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Purpose: Systemic inflammatory response syndrome (SIRS) is a common complication of radiofrequency ablation (RFA) for hepatic 
hemangiomas. RFA can cause hemolytic reactions during hepatic hemangioma ablation. However, the mechanisms underlying RFA- 
induced SIRS remain unclear.
Methods: We established an orthotopic liver hemangioma model and performed radiofrequency ablation. The levels of interleukin 
(IL)-1β and IL-18 and the production of ROS were measured. The wet-to-dry lung ratio, inflammation score, and in vivo endothelial 
cell permeability were examined. GSDMD−/− mice were used to investigate the effect of heme-inducing SIRS. RNA sequencing 
(RNA-seq) was performed to identify the main pathways underlying heme-induced SIRS. Western blotting and immunoprecipitation 
were used to determine the changes and interactions of associated proteins.
Results: The levels of heme, IL-1β, and IL-18 were significantly increased after RFA. The wet-to-dry lung ratio increased in hepatic 
hemangiomas after RFA, indicating that SIRS occurred. Heme induced increased levels of IL-1β and IL-18, cell death, wet-to-dry lung 
radio, and inflammation score in vitro and in vivo, indicating that heme induced SIRS and pyroptosis. Furthermore, GSDMD 
participates in heme-induced SIRS in mice, and GSDMD deletion in mice reverses the effect of heme. Heme regulates NLRP3 
activation through the NOX4/ROS/TXNIP-TRX pathway, and an N-acetyl-L-cysteine (NAC) or NOX4 inhibitor (GLX351322) 
reverses heme-induced SIRS.
Conclusion: Our findings suggest that heme induces endothelial cell pyroptosis and SIRS in mice and decreasing heme levels and 
ROS scavengers may prevent SIRS in hepatic hemangioma after RFA.
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Introduction
Hepatic hemangiomas are the most prevalent benign tumors of the liver.1 When the tumor is large (≥5 cm) and the 
growth trend is pronounced and/or clinical symptoms are present, aggressive treatment is required.2 Surgical resection is 
the traditional treatment for hepatic hemangiomas; however, it is traumatic and has many complications.3 Recently, 
radiofrequency ablation (RFA) has been increasingly used in the clinical treatment of hepatic hemangiomas, showing 
advantages such as an obvious curative effect, minimal invasiveness, safety, and good application prospects.

Systemic inflammatory response syndrome (SIRS) is a prevalent complication of hepatic hemangioma after RFA and 
manifests as changes in body temperature, respiration, heart rate, and white blood cell count during or in the short term.4 

The larger the hepatic hemangioma, the higher the incidence and severity of SIRS. RFA can occasionally cause serious 
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complications, such as acute respiratory distress syndrome (ARDS) and myocardial injury.5,6 However, the mechanisms 
underlying RFA-induced SIRS remain unclear.

RFA can lead to hemolytic reactions during hepatic hemangioma ablation, and damaged red blood cells release 
hemoglobin into the bloodstream, which is then broken down into heme and globin. Heme, a typical damage-associated 
molecular pattern (DAMP), recognizes receptors through patterns such as Toll-like receptors, induces autoimmune or 
immune tolerance, and plays an important role in the development of inflammation.7–10 Heme can induce lipid 
peroxidation and mediate TNF-α-mediated programmed cell death.11 In endothelial cells, heme not only activates 
NLRP3 inflammatory bodies, leading to inflammation but also induces endothelial barrier disturbance through the 
MKK3/p38MAPK axis, leading to impaired lung function.12,13 Therefore, heme may participate in the SIRS of hepatic 
hemangiomas after RFA.

Pyroptosis is a programmed cell death that manifests itself in cell swelling until the cell membrane ruptures, releasing 
cell contents, interleukin (IL)-1β, and IL-18, which activate inflammation.14–16 Wu et al reported that caspase-4/11- 
mediated pulmonary artery endothelial cell scorching death led to the development of pulmonary hypertension.17 Kerr 
et al reported that in traumatic brain injury, extracellular vesicles in the serum can stimulate the death of human lung 
microvascular endothelial cells, leading to lung damage.18 Jia et al found that a possible pathophysiological mechanism 
of Kawasaki disease is that the HMGB1/NLRP3/caspase-1 signaling pathway induces endothelial cell scorching, which 
in turn leads to coronary artery damage.19 Our previous study showed that endothelial pyroptosis might be involved in 
the occurrence of SIRS.20,21 However, the mechanisms underlying heme-induced SIRS in hepatic hemangiomas after 
RFA remain unknown.

In this study, we showed that heme levels increased and SIRS was induced in an orthotopic transplantation model of 
hepatic hemangioma after RFA. Heme-induced endothelial pyroptosis through the NOX4/ROS/NLRP3 pathway in 
hepatic hemangioma after RFA, and N-acetyl-L-cysteine (NAC) or a NOX4 inhibitor (GLX351322) reversed heme- 
induced SIRS. Our findings provide an explanation for the mechanisms and potential targets of SIRS in hepatic 
hemangiomas following RFA.

Graphical Abstract

https://doi.org/10.2147/JIR.S435486                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2024:17 372

Yao et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Materials and Methods
Cell Culture
Human lung microvascular endothelial cells (HLMVECs) were purchased from Wuhan Procell Life Science and 
Technology Company (CP-H001) and cultured in complete ECM medium (Science, Carlsbad, CA, USA) supplemented 
with 1% ECGS, 100 U/mL penicillin/streptomycin, 5% FBS, and 100 μg/mL streptomycin in a humidified incubator at 
37°C with 5% CO2. For the heme stimulation experiment, HLMVECs were treated with heme (40 μM) for 24 h. Cell 
lysates and cell culture medium were collected for subsequent experiments.

Heme Measurement
Serum heme levels were measured using an Abcam Hemin assay kit (ab65332) according to the manufacturer’s 
protocols.

Transfection Experiments
Lentivirus-mediated shRNA NLRP3, shRNA NOX4, and shRNA TXNIP were purchased from GeneChem (Shanghai, 
China). HLMVECs were seeded in the complete ECM medium and transfected with lentivirus at 50%–60% confluency 
of cells according to the manufacturer’s protocols. An empty vector was used as a negative control. The ECM medium 
was replaced with fresh ECM after 12 h. The expression of green fluorescent protein was detected by fluorescence 
microscopy three days later. Transfected HLMVECs were collected for subsequent culturing. Targeted genes that were 
knocked down were analyzed by Western blotting. Target sequences were shown as follows:

sh-NLRP3:5′-GGAGAGACCTTTATGAGAAAG-3′;
sh-NOX4: 5′-GAGCCTCAGCATCTGTTCTTA-3′;
sh-TXNIP: 5′-GGCAATCTCCTGGGCCTTAAA-3′.

Western Blot Analysis
The HLMVECs were lysed in radioimmunoprecipitation assay lysis buffer containing protease and phosphatase 
inhibitors (Solarbio). Protein concentration in the cell lysate was determined using a bicinchoninic acid (BCA) protein 
quantification kit. Protein samples were separated using sodium dodecyl sulfate–polyacrylamide gel electrophoresis and 
transferred onto a nitrocellulose membrane. The membrane was blocked with 5% non-fat milk for 1 h and incubated with 
primary antibody at 4 °C overnight. Primary antibodies used in this assay were as follows: GSDMD (Abcam, ab210070), 
GSDMD-N (Abcam, ab215203), Caspase1 (Abcam, ab207802), Caspase1 p20 (CST, 4199T), IL-1β (CST, 83186), IL-18 
(Abcam, ab243091), NLRP3 (Abcam, ab263899), NOX4 (Abcam, ab133303), TRX (abcam, ab133524), TXNIP (CST, 
14715). Protein signals were detected using SuperSignal West Pico substrate (Thermo Scientific, Rockford, IL, USA). 
Finally, the protein signals were quantified by ImageJ.

ELISA
The levels of IL-1β (Abcam, ab197742) and IL-18 (R&D, DY7625) were quantified in mouse plasma samples. The 
levels of IL-1β (Abcam, ab100562) and IL-18 (NOVUS, KA0561) of HLMVECs conditioned medium were quantified 
using ELISA kits according to the manufacturer’s instructions.

In vitro Permeability Assay
An in vitro permeability assay was performed as described previously. Briefly, HLMVECs (1 × 105) were cultured in 
collagen-coated transwell inserts (Corning, Corning, NY, USA) to form a monolayer. Subsequently, 70 KDa (250 
µg mL−1) tetramethylrhodamine-dextran (Invitrogen, Carlsbad, CA, USA) was added to the transwell insert. The medium 
was removed from the lower compartment at 10, 20, 60, and 90 min. The permeability rate was determined by measuring 
the tetramethylrhodamine-dextran fluorescence intensity of the medium in the lower compartment using a NOVOstar 
microplate reader (BMG Labtech, Ortenberg, Germany).
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Murine Hepatic Hemangioma Model and RFA in vivo
Of note, 30 μL of suspension containing H5V endothelial cells (5 × 106) and Matrigel was injected into the subcapsular 
region of the liver parenchyma in the median lobe. The tumor volume was measured at the indicated time until it reached 
a length of approximately 1 cm, and RFA was performed. A radiofrequency current generator (Covidien, Mansfield, MA, 
USA) was used to generate radiofrequency energy. A 17-gauge cool-tip electrode of 15 cm length with 0.7 cm exposed 
tip (Covidien, Mansfield, MA, USA) was used to deliver the radiofrequency energy. Each ablation cycle lasted 5 s.

Animal Experiment
The animals used in this study were pathogen-free mice aged 8–12 weeks. The mice were randomly assigned to each 
group. Heme (Sigma-Aldrich, St. Louis, MO, USA) was injected intraperitoneally at a dose of 20 µM/kg body weight. In 
one experiment, we injected C57BL/6 mice with heme, and the control mice received PBS only. In another experiment, 
mice were pretreated with NAC (300 mg/kg/day) or GLX351322 (4 mg/kg/day) and heme was injected intraperitoneally. 
Plasma and lungs were collected from mice 24 h after heme treatment. For gene-knockout animals, GSDMD−/− and WT 
mice were assigned to each group and injected with heme. Plasma and lungs were collected from the mice 24 h after 
heme treatment.

Inflammation Score
The inflammation score was calculated as described before.22 Symptoms, including periorbital exudates, tremors, 
lethargy, respiratory distress, diarrhea, and piloerection, were observed after heme injection. The presence of each 
condition was scored as 1 or 2.

Detection of Cell Death
After different stimulations of HLMVECs, PI (2 μg/ mL) and Hoechst (5 μg/ mL) were added into the cell culture medium and 
incubated for 10 min at room temperature. Cell images were obtained at random using a fluorescent cell imager.

To analyze cell death, LDH release was detected using an LDH cytotoxicity assay kit according to the manufacturer’s 
instructions. Of note, 120 μL of cell supernatant and 60 μL of prepared LDH reagent were added to the 96-well plate, and 
incubated on a horizontal shaker for 30 minutes in the dark. The absorbance of the samples was measured at 490 nm 
using a NOVOstar Microplate Reader.

Detection of ROS
The DCFH-DA fluorescent probe was used to measure the intracellular ROS levels in HLMVECs. Heme-incubated cells 
were then incubated with DCFH-DA (10 μM) for 30 min in the dark. Cell images were obtained at random using 
a fluorescent cell imager.

In vivo Assessment of Vascular Permeability
The mice were injected with heme, and 12 h later, multiphoton imaging was performed as previously described. Briefly, 
tetramethylrhodamine-dextran (40 KDa, 0.1 mL of 10 mg/ mL) was injected into the tail vein. The mice were sacrificed 
and the lungs were surgically exposed and removed to prepare frozen sections 10 min later. The relative fluorescence 
intensity around the vessel was measured using the ImageJ software (NIH).

Immunoprecipitation
HLMVECs were lysed in radioimmunoprecipitation assay lysis buffer containing protease and phosphatase inhibitors. The 
supernatant was collected after centrifugation of the lysate at 13,000 g for 10 min. Of note, 2 µL primary antibody and 100 
µL protein Agarose beads were added to the supernatant at 4 °C for 4 h. Primary antibodies were as follows: anti-TRX 
(Abcam, ab133524), anti-TXNIP (CST, #14715) and anti-NLRP3 (Abcam, ab263899). The immunocomplexes were 
washed in 250 µL NaCl four times and then subjected to to Western blot. The protein signals were quantified by ImageJ.
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RNA-Seq Analysis
The corresponding testing methods for quality inspection according to the requirements of samples and products are 
selected. A certain amount of RNA samples are denatured at suitable temperature to open their secondary structure, and 
mRNA is enriched by oligo (dT) -attached magnetic beads. The reaction system is configured. After reacting at the 
suitable temperature for a fixed period of time, RNAs are fragmented. The first-strand synthesis reaction system is 
prepared, and the reaction program, synthesize the first- strand cDNA are set up. The the second-strand synthesis reaction 
system is prepared, and the reaction program to synthesize the second-strand cDNA is set up. After the reaction system 
and program are configured and set up, double-stranded cDNA fragments are subjected to end-repair, and then a single 
“A” nucleotide is added to the 3’ ends of the blunt fragments. The reaction system and program for adaptor ligation are 
subsequently configured and set up to ligate adaptors with the cDNAs. The PCR reaction system and program are 
configured and set up to amplify the product. The corresponding library quality control protocol is selected depending 
upon product requirements. Single-stranded PCR products are produced via denaturation. The reaction system and 
program for circularization are subsequently configured and set up. Single-stranded cyclized products are produced, 
while uncyclized linear DNA molecules are digested. Single-stranded circle DNA molecules are replicated via rolling 
cycle amplification, and a DNA nanoball (DNB) which contain multiple copies of DNA is generated. Sufficient quality 
DNBs are then loaded into patterned nanoarrays using high-intensity DNA nanochip technique and sequenced through 
combinatorial Probe-Anchor Synthesis (cPAS). The raw paired-end reads were trimmed and quality controlled by 
SeqPrep (https://github.com/jstjohn/SeqPrep) and Sickle (https://github.com/najoshi/sickle) with default parameters. 
Clean reads were separately aligned to the reference genome with orientation mode using HIASAT (https://ccb.jhu. 
edu/software/hisat2/index.shtml) software. The mapped reads of each sample were assembled by StringTie (https://ccb. 
jhu.edu/software/stringtie/ index.shtml=example) using a reference-based approach. To identify DEGs (differential 
expression genes) between different samples, the expression level of each transcript was calculated according to the 
Transcripts Per Million reads (TPM) method. RSEM (http://deweylab. biostat.wisc.edu/rsem/) was used to quantify gene 
abundances. Rstatistical package software DESeq2 (http://bioconductor.org/packages/stats/bioc/DESeq2/) was utilized 
for differential expression analysis.

Real-Time PCR
Total RNA was extracted using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RNA was reverse transcribed to 
obtain cDNA using the SuperScript III First-Strand Synthesis Kit (Invitrogen). cDNA was amplified using SYBR 
Green PCR Master Mix (Applied Biosystems) for real-time PCR analyses in a Bio-Rad C1000 Thermal Cycler. The 
relative RNA expression levels were calculated using the -ΔΔCT method. The primers used in this study were as 
follows: NOX4: GCAGGAGAACCAGGAGATTG (forward), CACTGAGAAGTTGAGGGCATT (reverse); GAPDH: 
TGTGGGCATCAATGGATTTGG (forward), ACACCATGTATTCCGGGTCAAT (reverse).

Wet-to-Dry Lung Ratio
The isolated lungs were weighed (wet weight). Then, the lungs were dried in an oven at 60°C for 48 h and weighed (dry weight). 
Wet and dry weights were measured to calculate the wet-to-dry lung ratio.

Statistical Analysis
The statistical data were expressed as the mean ± SEM. A two-tailed Student’s t-test or one-way ANOVA variance was 
used to calculate statistically significant differences. Statistical significance was set at P < 0.05. All statistical analyses 
were performed using GraphPad Prism version 8.

Results
SIRS Occurred in Hepatic Hemangioma After RFA and Heme Level Was Increased
We established an orthotopic liver hemangioma model and performed RFA to simulate human hemangioma ablation 
(Figure 1a). CD31 immunohistochemical staining was performed to verify the establishment of orthotopic liver 
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hemangioma. The results showed that CD31 staining was positive in the capsule of the hepatic tumor, demonstrating that 
the hepatic hemangioma model was successfully established (Figure 1b). Furthermore, serum heme elevated in mice with 
hemangioma compared to that in control liver after RFA, indicating that heme could derive from ablated hemangioma 
tissue (Supplemental Figure 1a). The levels of heme, IL-1β, and IL-18 in serum were significantly increased at 24 h after 
RFA compared with that before RFA (Figure 1c and d).The wet-to-dry lung ratio increased after RFA (Figure 1e), and the 
neutrophil, monocyte, and lymphocyte counts also significantly increased after RFA, indicating that SIRS occurred after 
RFA for hepatic hemangioma (Figure 1f). Taken together, these findings demonstrate that SIRS occurs in hepatic 
hemangiomas following RFA.

Heme Induces SIRS in Mice
To determine the effect of heme on SIRS, heme was injected into mice. The levels of IL-1β and IL-18 in serum were 
significantly increased in mice after the treatment of heme (Figure 2a). The wet-to-dry lung ratio increased after heme 

Figure 1 SIRS occurred and heme elevated after RFA of hepatic hemangioma in mice. (a) The orthotopic liver hemangioma model was established, and RFA was performed. (b) 
The liver hemangioma of mice was stained by CD31 immunohistochemical staining and H&E staining, black arrow indicates the positive CD31 staining. Scale bar = 200 µm. (c) The 
level of heme in mice was detected after RFA. (d) The levels of IL-1β and IL-18 were detected by ELISA. (e) The wet-to-dry lung ratio was calculated. (f) The neutrophil, monocyte, 
lymphocyte, and erythrocyte count were examined. There were 6 mice in each group. The data are expressed as mean ± SEM. ns: no significance, *P < 0.05, **P < 0.01.
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treatment (Figure 2b). Furthermore, the neutrophil, monocyte, and lymphocyte counts significantly increased after heme 
treatment (Figure 2c). In addition, the inflammation score of the mice were recorded at 0, 12, 24, and 48 h to evaluate the 
SIRS. The results showed that the inflammation score significantly increased at 12 and 24 h and slightly decreased at 48 
h (Figure 2d). Taken together, these results indicated that heme induces SIRS in mice.

NLPR3 is Involved in Heme-Leading SIRS
Previous studies have demonstrated that heme may induce inflammation of endothelial cells.23 To investigate whether 
heme can cause SIRS by inducing endothelial cell inflammation, human lung microvascular endothelial cells 
(HLMVECs) were treated with heme. Heme induced morphological changes in cells after heme treatment (Figure 3a). 
The PI staining results indicated that more HLMVECs died after heme treatment (Figure 3b) and LDH release increased 
after heme treatment (Figure 3c). The levels of IL-1β and IL-18 in conditioned media collected from HLMVECs were 
also increased after heme treatment (Figure 3d). Activation of the NLRP3 inflammasome and pyroptosis promote 
inflammation. To investigate the effect of NLRP3 on heme-induced SIRS, heme were treated with HLMVECs. 
Western blot results showed that IL-1β and IL-18 were increased in HLMVECs after heme treatment (Figure 3e). 
Meanwhile, NLRP3 knockdown downregulated the expression of IL-1β and IL-18 in HLMVECs, which reversed the 
effect of heme (Figure 3f). NLPR3 downregulation also reversed the elevated levels of IL-1β and IL-18 in conditioned 

Figure 2 Heme induces SIRS in mice. (a) The levels of IL-1β and IL-18 were detected after heme treatment. (b) The wet-to-dry lung ratio was calculated after heme 
treatment. (c) The neutrophil, monocyte, erythrocyte, and lymphocyte count were detected. (d) The inflammation score of mice was measured at 0 h, 12 h, 24 h, and 48 
h after heme treatment. There were 6 mice in each group. The data are expressed as mean ± SEM. ns: no significance, *P < 0.05, **P < 0.01, ***P < 0.001.
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media from HLMVECs after heme treatment (Figure 3g). Furthermore, PI staining results showed that NLRP3 knock-
down suppressed the death of HLMVECs (Figure 3h), and LDH release decreased in NLRP3 knockdown HLMVECs 
after heme treatment, indicating that NLPR3 may be involved in heme-induced pyroptosis (Figure 3i). An endothelial 
permeability assay was performed to evaluate SIRS-inducing leakage of vessels in vitro. Pretreatment with heme allowed 
more dextran to traverse the endothelial monolayer of HLMVECs, and knocking down NLRP3 rescued this effect, 
indicating that heme promotes endothelial permeability through NLRP3 in SIRS (Figure 3j).

GSDMD Participates in the Heme-Inducing SIRS in Mice
Given that GSDMD is an executor of pyroptosis and is activated by the NLRP3 inflammasome, we investigated the effect 
of GSDMD on heme-induced SIRS. Knockdown of NLPR3 in HLMVECs suppressed the heme-induced increase in the 
abundance of Casp1 p20 and GSDMD-N (Figure 4a). Next, we used GSDMD−/− and wild-type mice to investigate the 

Figure 3 NLPR3 participates in heme-inducing SIRS. (a) The morphological change of HLMVECs was observed at 24 h after heme treatment. Scale bar = 100 µm. (b) The 
HLMVECs were stained with PI and Hoechst for 20 min after heme treatment at 24 h. Scale bar = 50 µm. (c) Analysis of culture supernatant LDH levels of HLMVECs after heme 
treatment. (d) The levels of IL-1β and IL-18 in HLMVECs media were measured by ELISA after heme treatment. (e) The expression of NLRP3, IL-1β, and IL-18 in HLMVECs was 
assayed by Western blotting after heme treatment. (f) The expression of NLRP3, IL-1β, and IL-18 in HLMVECs with knocked-down NLPR3 were assayed by Western blotting after 
heme treatment. (g) The levels of IL-1β and IL-18 in HLMVECs with knocked-down NLPR3 media were measured by ELISA after heme treatment. (h) The HLMVECs were stained 
with PI and Hoechst for 20 min in HLMVECs with knocked-down NLPR3 after heme treatment at 24 h. Scale bar = 100 µm. (i) Analysis of culture supernatant levels of LDH in 
HLMVECs with knocked-down NLPR3 after heme treatment. (j) Media from the lower chamber of HLMVECs was taken to measure fluorescence intensities at 10 min, 20 min, 60 
min, and 90 min after heme treatment. The data are expressed as mean ± SEM. ns: no significance, *P < 0.05, **P < 0.01, ***P < 0.001.
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effect of GSDMD on heme-induced SIRS. The serum levels of IL-1β and IL-18 in GSDMD−/− mice after heme treatment 
were significantly decreased compared with that in wild-type mice (Figure 4b). The wet-to-dry lung ratio also decreased 
after heme treatment in GSDMD−/− mice (Figure 4c). More severe vascular permeability was observed in wild-type mice 
after heme treatment than in GSDMD−/− mice (Figure 4d). Furthermore, the inflammation scores significantly decreased 

Figure 4 GSDMD is involved in the heme-inducing SIRS in mice. (a) The expression of GSDMD, GSDMD-N, Casp1, and Casp1 p20 in HLMVECs after NLRP3 knockdown 
were assayed by Western blotting after heme treatment. (b) The levels of IL-1β and IL-18 in WT and GSDMD−/− mice serum were detected after heme treatment. (c) The 
wet-to-dry lung ratio in WT and GSDMD−/− mice was calculated after heme treatment. (d) WT and GSDMD−/− mice were intravenously injected with tetramethylrho-
damine-dextran after heme treatment at 24 h and the lung vascular permeability was examined by multiphoton-microscope. (e) The inflammation score of WT and 
GSDMD−/− mice was measured at 0 h, 12 h, 24 h, and 48 h after heme treatment. (f) The neutrophil, monocyte, erythrocyte, and lymphocyte count in WT and GSDMD−/− 

mice were detected after heme treatment. There were 5 mice in each group. The data are expressed as mean ± SEM. ns: no significance, *P < 0.05, **P < 0.01, ***P < 0.001.
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at 12, 24, and 48 h in GSDMD−/− mice after heme treatment (Figure 4e). Neutrophil, monocyte, and lymphocyte counts 
significantly decreased in GSDMD−/− mice after heme treatment (Figure 4f).

Heme Regulates NLRP3 Activation Through NOX4/ROS/TXNIP/TRX Pathway
Since heme did not regulate NLRP3 expression (Figure 3e), we investigated the mechanism by which heme regulated 
NLRP3 activation. RNA-seq analysis was used to examine the mRNA changes in HLMVECs with or without heme 
treatment. mRNAs with fold changes ≥1.5 and P-value<0.05 were identified as differentially expressed mRNAs. NOX4 
was one of upregulated genes, and the mRNA and protein expression of NOX4 were upregulated in HLMVECs after 
heme treatment (Figure 5a and b). Previous studies have shown that NADPH oxidases (NOXs) are the main enzymes 
involved in ROS production;24 therefore, we measured ROS expression in HLMVECs. Our data showed that heme 
promoted ROS generation in HLMVECs and NOX4 knockdown suppressed heme-induced ROS generation (Figure 5c 
and d). Given that excessive ROS can regulate TXNIP binding of TXNIP to NLRP3 and activate the NLRP3 
inflammasome in macrophages, we investigated whether NOX4 regulates the NLRP3 inflammasome via the ROS/ 
TXNIP/TRX pathway in HLMVECs. Western blot results showed that NOX4 knockdown did not influence the 
expression of TXNIP and TRX (Figure 5e), indicating that NOX4 may regulate the interaction between TXNIP and 
TRX. The immunoprecipitation results showed that NOX4 knockdown significantly promoted the interaction between 
TXNIP and TRX (Figure 5f). The NOX4 knockdown suppressed the interaction between TXNIP and NLRP3 (Figure 5f). 
Furthermore, TXNIP knockdown inhibited the heme-induced increase in the levels of GSDMD-N and Casp1 p20 
(Figure 5g). Overall, the results indicate that NOX4 upregulation promotes the dissociation of TXNIP and TRX through 
ROS and that free TXNIP interacts with NLPR3 and promotes NLPR3 activation, inducing an increased abundance of 
GSDMD-N and Casp1 p20.

NAC and GLX351322 Reverse Heme-Inducing SIRS
NAC was used to examine the effects of heme-induced SIRS in mice. The serum levels of IL-1β and IL-18 in mice after 
heme and NAC treatment were significantly decreased compared with that in heme treatment (Figure 6a). Vascular 

Figure 5 NOX4 regulates NLRP3 activity through TXNIP/TRX. (a) Representative heat map of differentially expressed genes in HLMVECs after heme treatment. (b) The mRNA and 
protein of NOX4 in HLMVECs were detected after heme treatment. (c) The ROS content in HLMVECs was assayed after heme treatment. Scale bar = 100 µm. (d) The ROS content in 
HLMVECs with knocked-down NOX4 was assayed after heme treatment. Scale bar = 100 µm. (e) The expression of NOX4, TXNIP, and TRX in HLMVECs with knocked-down NOX4 
was detected by Western blotting after heme treatment. (f) Interactions of endogenous TRX, TXNIP, and NLRP3 were determined by immunoprecipitation analyses in HLMVECs with 
knocked-down NOX4 after heme treatment. (g) The expression of GSDMD, GSDMD-N, Casp1, and Casp1 p20 in HLMVECs with knocked-down TXNIP was detected by Western 
blotting after heme treatment. The data are expressed as mean ± SEM. ns: no significance, *P < 0.05, **P < 0.01, ***P < 0.001.
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permeability and the wet-to-dry lung ratio also decreased in mice after heme and NAC treatment (Figure 6b and c). The 
inflammation score significantly decreased at 12 and 24h after heme and NAC treatment (Figure 6d). GLX351322, 
a NOX4 inhibitor, was used to examine this effect. We found that the GLX351322 suppressed the heme-induced 
increased levels of IL-1β and IL-18 in mice (Figure 6e). Similarly, the vascular permeability, wet-to-dry, and inflamma-
tion score decreased after heme and GLX351322 treatment (Figure 6f-h). Collectively, these data indicate that NAC and 
GLX351322 may reverse heme-inducing SIRS. Next, we treated hemangioma carrying mice with or without 
GLX351322 after RFA. The serum levels of IL-1β and IL-18 in mice after GLX351322 treatment were significantly 
decreased (Supplemental Figure 2a). Vascular permeability, the wet-to-dry lung ratio and inflammation score also 
decreased in mice after GLX351322 treatment (Supplemental Figure 2b-d). Furthermore, GLX351322 inhibited the 
heme-induced increase in the levels of GSDMD-N and Casp1 p20 in HLMVECs (Supplemental Figure 2e). These data 
indicate that GLX351322 may reverse SIRS after RFA of hemangioma.

Figure 6 NAC and GLX351322 alleviate heme-inducing SIRS in mice. (a) The levels of IL-1β and IL-18 in mice serum were measured after heme and NAC treatment. (b) 
Mice were intravenously injected with tetramethylrhodamine-dextran after heme and NAC treatment at 24 h and the lung vascular permeability was examined by 
multiphoton-microscope. (c) The wet-to-dry lung ratio was calculated after heme and NAC treatment. (d) The inflammation score of mice was measured at 0 h, 12 h, 24 h, 
and 48 h after heme and NAC treatment. (e) The levels of IL-1β and IL-18 in mice serum were detected after heme and GLX351322 treatment. (f) Mice were intravenously 
injected with tetramethylrhodamine-dextran after heme and GLX351322 treatment at 24 h and the lung vascular permeability of mice was measured by multi-photon- 
microscope. (g) The wet-to-dry lung ratio was calculated after heme and GLX351322 treatment. (h) The inflammation score of mice was measured at 0 h, 12 h, 24 h, and 48 
h after heme and GLX351322 treatment. There were 5 mice in each group. The data are expressed as mean ± SEM. ns: no significance, *P < 0.05, **P < 0.01, ***P < 0.001.
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Discussion
In the present study, we found that SIRS occurs in hepatic hemangiomas after RFA and that heme-inducing endothelial 
cell pyroptosis is involved in this process. These findings provide a new strategy for the prevention of SIRS in patients 
with hepatic hemangiomas after RFA.

SIRS is defined as the activation of inflammatory, coagulation, innate immune, and repair pathways.25 Studies have 
demonstrated that patients with SIRS experience higher rates of morbidity, increased incidence of postoperative 
morbidity, including cardiovascular complications, and slower recovery of function across both cardiac and non- 
cardiac surgeries.26 Our previous study showed that SIRS is a common complication of RFA in hepatic hemangiomas, 
manifesting as changes in body temperature, heart rate, respiration, and white blood cell count during or shortly after 
ablation.5 The incidence and severity of SIRS increase with larger hepatic hemangiomas, and serious complications 
include acute respiratory distress syndrome and myocardial injury. The incidence rate of SIRS and related complications 
after RFA for hepatic hemangiomas was 41.6%, which was an important factor affecting the efficacy of hepatic 
hemangiomas after RFA.5 In a previous study, we confirmed that SIRS occurred in patients with hepatic hemangiomas 
after RFA. Furthermore, we simulated SIRS in mice with orthotopic hepatic hemangiomas after RFA.

When hepatic hemangiomas are ablated, a large number of red blood cells are destroyed and hemoglobin is 
released into the blood. The released hemoglobin is easily oxidized to form methemoglobin and free hemoglobin, 
which in turn releases heme. Generally, globin- and heme-binding proteins bind to hemoglobin and heme to 
remove them.27 However, a large amount of hemoglobin entering the bloodstream within a short period can lead 
to a relative insufficiency of globin and heme-binding proteins, which in turn leads to the accumulation of 
hemoglobin and heme in the blood. Our results demonstrated that heme levels significantly increased in hepatic 
hemangiomas after RFA, indicating that heme may play a key role in SIRS.

Circulating free heme is associated with an increased risk of several hemolytic disorders and correlates with 
endothelial barrier dysfunction.28–30 Endothelial cells play a key role in SIRS.31 DAMP drives endothelial reprogram-
ming to a proinflammatory phenotype, and endothelial cells release cytokines, chemokines, and procoagulant factors and 
express pro-adhesion molecules, leading to increased permeability of proteins and fluids, resulting in interstitial leakage 
and SIRS.32 Heme can induce a rapid decrease in the endothelial barrier integrity of HLMVECs via the MKK3/ 
p38MAPK axis, and is involved in hemolysis-related lung complications.13 We also found that heme promoted 
endothelial permeability in vitro and in vivo, which was involved in SIRS.

Pyroptosis is a programmed form of cell death in which cells expand until their membranes rupture, releasing 
cell contents such as IL-1β and IL-18, which in turn activate inflammation.33 Endothelial cell pyroptosis is 
involved in the occurrence and development of related diseases.34–36 Pyroptosis occurs in neurons, glial cells, 
and endothelial cells after intracerebral hemorrhage, causing cell death and release of inflammatory factors, 
leading to a secondary immune-inflammatory response and brain injury.34 Pyroptosis is a dominant cell death 
process in cardiomyocytes, immune cells, endothelial cells, and cardiac fibroblasts and participates in the 
pathogenesis of cardiac diseases that contribute to heart failure.35 Sinusoidal liver endothelial cells contribute 
to liver fibrosis through inflammasome activation and pyroptosis.36 Our results showed that heme-induced 
endothelial cell pyroptosis occurred through the NLRP3/GSDMD axis, and GSDMD deletion suppressed the 
effects of heme on SIRS in mice. Therefore, heme-induced pyroptosis is the core of SIRS in hepatic hemangio-
mas after RFA.

ROS causes oxidative stress responses, leading to cellular dysfunction and pathological changes that play 
important roles in cancer, inflammation, and neurodegenerative diseases.37 ROS induces NLPR3 inflammasome 
formation, leading to endothelial cell pyroptosis.38,39 In the present study, we found that heme-promoted ROS 
generation in HLMVECs and NAC inhibited heme-induced SIRS in mice, implying that ROS scavengers may be 
used to prevent SIRS in hepatic hemangioma after RFA. NOX4 is a member of the nicotinamide adenine 
dinucleotide phosphate oxidase family that controls oxidative stress.40,41 Studies have shown that the upregula-
tion of NOX4 expression can lead to an increase in ROS production and plays a key role in mitochondrial 
dysfunction and apoptosis.42 In the current study, we found that heme regulates ROS levels through NOX4. 
NOX4 inhibitors suppress heme-induced SIRS in mice. Furthermore, elevated ROS production causes TXNIP to 
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dissociate from its inhibitor TRX, leading to NLRP3 inflammasome activation.43 Therefore, NOX4/ROS/TXNIP- 
TRX mediates heme-inducing pyroptosis, suggesting that targeted intervention of the molecule in the signaling 
pathway could suppress SIRS in hepatic hemangiomas after RFA.

Conclusion
We found that SIRS occurred in hepatic hemangiomas after RFA and that heme was involved in this process. Our 
findings suggest that heme induces endothelial cell pyroptosis and promotes endothelial permeability in HLMVECs 
through NOX4/ROS/TNXIP-TRX/NLRP3/GSDMD pathways, and decreasing heme level and ROS scavengers may be 
used to prevent SIRS in hepatic hemangioma after RFA.

Abbreviations
SIRS, Systemic inflammatory response syndrome; RFA, Radiofrequency ablation; HLMVECs, Human lung microvas-
cular endothelial cells; ROS, Reactive oxygen species; NLRP3, Nod-like receptor pyrin domain containing 3; GSDMD, 
Gasdermin D; NOX4, NADPH oxidase 4; TXNIP, thioredoxin-interacting protein; TRX, thioredoxin family protein.
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