al.’s paper (38). 
Depending on whether they were pretreated with lycopene, 
mice were divided into the Lycopene(−) and Lycopene(+) 
group. The autophagy inhibitor 3-methyladenine (3-
MA, 30 mg/kg) (Sigma-Aldrich, St. Louis, MO, USA) was 
administered intraperitoneally 60 min before establishing 
the IR model, and the same volume of PBS was administered 
intraperitoneally into the control mice. Some mice were 
injected via the tail vein with Nrf2-siRNA, HO-1-siRNA, 
or scrambled control siRNA (SCR-siRNA) (2 mg/kg) (Santa 
Cruz, CA, USA) mixed with mannose-conjugated polymers 
(Polyplus-transfection, Illkirch, France) at ratios based on the 
manufacturer’s instructions 4 h before the establishment of 
the hepatic IR model as previously described (39).

Biochemical measurements

Blood samples, obtained when mice were sacrificed, were 
centrifuged at 7,000 rpm for 10 min at 4 ℃ to collect the 
serum. The levels of serum alanine aminotransferase (sALT) 
and aspartate aminotransferase (sAST) were measured by an 

automatic chemical analyzer (Olympus Company, Tokyo, 
Japan).

Histopathology, immunohistochemical staining, 
immunofluorescence staining, and TUNEL staining

Hepatic tissue samples, obtained when mice were sacrificed, 
were fixed in formaldehyde solution for approximately 
3 days, then embedded in paraffin-based on standard 
procedures. All paraffin blocks were cut into 4 μm slices 
and stained with hematoxylin and eosin (HE), then 
observed through a light microscope for analyzing hepatic 
histopathology. Suzuki scores, consisting of 3 aspects 
(hepatocyte necrosis, sinusoidal congestion, and ballooning 
degeneration), were rated on a scale of 1 to 4, as defined 
by Suzuki et al. (40). Hepatic macrophages and neutrophils 
were detected by immunohistochemical (IHC) staining 
through incubation with the primary rat anti-mouse F4/80 
and Ly6G mAbs (Cell Signaling Technology, MA, USA). 
Positive cells were counted blindly in at least 3 fields per 
section (×200). The expression of NLRP3 and LC3B in 
KCs were detected by immunofluorescence staining using 
rabbit anti-mouse NLRP3 mAb and anti-mouse LC3B mAb 
(Cell Signaling Technology, MA, USA). According to the 
manufacturer’s protocols, the secondary, biotinylated goat 
anti-rat IgG (Vector, Burlingame, CA, USA) was incubated 
with immunoperoxidase (ABC Kit, Vector). DAPI was 
utilized for nuclear counterstaining. To detect DNA 
fragmentation as a characteristic of apoptosis in formalin-
fixed paraffin-embedded tissue slices, we performed 
TUNEL staining using the Klenow-FragEL DNA 
Fragmentation Detection Kit (Roche, Basel, Switzerland) 
according to the manufacturer’s instructions. Ten fields 
from each slide were selected randomly for examination 
(×400).

Myeloperoxidase assay

Detection of hepatic myeloperoxidase (MPO) activity 
was performed according to the manufacturer’s protocols. 
Detailed processes have been described previously (4).

Transmission electron microscopy analysis

The autophagic vacuoles in KCs were detected by 
transmission electron microscopy according to the 
manufacturer’s instructions. In short, the culture media 
was discarded, then the trypsin was added into the culture 
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dish to digest KCs adequately for 3 min. Media was used 
to stop digestion, and KCs were collected into 15 mL 
centrifugal tubes with a pasteur pipette. Cell suspensions 
were centrifuged at 2,500 rpm for 2 min. The supernatant 
was then discarded, and cell pellets were fixed with 2.5% 
glutaraldehyde at room temperature in the dark for 30 min. 
Centrifugal tubes were then transferred to the refrigerator 
for preservation at 4 ℃. The embedded materials were cut 
into ultrathin sections. The sections were further stained 
with 0.3% lead citrate. To assess autophagic vacuoles 
in KCs, 10 micrographs from each group were selected 
randomly for examination (×1,200 or ×5,000).

Cell isolation and culture

The process of isolating KCs from the liver has been 
previously described (41). In short, we performed portal 
vein catheterization and perfused the livers with preheated 
(37 ℃) Hanks’ balanced salt solution (HBSS), followed by 
collagenase IV.

After sufficient perfusion, the liver was transferred to a 
culture dish, dissected, and ground softly, then filtered with 
a 70 mm nylon mesh cell strainer. The centrifugal tube 
containing whole hepatic cells was centrifuged at 50 g for  
2 min 3 times. We collected the supernatant, which contained 
the nonparenchymal cells (NPCs). Centrifugation at 800 g for 
5 min was performed to obtain the NPCs in the supernatant. 
The NPC suspension underwent a 50%/25% two-step 
percoll gradient centrifugation at 1,800 ×g at 4 ℃ for 15 min. 
We collected the middle layer, which was comprised of KCs, 
and allowed them to attach to a culture dish with complete 
media.

We discarded the culture media to remove the 
nonadherent cells so that the adherent cells were KCs.  
In vitro, the isolated KCs were cultured with complete 
media for 6 h, then KCs and the supernatants were obtained 
for subsequent research.

Protein extraction and western blotting

We used the Whole Protein Extraction Kit (KeyGEN 
BioTECH) to extract total protein from tissues and cells. 
Additionally, we used the Nuclear and Cytoplasmic Protein 
Extraction Kit (KeyGEN BioTECH) to extract nuclear and 
cytoplasmic proteins from KCs based on the manufacturer’s 
protocols. All protein lysates were separated by standard 
SDS-PAGE and then transferred onto polyvinylidene 

fluoride (PVDF) membranes. The antibodies used were 
as follows: Nrf2 (Abcam), Bcl2, Bcl-xL, NLRP3, cleaved 
caspase-1, pro-caspase-1, ASC, IL-1β, pro-IL-1β, LC3B, 
p62, HO-1, β-actin, and horseradish peroxidase (HRP)-
conjugated anti-rabbit IgG antibodies (Cell Signaling 
Technology). 

RNA extraction and qRT-PCR

We utilized the EasyPure RNA Kit (Ruijie Biotech) to 
extract total RNA from tissues and cell samples according 
to the manufacturer’s protocols. In short, tissues or cells 
were mixed with the lysis buffer. After efficient lysis was 
confirmed, the lysis solution was collected and vortexed for 
10 sec, then an equal volume of absolute ethyl alcohol was 
added and mixed. The lysis solution was transferred into 
an RNA column, which was placed in a centrifugal tube. 
The tube was centrifuged at 4,000 ×g for 1 min at 4 ℃ and 
washed with 500 μL wash buffer followed by centrifugation 
at 12,000 ×g for 1 min. Subsequently, the RNA column was 
transferred into a new and RNase-free tube and air-dried for 
2 min. We added 20 μL elution buffer into the center of the 
RNA column and waited for 2 min. Subsequently, the tube 
was centrifuged at 12,000 ×g for 1 min, and the extracted 
RNA was stored at −80 ℃ before further experiments. For 
cDNA synthesis, a 20 μL/well reaction mix was composed 
of 1 μg total RNA, 4 μL 5× HiScript ⅡqRT SuperMix 
(Vazyme Biotech Co., Ltd), and RNase-free ddH2O.

We performed qRT-PCR with the ChamQTM Universal 
SYBR qPCR Master Mix (Vazyme Biotech Co., Ltd.) based 
on the standard protocols. Primer sequences used in this 
study for PCR amplification are listed in Figure S1.

ELISA

In this study, we obtained mouse serum and culture 
supernatants of KCs to analyze the levels of cytokines. 
According to the manufacturer, the levels of TNF-α, IL-1β, 
and IL-18 in mouse serum and culture supernatants of KCs 
were detected using ELISA kits (eBiosciences, San Diego, 
CA, USA)’s instructions.

Caspase-3 activity assay

Caspase-3 relative activity in hepatic tissue was detected 
with a caspase-3 assay kit (Calbiochem, La Jolla, CA, USA) 
according to the manufacturer’s protocols.

https://cdn.amegroups.cn/static/public/ATM-20-7084-supplementary.pdf
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Statistical analysis

All data in this study are presented as mean ± SD. We used 
SPSS software ver. 20.0 and GraphPad Prism 8.0 to analyze 
the data and calculate P values. Statistical differences 
between multiple groups were evaluated using the Student’s 
t-test or variance analysis (ANOVA). All experiments 
were repeated at least 3 times, and the differences were 
considered statistically significant when P value <0.05.

Results

Lycopene alleviates IR-induced hepatocellular damage and 
apoptosis

It is well known that lycopene possesses anti-inflammatory 
and antioxidative effects, which protects organs from 
various injuries. Hence, we further set out to demonstrate 
whether lycopene can improve hepatic IR injury in mice. We 
pretreated mice with lycopene at a dose of 20 mg/kg body 
weight or olive oil at a dose of 10 mL/kg bodyweight for  
2 weeks (n=6). We found that serum ALT and AST levels in 
the group pretreated with lycopene were less than the control 
group pretreated with olive oil (Figure 1A). Compared to the 
control group, mice who received lycopene displayed well-
preserved hepatic architecture that was associated with less 
sinusoidal congestion, intracellular edema, and necrosis, 
which resulted in decreased total histopathological Suzuki 
score (Figure 1B,C).

Furthermore, lycopene markedly decreased serum 
MPO levels, which suggested that neutrophil activity or 
its cell numbers might have been reduced by lycopene 
(Figure 1D). To determine whether lycopene influences 
hepatic apoptosis induced by IR injury, hepatocellular 
apoptosis/necrosis in ischemic liver tissue was assessed 
by TUNEL staining and caspase-3 activity assays. The 
TUNEL staining results showed that lycopene improved 
hepatic apoptosis, evidenced by fewer TUNEL positive 
cells (Figure 1E,F). Consistent with the TUNEL staining 
results, caspase-3 activity was decreased after lycopene 
pretreatment (Figure 1G). To further verify the above 
results, we used western blotting to detect the expression of 
the anti-apoptotic proteins Bcl-2 and Bcl-xL in tissue. We 
found that lycopene pretreatment significantly inhibited 
their expression induced by IR (Figure 1H). These results 
indicated that lycopene could alleviate IR-induced liver 
injury.

Lycopene attenuates IR-induced acute liver inflammatory 
responses

IR can induce acute liver inflammatory responses via 
activating KCs, recruiting circulating macrophages 
and neutrophils ,  or enhancing the production of 
proinflammatory factors. Our data showed that lycopene 
decreased serum MPO levels after reperfusion (Figure 1D). 
To further explore the relationship between the occurrence 
of acute inflammatory responses and lycopene in hepatic 
IR, F4/80+ macrophages and Ly6G+ neutrophils were 
assessed by IHC staining. As shown in Figure 2A,B,C,D, 
lycopene markedly decreased the accumulation of F4/80+ 
macrophages and Ly6G+ neutrophils in IR-stressed liver 
tissue. The lower levels of serum and mRNA TNF-α 
and IL-1β in mice that received lycopene pretreatment 
compared to the control group further demonstrated 
that lycopene could attenuate IR-induced acute liver 
inflammatory responses, which was also associated with 
reduced IL-6 and greater IL-10 expression (Figure 2E,F).

Lycopene inhibits NLRP3 inflammasome activation in 
KCs via enhancing autophagy during hepatic IR injury

Autophagic activity and NLRP3 inflammasome activation 
in KCs play a critical role in the level of acute liver 
inflammatory responses during IR injury. We started 
to assess the autophagic level in KCs isolated from 
mice pretreated with lycopene or olive oil 6 hours after 
reperfusion. Microtubule-associated proteins 1A/1B light 
chain 3B (LC3B) are the most widely used autophagosomes 
marker. The p62 protein is a classical receptor of autophagy 
and recognizes toxic cellular waste, and lack of autophagy 
leads to an accumulation of p62. We assessed LC3B and 
p62 protein expression in KCs by western blotting, which 
showed that lycopene pretreatment increased LC3B 
expression and decreased p62 expression after reperfusion 
(Figure 3A). The immunofluorescence staining of LC3B 
confirmed these results (Figure 3B).

Furthermore, the transmission electron microscopy 
results demonstrated that the number of autophagosomes 
was greater in the lycopene pretreatment group compared 
to the control group (Figure 3C). As shown in Figure 3D, the 
relative mRNA levels of NLRP3 and IL-1β were reduced 
significantly in KCs isolated from IR-stressed livers in the 
lycopene pretreatment group. As expected, the culture 
supernatants of KCs isolated from IR-stressed livers in the 
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Figure 1 Lycopene alleviates IR-induced acute liver injury. (A) Serum ALT and AST in mice from different groups who were subjected to 
sham operation or 70% hepatic ischemia for 90 min, followed by 6 h of reperfusion (n=6 mice/group). (B) Representative hematoxylin and 
eosin (H&E) staining of liver tissue in different groups (scale bars, 250 μm). (C,D) The average Suzuki scores and liver myeloperoxidase 
(MPO) activities in the different groups. (E,F) TUNEL staining (scale bars, 200 μm) and the relative ratios of TUNEL-positive cells across 
different groups. (G) Relative caspase-3 activity was evaluated from total lysates of lobes from IR mice or sham mice. (H) Western blot 
analysis of the protein levels of Bcl-2, Bcl-xL, and β-actin for different groups. All data represent the mean ± SD, *P<0.05. ALT, alanine 
aminotransferase; AST, aspartate aminotransferases.
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lycopene pretreatment group were characterized by lower 
levels of IL-1β and IL-18 (Figure 3E).

Furthermore, the western blotting results showed 
decreased protein levels of NLRP3, cleaved caspase-1, ASC, 

IL-1β, and pro-IL-1β in KCs isolated from IR-stressed 
mice in the lycopene pretreatment group (Figure 3F). The 
immunofluorescence staining results displayed that the 
intensity of NLRP3 was reduced in KCs isolated from IR-
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Figure 2 Lycopene attenuates the acute inflammatory responses in IR-stressed livers. (A,C) IHC staining of F4/80+ macrophages in liver 
sections (scale bars, 200 μm) and quantification of F4/80+ macrophages per high power field from different groups. (B,D) IHC staining 
of Ly6G+ neutrophils in liver sections (scale bars, 200 μm) and quantification of Ly6G+ neutrophils per high power field from different 
groups. (E) Levels of serum cytokines TNF-α and IL-6 measured by ELISA. (F) Quantitative RT-PCR analysis of relative mRNA levels of 
the cytokines TNF-α, IL-1β, IL-6, and IL-10. All data represent the mean ± SD, n=6 mice/group, *P<0.05. IR, ischemia reperfusion; IHC, 
immunohistochemical; TNF-α, tumor necrosis factor-α; IL-6, interleukin 6.
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Figure 3 Lycopene inhibits NLRP3 inflammasome activation in Kupffer cells (KCs) through enhanced autophagy in IR-stressed livers. 
(A) Western blot analysis of the protein levels of p62, LC3B, and β-actin in KCs isolated from different groups. (B) Immunofluorescence 
staining of LC3B in KCs isolated from different groups (scale bars, 200 μm). (C) Autophagic microstructures in KCs isolated from different 
groups detected by transmission electron microscopy (scale bars, 5 and 2 μm). (D) Quantitative RT-PCR analysis of relative mRNA levels 
of NLRP3 and IL-1β in KCs. (E) Levels of IL-1β and IL-18 in the culture supernatants of KCs isolated from different groups after 6 h of 
culture measured by ELISA. (F) Western blot analysis of the protein levels of NLRP3, cleaved caspase-1, procaspase-1, ASC, IL-1β, pro-
IL-1β, and β-actin. (G) Immunofluorescence staining of NLRP3 in KCs isolated from different groups (scale bars, 200 μm). (H) Autophagic 
microstructures in KCs isolated from different groups detected by transmission electron microscopy (scale bars, 5 and 2 μm). (I) Western 
blot analysis of the protein levels of NLRP3, cleaved caspase-1, procaspase-1, ASC, IL-1β, pro-IL-1β, and β-actin. (J) Immunofluorescence 
staining of NLRP3 in KCs isolated from different groups (scale bars, 200 μm). (K) Quantitative RT-PCR analysis of relative mRNA levels 
of NLRP3 and IL-1β in KCs. (L) Levels of IL-1β and IL-18 in the culture supernatants of KCs isolated from different groups after 6 h of 
culture measured by ELISA. All data represent the mean ± SD, *P<0.05.
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stressed mice in the lycopene pretreatment group, compared 
to KCs isolated from IR-stressed mice in the control group 
(Figure 3G). Therefore, lycopene enhanced autophagic 
activity and suppressed NLRP3 inflammasome activation 
in KCs. To figure out whether lycopene inhibited NLRP3 
inflammasome activation via enhancing autophagy in KCs 
isolated from IR-stressed mice, we pretreated mice from 
the 2 groups with 3-MA and inhibited autophagic activity. 
Our data showed that 3-MA abolished the enhancement of 
autophagic levels in KCs induced by lycopene (Figure 3H). 
This resulted in enhanced NLRP3 inflammasome activation 
in KCs, which was determined based on the markedly 
elevated protein levels of NLRP3, cleaved caspase-1, ASC, 
IL-1β, and pro-IL-1β (Figure 3I), as well as increased 
NLRP3 fluorescence intensity (Figure 3J). Furthermore, 
the relative mRNA expression levels of NLRP3 and IL-1β 
were significantly elevated in KCs after pretreatment with 
3-MA in the 2 groups (Figure 3K). In line with the above 
data, 3-MA pretreatment abolished the decreased levels of 
IL-1β and IL-18 in the supernatants of KCs isolated from 
IR-stressed mice (Figure 3L).

Pretreatment with 3-MA also abolished the protective 
effects of lycopene in IR-stressed mice, as evidenced by 
the elevated serum ALT and AST levels (Figure 4A), severe 
sinusoidal congestion, edema, vacuolization, or necrosis 
(Figure 4B), a higher Suzuki score (Figure 4C), and increased 
MPO activity (Figure 4D). Also, the number of TUNEL-
positive hepatocytes and caspase-3 relative activity both 
significantly increased in mice pretreated with lycopene 
or olive oil after pretreatment with 3-MA (Figure 4E,F,G). 
Consistent with these results, the western blotting results 
showed that 3-MA pretreatment inhibited the expression of 
Bcl-2 and Bcl-xL (Figure 4H).

Lycopene inhibits NLRP3 inflammasome activation by 
activating Nrf2-mediated KC autophagy during hepatic IR 
injury

It was reported that lycopene could serve as an activator 
of the Nrf2/HO-1 pathway (42,43). Many studies have 
demonstrated that Nrf2 regulates autophagy activity 
(44,45). Therefore, we set out to assess whether the 
enhancement of autophagic levels in KCs induced by 
lycopene depends on the expression of Nrf2. The western 
blotting results showed that the expression of nuclear 
Nrf2 and total HO-1 was increased, and the expression 
cytoplasmic Nrf2 was decreased in KCs isolated from mice 
pretreated with lycopene (Figure 5A). To further determine 

the function of Nrf2 in regulating the autophagic levels 
of KCs, mannose-conjugated polymers were utilized to 
deliver Nrf2 siRNA (Nrf2-siRNA) or scrambled control 
siRNA (SCR-siRNA) in vivo. Mannose-mediated siRNA 
express a mannose-specific membrane receptor, which can be 
particularly delivered to macrophages/KCs (46). As shown 
in Figure 5B, the protein levels of Nrf2 in both the nucleus 
and cytoplasm were efficiently knocked down by Nrf2-
siRNA, and correspondingly, the protein levels of HO-1 and 
LC3B were significantly decreased, and the protein levels 
of p62 were markedly increased. The immunofluorescence 
staining results showed lower LC3B expression in the Nrf2-
siRNA IR groups pretreated with lycopene, indicating that 
the enhanced autophagy in KCs induced by lycopene was 
blocked (Figure 5C). To further analyze the autophagic levels, 
transmission electron microscopy was applied to detect 
autophagosomes in KCs isolated from IR-stressed livers. 
The results demonstrated that Nrf2-siRNA abolished the 
enhanced autophagy induced by lycopene, based on reduced 
autophagosomes in the Nrf2-siRNA IR groups (Figure 5D). 
These data confirmed that lycopene enhanced KC autophagy 
activity via increasing the expression of Nrf2.

Meanwhile, the NLRP3 inflammasome was activated in 
KCs isolated from the lycopene pretreatment group when 
Nrf2 was knocked down, evidenced by the increased protein 
levels of NLRP3, cleaved caspase-1, ASC, IL-1β, and pro-
IL-1β (Figure 5E). The immunofluorescence staining results 
displayed that NLRP3 expression was elevated in the Nrf2-
siRNA IR groups (Figure 5F). Consistent with the above 
data, the mRNA levels of NLRP3 and IL-1β and the levels 
of secreted IL-1β and IL-18 were higher in KCs isolated 
from the Nrf2-siRNA IR groups (Figure 5G,H).

Furthermore, Nrf2 knockdown abolished lycopene’s 
protective effect in mice during hepatic IR injury (Figure 
6A,B,C,D,E,F,G,H). These results demonstrated that 
lycopene suppressed NLRP3 inflammasome activation 
via increasing the expression of Nrf2 and enhancing KC 
autophagy during hepatic IR injury.

HO-1 was indispensable for Nrf2-mediated KC autophagy 
enhanced by lycopene during hepatic IR injury

It was reported that HO-1, as a downstream target gene 
of Nrf2, played an essential role in regulating autophagic 
activity and acute hepatic injury (47,48). Therefore, we 
wanted to determine whether the autophagic activity of KCs 
enhanced by lycopene depends on the expression of HO-1.  
Mannose-conjugated polymers were employed to deliver 
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Figure 4 Pretreatment with 3-MA exacerbates the IR-induced acute liver injury in mice pretreated with lycopene. (A) Serum ALT and 
AST in mice with IR injury in different groups (n=6 mice/group). (B) Representative hematoxylin and eosin (H&E) staining of liver tissue 
sections for different groups (scale bars, 250 μm). (C,D) The average Suzuki scores and liver myeloperoxidase (MPO) activities for different 
groups. (E,F) TUNEL staining of liver sections (scale bars, 200 μm) and the relative ratios of TUNEL-positive cells for different groups. 
(G) Relative caspase-3 activity was evaluated from total lysates of IR lobes. (H) Western blot analysis of the protein levels of Bcl-2, Bcl-xL, 
and β-actin in different groups. All data represent the mean ± SD, *P<0.05. IR, ischemia reperfusion; ALT, alanine aminotransferase; AST, 
aspartate aminotransferases.
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HO-1 siRNA (HO-1-siRNA) or scrambled control siRNA 
(SCR-siRNA) in vivo. As shown in Figure 7A, the protein 
levels of LC3B were downregulated, and the protein levels 
of p62 were upregulated when HO-1-siRNA efficiently 
knocked down HO-1. The knockdown of HO-1 in KCs 

suppressed the autophagic activity enhanced by lycopene 
in IR-stressed mice, evidenced by the lower expression 
of LC3B and the smaller number of autophagosomes 
(Figure 7B,C). Meanwhile, the knockdown of HO-1 in KCs 
restored and elevated NLRP3 inflammasome activation 
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Figure 5 Lycopene activates Nrf2-mediated Kupffer cell (KC) autophagy in hepatic IR injury. (A) Western blot analysis of the protein levels 
of HO-1 and nuclear and cytoplasmic Nrf2 in KCs isolated from mice who underwent sham surgery or IR injury. (B) Western blot analysis 
of the protein levels of intracellular HO-1, LC3B, p62, and nuclear and cytoplasmic Nrf2 in KCs isolated from mice who underwent IR 
injury in different groups (n=5 mice/group). (C) Immunofluorescence staining of LC3B in KCs isolated from different groups (scale bars, 
200 μm). (D) Autophagic microstructures in KCs isolated from different groups detected by transmission electron microscopy (scale bars, 5 
and 2 μm). (E) Western blot analysis of the protein levels of NLRP3, cleaved caspase-1, procaspase-1, ASC, IL-1β, pro-IL-1β, and β-actin. 
(F) Immunofluorescence staining of NLRP3 in KCs isolated from different groups (scale bars, 200 μm). (G) Quantitative RT-PCR analysis 
of the relative mRNA levels of NLRP3 and IL-1β in KCs isolated from different groups. (H) Levels of IL-1β and IL-18 in the culture 
supernatants of KCs isolated from different groups after 6 h of culture measured by ELISA. All data represent the mean ± SD, *P<0.05.
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Figure 6 Nrf2 knockdown in Kupffer cells (KCs) exacerbates IR-induced acute liver injury. (A) Serum ALT and AST in mice who 
underwent IR injury in different groups (n=5 mice/group). (B) Representative haematoxylin and eosin (HE) staining of liver tissue sections 
from different groups (scale bars, 250 μm). (C,D) The average Suzuki scores and liver myeloperoxidase (MPO) activities of different groups. 
(E,F) TUNEL staining of liver sections (scale bars, 200 μm) and the relative ratios of TUNEL-positive cells in different groups. (G) Relative 
caspase-3 activity was evaluated from total lysates of IR lobes from different groups. (H) Western blot analysis of the protein levels of Bcl-2, 
Bcl-xL, and β-actin in different groups. All data represent the mean ± SD, *P<0.05. IR, ischemia reperfusion; ALT, alanine aminotransferase; 
AST, aspartate aminotransferases.
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Figure 7 HO-1 knockdown inhibits Nrf2-mediated autophagy and promotes the expression of the NLRP3 inflammasome in Kupffer cells 
(KCs). (A) Western blot analysis of the protein levels of HO-1, LC3B, p62, and β-actin in KCs isolated from mice who underwent IR injury 
in different groups (n=5 mice/group). (B) Immunofluorescence staining of LC3B in KCs isolated from different groups (scale bars, 200 μm). 
(C) Autophagic microstructures in KCs isolated from different groups detected by transmission electron microscopy (scale bars, 5 and 2 μm).  
(D) Immunofluorescence staining of NLRP3 in KCs isolated from different groups (scale bars, 200 μm). (E) Western blot analysis of the 
protein levels of NLRP3, cleaved caspase-1, procaspase-1, ASC, IL-1β, pro-IL-1β, and β-actin. (F) Quantitative RT-PCR analysis of the 
relative mRNA levels of NLRP3 and IL-1β in KCs isolated from different groups. (G) Levels of IL-1β and IL-18 in the culture supernatants 
of KCs isolated from different groups after 6 h of culture measured by ELISA. All data represent the mean ± SD, *P<0.05.
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in mice pretreated with lycopene during hepatic IR injury 
(Figure 7D). Consistently, the protein levels of NLRP3, 
cleaved caspase-1, ASC, IL-1β, and pro-IL-1β were 
upregulated (Figure 7E). The mRNA levels of NLRP3 
and IL-1β and the levels of secreted IL-1β and IL-18 were 
increased (Figure 7F,G). Furthermore, for mice treated with 
HO-1-siRNA, lycopene’s protective effects were abolished 
during hepatic IR injury (Figure 8A,B,C,D,E,F,G,H). These 
results indicated that lycopene-mediated protection against 
hepatic IR injury depended on the expression of HO-1. In 
conclusion, our results identified that lycopene inhibited 
NLRP3 inflammasome activation via activating the Nrf2/
HO-1 pathway and enhancing KC autophagy during 
hepatic IR injury.

Discussion

The occurrence of severe hepatic IR injury can prolong 
hospital stays and increase treatment costs (49). To 
specifically attenuate hepatic IR injury, much effort has 
been directed towards researching the mechanisms (1). For 
example, it was reported that small-molecule inhibitors 
of cyclophilins protected mice from hepatic IR injury via 
blocking the opening of the mitochondrial permeability 
transition pore (50). Another study demonstrated that 
hepatocyte cyclooxygenase-2 exerted a protective function 
against hepatic IR injury in mice (51). Meanwhile, our 
previous study showed that the plasma membrane-bound 
G protein-coupled bile acid receptor (TGR5) reduced 
hepatic IR injury by suppressing TLR4-NF-κB pathway 
activation (52). During our present study, we demonstrated 
that lycopene could also alleviate hepatic IR injury. 
Phenotypically, lycopene reduces hepatocellular damage, 
necrosis, and apoptosis.

It has been reported that lycopene plays a crucial role in 
protecting organs from IR injury. For example, lycopene 
protected cardiomyocytes from IR injury via inhibiting 
mtDNA oxidative damage (34). Another study suggested 
that lycopene reduced cerebral IR injury via regulating iron 
metabolism (33). Although a study indicated that lycopene 
had a protective effect against hepatic IR injury in rats (35), 
the underlying mechanisms have not been elucidated.

KCs, as one kind of NPC from the liver, play a vital role 
in maintaining hepatic immune homeostasis (53). It has been 
reported that KCs are involved in acute liver injuries, such as 
drug-induced liver injury and hepatic IR injury. For example, 
a study showed that MyD88-dependent activation of IL-
1α in KCs promoted sterile inflammation in APAP-induced 

acute hepatic injury (54). Another study demonstrated 
that roquin-1 affected the polarization of KCs through 
regulating AMPKα activity following hepatic IR injury (55). 
Meanwhile, it has been reported that lycopene attenuated 
obesity-induced inflammation and insulin resistance via 
regulating macrophage polarization (56). However, the 
effects of lycopene on KCs in IR-stressed livers remains 
unknown. In our present study, lycopene reduced the 
accumulation of inflammatory cells and attenuated acute 
inflammatory immune responses.

The NLRP3 inflammasome plays a crucial role in various 
pathological processes, including IR injury (57). For example, 
NLRP3 inflammasome activation induced by mitochondrial 
dysfunction aggravated cerebral IR injury (58). One study 
showed that the inhibition of the NLRP3 inflammasome 
could alleviate myocardial IR injury in mice (59). A recent 
study showed that the NLRP3 inflammasome was inhibited 
by Jagged1-mediated myeloid Notch1 signaling through 
promoting heat shock transcription factor 1 (HSF1) and 
Snail activation, which led to reduced hepatic IR injury (60). 
Another important investigation demonstrated that PINK1-
mediated mitophagy attenuated hepatic IR injury by inhibiting 
NLRP3 inflammasome activation (61). Although several 
NLRP3 inhibitors have been found and synthesized, such as 
parthenolide, VX-740 (pralnacasan) and its analog VX-765, 
bay 11-7082 (a phenyl vinyl sulfone), and ß-hydroxybutyrate, 
there are still no applications for hepatic IR injury. These drugs 
cannot be used in the liver due to significant hepatotoxicity, 
which necessitates the discovery of better inhibitors. However, 
whether lycopene affects the NLRP3 inflammasome in KCs in 
hepatic IR injury remains unknown. Our present study showed 
that lycopene could inhibit the activation of the NLRP3 
inflammasome in KCs in hepatic IR injury.

It is well known that autophagy is widely involved 
in the liver’s physiological and pathological state (62). 
A study showed that the enhancement of autophagy 
in macrophages reduced acute hepatic toxic injury 
induced by D-galactosamine/lipopolysaccharide through 
downregulating IL-1β expression in mice (63). Another 
study indicated that T cell Ig mucin domain protein 4 
(Tim-4) inhibited NLRP3 inflammasome activation via 
activating liver kinase B1/AMPKα-mediated autophagy in 
macrophages in nonalcoholic fatty liver disease (64). Our 
previous study demonstrated that spermine attenuated 
acute TAA-induced hepatic injury through suppressing 
KC pro-inflammatory responses and enhancing ATG5-
dependent autophagic levels (65). Meanwhile, it was 
reported that ezetimibe suppressed NLRP3 inflammasome 
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Figure 8 HO-1 knockdown in Kupffer cells (KCs) exacerbates IR-induced acute liver injury. (A) Serum ALT and AST in mice who 
underwent IR injury in different groups (n=5 mice/group). (B) Representative hematoxylin and eosin (H&E) staining of liver tissue sections 
from different groups (scale bars, 250 μm). (C,D) The average Suzuki scores and liver myeloperoxidase (MPO) activities in different 
groups. (E,F) TUNEL staining of liver sections (scale bars, 200 μm) and the relative ratios of TUNEL-positive cells in different groups. 
(G) Relative caspase-3 activity was evaluated from total lysates of IR lobes from different groups. (H) Western blot analysis of the protein 
levels of Bcl-2, Bcl-xL, and β-actin for different groups. All data represent the mean ± SD, *P<0.05. IR, ischemia reperfusion; ALT, alanine 
aminotransferase; AST, aspartate aminotransferases.
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activation in macrophages via modulating autophagic levels 
in nonalcoholic steatohepatitis (66). Our data showed that 
the autophagy enhanced by lycopene suppressed NLRP3 
inflammasome activation in KCs. The autophagy inhibitor 

3-MA was able to abolish lycopene’s protective effects. 
The autophagic activity enhanced by lycopene in KCs 
depended on the Nrf2/HO-1 pathway. When Nrf2-siRNA 
knocked down Nrf2 in KCs, lycopene failed to enhance the 
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autophagic activity, which resulted in NLRP3 inflammasome 
activation and aggravated hepatic IR injury in mice.

Similarly, HO-1 knocked down by HO-1-siRNA in KCs 
decreased autophagic activity and activated the NLRP3 
inflammasome. Therefore, the Nrf2/HO-1 pathway 
activated by lycopene suppressed NLRP3 inflammasome 
activation and alleviated hepatic IR injury via enhancing 
autophagy. Although the definite mechanisms of autophagy 
induction by HO-1 remain unclear, we speculate that 
carbon monoxide, a product of HO-1 activity, may serve as 
a key factor to stimulate autophagy (67,68).

In conclusion, our present study demonstrated that 
lycopene enhanced Nrf2/HO-1-mediated autophagic 
activity, which resulted in reduced NLRP3 inflammasome 
activation in KCs and alleviated hepatic IR injury. Our 
findings suggest that lycopene may possess potential 
therapeutic value in hepatic IR injury.
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