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Abstract

Liver injury after experimental acetaminophen treatment is mediated both by direct hepatocyte 

injury through a P450-generated toxic metabolite and indirectly by activated liver Kupffer cells 

and neutrophils. This study was designed to investigate the role of Notch signaling in the 

regulation of innate immune responses in acetaminophen (APAP)-induced liver injury. Using a 

mouse model of APAP-induced liver injury, wild-type (WT) and toll-like receptor 4 knockout 

(TLR4 KO) mice were injected intraperitoneally with APAP or PBS. Some animals were injected 

with γ-secretase inhibitor DAPT or DMSO vehicle. For the in vitro study, bone marrow-derived 

macrophages (BMMs) were transfected with Notch1 siRNA, TLR4 siRNA, and non-specific (NS) 

siRNA and stimulated with LPS. Indeed, paracetamol/acetaminophen-induced liver damage was 

worse after Notch blockade with DAPT in wild-type mice, which was accompanied by 

significantly increased ALT levels, diminished hairy and enhancer of split-1 (Hes1), 

phosphorylated Stat3 and Akt but enhanced high mobility group box 1 (HMGB1), TLR4, NF-κB, 

and NLRP3 activation after APAP challenge. Mice receiving DAPT increased macrophage and 

neutrophil accumulation and hepatocellular apoptosis. However, TLR4 KO mice received DAPT 

reduced APAP-induced liver damage, NF-κB, NLRP3, and cleaved caspase-1 activation. BMMs 

transfected with Notch1 siRNA reduced Hes1, phosphorylated Stat3 and Akt but augmented 

HMGB1, TLR4, NF-κB, and NLRP3. Furthermore, TLR4 siRNA knockdown resulted in 

decreased NF-κB, NLRP3, cleaved caspase-1, and IL-1β levels following LPS stimulation. These 

results demonstrate that Notch signaling regulates innate NLRP3 inflammasome activation 

through regulation of HMGB1/TLR4/NF-κB activation in APAP-induced liver injury. Our novel 
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findings underscore the critical role of the Notch1-Hes1 signaling cascade in the regulation of 

innate immunity in APAP-triggered liver inflammation. This might imply a novel therapeutic 

potential for the drug-induced damage-associated lethal hepatitis.
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Introduction

An overdose of acetaminophen (N-acetyl-p-aminophenol, APAP) is the most common cause 

of severe liver damage, ultimately leading to acute liver failure (ALF) [1]. The chances of 

survival for advanced ALF are needed for liver transplantation [1, 2]. The mouse models of 

APAP-induced liver injury and clinical translational studies revealed that APAP-induced 

liver damage is not only influenced by the dose of APAP and the initial hepatocyte injury but 

also by the inflammatory response, which is recognized by activating hepatic macrophages 

(Kupffer cells) and neutrophils [3, 4].

The innate immune system constitutes the first line of defense against invading microbial 

pathogens and relies on a large family of pattern recognition receptors (PRRs). A range of 

pattern recognition receptors (PRRs) recognize specific pathogen-associated molecular 

patterns (PAMPs) or danger-associated molecular patterns (DAMPs). Among the PRRs, the 

Toll-like receptors (TLRs) are the first identified and the best characterized receptors that 

present at the surface of macrophages and neutrophils. Activation of macrophages and 

neutrophils leads to the release of pro-inflammatory mediators [5].

Notch signaling is highly conserved and critically involved in cell growth, differentiation, 

and survival [6]. The Notch signaling pathway regulates cell differentiation, proliferation, 

survival and development. In mammalian cells, four distinct Notch receptors (Notch 1–4) 

and five Notch ligands (Jagged1, Jagged2, Delta-like 1 (DLL1), DLL3, and DLL4) have 

been identified [7, 8]. The interaction between Notch receptors and their ligands leads to two 

proteolytic cleavage steps by a disintegrin and metalloprotease (ADAM) family proteases 

and the intracellular γ-secretase complex that releases the Notch intracellular domain 

(NICD). NICD then translocates to the nucleus, where it binds with RBP-J, a potent DNA-

binding transcription factor that associates with a large number of chromatin regulators, 

corepressors, and coactivators [9]. This interaction results in activation of Notch target genes 

[10]. In the immune system, Notch signaling controls the homeostasis of several innate cell 

populations and regulates immune cell development and function [11]. Activation of Notch1 

and its ligand Jagged-1 increases cell growth and differentiation during liver regeneration 

[12]. Disruption of Notch signaling increases intracellular ROS production and 

inflammatory response, leading to aggravated liver injury induced by ischemia and 

reperfusion [13].

The NLRP3 (nucleotide-binding domain leucine-rich repeat containing family, pyrin domain 

containing 3) inflammasome is a member of the NLR family of cytosolic pattern recognition 

receptors and can be activated by various pathogen-associated molecular patterns (PAMPs) 
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and danger-associated molecular patterns (DAMPs) released from stressed or injured cells 

[14]. NLRP3 regulates the innate immune system through activation of caspase-1 to induce 

the maturation and secretion of IL-1 β [15]. Accumulated evidence demonstrates the 

important role of NLRP3 in the regulation of immune response associated with 

inflammatory diseases [16]. NLRP3 is critical for the activation of inflammatory response in 

Alzheimer’s disease [17]. Cholesterol crystals induce inflammation by activating NLRP3 in 

atherosclerotic lesions [18]. Moreover, recent reports in mouse models supported by human 

heritable and acquired diseases with dysregulated inflammasome activity strongly implies 

that NLRP3 initiates immune responses in metabolic disorders and neurodegenerative 

diseases [19–23]. We previously found that disruption of NLRP3 inhibited caspase-1 activity 

and IL-1β production, resulting in reduced liver inflammation in ischemia and reperfusion 

injury [24]. However, little is known about how Notch signaling may regulate NLRP3 

activation during APAP-induced liver injury.

In the present study, we identified the novel regulatory role of Notch signaling in APAP-

induced liver injury. We demonstrated that blocking Notch pathway triggers NLRP3 

inflammasome activation through activation of HMGB1/TLR4/NF-κB signaling, which 

leads to augmented inflammatory responses and aggravated APAP-induced liver damage. 

Our data documents that Notch signaling is critical for the regulation of innate immunity in 

the mechanism of APAP-induced liver injury.

Materials and methods

Animals

Male C57BL/6 wild-type (WT) and TLR4 knockout (TLR4 KO, B6.B10ScN-Tlr4lps-del/JthJ) 

mice at - 6–8 weeks of age were used (The Jackson Laboratory, Bar Harbor, ME). All 

animals were housed in an animal facility under specific pathogen-free conditions. The 

animals were fed a laboratory diet with water and food and kept under constant 

environmental conditions with 12 hours light-dark cycles. All animal studies were approved 

by the Institutional Animal Care and Use Committee (IACUC) of Nanjing Medical 

University, China, and the University of California at Los Angeles.

Mouse model and treatment

The Acetaminophen (APAP, Sigma-Aldrich) solution was freshly prepared for each 

experiment by dissolving acetaminophen in phosphate-buffered saline (PBS) at a 

concentration of 10 mg/ml and warmed to 40°C. Male mice were fasted for 16 hours and 

then treated intraperitoneally (i.p.) with 400 mg/kg of body weight APAP or PBS. In some 

experiments, mice were injected via tail vein with γ-secretase inhibitor DAPT (10 mg/kg, 

Sigma-Aldrich, MO) or DMSO vehicle at 30 min prior to APAP treatment. Animals were 

euthanized by ketamine/xylazine injection at the indicated time-point for collecting serum 

and liver tissues. Animal survival was observed every 4 hours for 72 hours until they became 

moribund.
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Hepatocellular function assay

Serum alanine aminotransferase (sALT) levels, an indicator of hepatocellular injury induced 

by APAP treatment, were measured by IDEXX Laboratories (Westbrook, ME).

Histology and immunohistochemistry

The liver tissue from mice was harvested and rinsed with PBS, and then immersed into 10% 

of buffered formalin overnight. After processing for paraffin embedding, the liver sections 

(5μm) were stained with hematoxylin and eosin (H&E). Liver macrophages were detected 

using primary rat anti-mouse CD68 mAb (AbD Serotec, Raleigh, NC). The secondary, 

biotinylated goat anti-rat IgG (Vector, Burlingame, CA) was incubated with 

immunoperoxidase (ABC Kit, Vector). Positive cells were counted blindly in 10 HPF/

section (×400).

Myeloperoxidase activity assay

The presence of myeloperoxidase (MPO) was used as an index of hepatic neutrophil 

accumulation [25]. The change in absorbance was measured spectrophotometrically at 655 

nm. One unit of MPO activity was defined as the quantity of enzyme degrading 1 μmol 

peroxide/min at 25°C per gram of tissue.

TUNEL assay

The Klenow-FragEL DNA Detection Kit (EMD Chemicals, Gibbstown, NJ) was used to 

detect the DNA fragmentation characteristic of apoptosis in formalin-fixed paraffin-

embedded liver sections [26]. The results were scored semi-quantitatively by averaging the 

number of apoptotic cells/HPF (400×magnification). Ten fields were evaluated per tissue 

sample.

Quantitative RT-PCR analysis

The total RNA (2.5 μg) was reverse-transcribed into cDNA using the SuperScript™ III 

System (Invitrogen, CA). Quantitative real-time PCR was performed using a Platinum 

SYBR Green qPCR Kit (Invitrogen). The amplification conditions were 50°C (2min), 95°C 

(5min), followed by 40 cycles of 95°C (15sec) and 60°C (30sec). Primer sequences used for 

the amplification were shown in Supplementary Table 1.

Western blot analysis

Proteins (30μg/sample) from cell cultures or liver samples were subjected to 12% SDS-

polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane (Bio-Rad, 

Hercules, CA). Monoclonal rabbit anti-mouse Hes1, HMGB1, TLR4, NLRP3, phos-Stat3, 

phos-Akt, NF-κB, cleaved caspase-1, cleaved caspase-3, and β-actin Abs (Cell Signaling 

Technology, Danvers, MA) were used. Relative quantities of protein were determined using 

a densitometer and expressed in absorbance units (AU).

BMM isolation and in vitro transfection

Murine bone marrow-derived macrophages (BMMs) were generated as described [26]. Bone 

marrow cells were removed from the femurs and tibias of WT mice and cultured in 
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Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% FBS and 15% 

L929-conditioned medium. Cells (1×106/well) cultured for 7 days were transfected with 100 

nM of Notch1 siRNA or TLR4 siRNA (Santa Cruz Biotechnology) using Lipojet™ In vitro 

Transfection Kit (SignaGen Laboratories, Rockville, MD). In some experiments, TLR4 

siRNA-treated cells were incubated with 10 μM of DAPT (Sigma-Aldrich). The non-specific 

(NS) siRNA were used as controls. After 48 hours, the cells were supplemented with 100 

ng/ml of LPS for an additional 6 hours.

Statistical analysis

Data are expressed as mean±SD and analyzed by Student’s t-tests. Multiple group 

comparisons were performed using one-way ANOVA with a post-hoc test. Per comparison 

two-sided p values less than 0.05 were considered statistically significant.

Results

Blockade of Notch signaling pathway aggravates APAP-induced liver damage

DAPT, a γ-secretase inhibitor, can block Notch signaling by preventing the final cleavage 

step of the precursor form of Notch to the active Notch intracellular domain (NICD) [27]. To 

investigate whether Notch signaling may affect inflammatory responses in mouse livers, we 

used a mouse model of APAP-induced liver injury. Mice treated with DAPT showed 

increased sALT levels compared to the DMSO-treated controls at 24 hours after APAP 

challenge (Fig. 1A, 12443±872 vs. 8621±322, p<0.01). In contrast, mice treated with vehicle 

DMSO controls showed less hepatic hemorrhage and necroinflammation after APAP 

challenge (Fig. 1B). Livers in mice revealed more hepatic hemorrhage and severe necrosis 

after receiving DAPT. To determine whether Notch signaling may be involved in animal 

survival, we monitored APAP-challenged mice for 72 hours after DAPT treatment. The 

mortality was dramatically increased in DAPT-treated mice compared to vehicle DMSO-

treated controls (Fig. 1C). These results indicate that Notch signaling plays an important role 

in preventing APAP-induced liver injury.

Blockade of Notch signaling pathway augments macrophage/neutrophil trafficking in 
APAP-induced liver injury

To determine whether Notch signaling might regulate inflammatory cell trafficking, we 

performed immunohistochemical staining of CD68+ macrophages in APAP-challenged 

livers. Indeed, DAPT treatment augmented CD68+ macrophage infiltration (Figure 2A and 

2B, 31.1±7.3) compared to the DMSO controls (16.2±5.0, p<0.01) at 24 hours after APAP 

challenge. Moreover, the MPO assay, which reflects hepatic neutrophil activity, was 

increased in livers of mice subjected to DAPT condition (Figure 2C, 5.31±0.12) compared to 

the DMSO (3.27±0.21, p±0.05) or WT controls (3.05±0.13, p<0.05).

Blockade of Notch signaling pathway inhibits Hes1 and promotes HMGB1/TLR4/NF-κB and 
NLRP3 activation in APAP-induced liver injury

Next, we investigated whether disruption Notch signaling may affect innate immune 

responses in a mouse model of APAP-induced liver injury. We found that by 24 hours of 

APAP challenge, the protein expression of Hes1 was down-regulated in DAPT- but not in 
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DMSO-treated livers (Fig. 3A and 3B). However, DAPT treatment up-regulated the protein 

expression of HMGB1, TLR4, NF-κB, and NLRP3 in APAP-challenged livers (Fig. 3A and 

3B). Moreover, livers in mice receiving DAPT increased the mRNA levels of 

proinflammatory genes coding for IL-1β, TNF-α, and IL-6 compared to the DMSO controls 

(Fig. 3C).

Blockade of Notch signaling pathway promotes APAP-induced hepatocellular apoptosis

We used Western blots to analyze whether Notch signaling regulates cell apoptosis in APAP-

challenged livers. Indeed, DAPT treatment inhibited phosphorylation of Stat3 and Akt 

compared to the DMSO controls (Fig. 4A and 4B). The increased expression of cleaved 

caspase-3 was observed in DAPT- but not in DMSO-treated livers (Fig. 4A and 4B). This 

result was further confirmed by TUNEL staining. We found that DAPT preconditioning 

augmented the frequency of TUNEL+ cells in APAP-challenged liver lobes (Fig. 4C and 4D, 

44.5±1.4), as compared with DMSO (Fig. 4C and 4D, 24.2±0.9, p<0.001) or WT (Fig. 4C 

and 4D, 22.2±1.7, p<0.001) controls.

Disruption of TLR4 signaling ameliorates APAP-induced liver damage and inhibits NLRP3 
activation

Because innate TLR4 signaling is critical for triggering inflammatory response and tissue 

injury [28], we then investigated whether TLR4 may affect Notch signaling in regulating 

NLRP3 activation in APAP-induced liver injury. At 24 hours of DAPT precondition, livers in 

WT mice showed severe necrosis (Fig. 5A). In contrast, livers in TLR4 KO mice after 

receiving DAPT revealed mild hemorrhage without necrosis (Fig. 5A). DAPT treatment 

increased the expression of NF-κB, NLRP3, and cleaved caspase-1 in APAP-challenged 

mice (Fig. 5B and 5C). However, disruption of TLR4 in DAPT-treated mice resulted in 

reduced NF-κB, NLRP3, and cleaved caspase-1 (Fig. 5B and 5C). The expression of pro-

inflammatory IL-1β, TNF-α, and IL-6 consistently decreased in TLR4 KO but not in WT 

mice treated with DAPT (Fig. 5D). These results suggest that Notch signaling regulates 

NLRP3 activation via a TLR4-dependent pathway.

Notch signaling regulates HMGB1/TLR4/NF-κB and NLRP3 activation in vitro

To elucidate the putative mechanisms by which Notch signaling might regulate NLRP3 

activation during inflammatory response, we disrupted Notch1 in BMMs by using a small 

interfering RNA (Notch1 siRNA). Unlike in the control NS siRNA group, knockdown of 

Notch1 with Notch1 siRNA pretreatment depressed Hes1 expression and phosphorylated 

Stat3 and Akt in LPS-stimulated BMMs (Fig. 6A and 6B). However, increased HMGB1, 

TLR4, NF-κB, and NLRP3 expression was observed in Notch1 siRNA- but not in the NS 

siRNA-treated group (Fig. 6A and 6B). Moreover, Notch1 treatment augmented the mRNA 

levels of IL-1β, TNF-α, and IL-6 in BMMs after LPS stimulation compared to the NS 

siRNA-treated controls (Fig. 6C). These results indicate that the Notch receptor is a key 

regulator in the modulation of NLRP3 activation during inflammatory response.
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TLR4 signaling is essential for Notch-mediated immune regulation of NLRP3 activation in 
vitro

To further dissect the importance of TLR4 signaling in Notch-mediated immune regulation 

of NLRP3 activation during inflammatory response, we disrupted TLR4 with TLR4 siRNA 

after DAPT treatment in LPS-stimulated BMMs. DAPT precondition increased the 

expression of NF-κB, NLRP3 and cleaved caspase-1 in NS siRNA-transfected BMMs (Fig. 

7A). However, knockdown of TLR4 by TLR4 siRNA transfection diminished NF-κB, 

NLRP3, and cleaved caspase-1 in DAPT-treated cells (Fig. 7A). Consistent with this data, 

knockdown of TLR4 resulted in reduced mRNA levels coding for IL-1β, TNF-α, and IL-6 

in LPS-stimulated BMMs after DAPT treatment (Fig. 7C). These results imply that TLR4 

signaling might be essential for the Notch-mediated immune regulation of NLRP3 activation 

during inflammatory response.

Discussion

This study demonstrates the important role of Notch signaling in the regulation of 

inflammatory responses induced by APAP-mediated liver injury. The principal findings of 

this study are as follows: (1) Blockade of Notch signaling aggravates APAP-induced liver 

damage, augments macrophage/neutrophil trafficking, and induces hepatocellular apoptosis, 

and (2) blockade of Notch signaling promotes HMGB1/TLR4/NF-κB and NLRP3 activation 

via a TLR4-dependent pathway. Thus, these findings document the key mechanism of Notch 

signaling in regulating innate immune responses in APAP-induced liver injury.

Since APAP-induced liver inflammation can be attributed to the innate immune response 

generated by Kupffer cells and neutrophils [29–31], the regulatory mechanisms of Notch 

signaling might be involved in the activation of multiple immune signaling pathways. DAPT 

is a γ-secretase inhibitor. γ-secretase mediates the cleavage of the Notch receptor and 

releases NICD. This allows the translocation of NICD into the nucleus, where it directly 

participates in a transcriptional complex with DNA-binding proteins to activate the 

transcription of target genes [9]. DAPT has been shown to inhibit Notch signaling in studies 

of autoimmune and lymphoproliferative diseases [32]. Inhibition of γ-secretase activity by 

DAPT increased LPS-induced inflammation through the activation of NF-κB signaling [33]. 

In agreement with these findings, we found that blocking Notch signaling exacerbated 

APAP-induced liver damage and augmented animal mortality following DAPT conditioning. 

Moreover, inhibition of Notch signaling increased macrophage accumulation and enhanced 

neutrophil activity after APAP challenge. This is consistent with our previous finding that 

Notch signaling regulated macrophage differentiation and neutrophil activation in other liver 

inflammation induced by ischemia and reperfusion [34].

Notch1 has been shown to function as an important regulator in the control of immune cell 

development and function [11]. Although APAP-induced liver injury upregulated Notch1 

and Hes1 expression in our study, inhibition of Notch signaling reduced Hes1, which 

resulted in enhanced HMGB1 induction. Indeed, HMGB1, one of the key endogenous 

damage associated molecular pattern (DAMP) molecules, can activate inflammatory 

pathways. Macrophage-derived HMGB1 was shown to mediate acute inflammatory response 

and endotoxin lethality during acute lung injury in mice [35, 36]. HMGB1 can also be 
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actively released by innate immune cells and contribute to innate immune response in 

APAP-induced liver injury [37, 38], suggesting its role as an endogenous danger signal or 

alarmin that may engage a diverse receptor repertoire, including TLR2, TLR4, and advanced 

glycation end products (RAGE), for the initiation of an array of inflammatory responses 

[39]. Consistent with these findings, our current data revealed that blocking Notch signaling 

by DAPT resulted in enhanced TLR4 activation, which is crucial for triggering innate 

immune response. Notably, DAPT treatment augmented NLRP3 inflammasome activation, 

which led to increased liver inflammation after APAP challenge. These results imply that 

there is a crosstalk between the HMGB1-TLR4 axis and NLRP3 activation in APAP-induced 

liver injury.

Direct evidence for a role of TLR4 in Notch signaling-mediated modulation of NLRP3 

activation was obtained from TLR4 knockout (TLR4 KO) mice in APAP-challenged livers. 

We found that unlike DAPT-treated WT mice, which showed increased APAP-induced liver 

injury, TLR4 KO mice by DAPT showed markedly diminished liver damage with reduced 

NLRP3 and caspase-1 activation followed by APAP challenge. Indeed, TLR4 signaling is 

essential for HMGB1-mediated proinflammatory cytokine production [40]. HMGB1 

mediates liver damage induced by ischemia and reperfusion injury through a TLR4-

dependent pathway [41]. TLR4 deficiency inhibited HMGB1-mediated production of IL-23/

IL-17A, which contributes to APAP-induced liver inflammation [42]. Moreover, TLRs and 

nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) are pattern 

recognition receptors (PRRs). NLRP3 is crucial for caspase-1-mediated IL-1β secretion via 

a TLR4/MyD88/NF-κB signaling pathway in response to LPS stimulation [43]. 

Macrophages deficient in NF-κB failed to enable NLRP3 activation upon LPS or ATP 

priming, suggesting the importance of NF-κB-dependent signals in the regulation of NLRP3 

expression [44]. In agreement with these findings, we found that blocking Notch signaling 

by DAPT suppressed Hes1 expression, which may regulate TLR4 activation by targeting 

RBP-J via a feedback inhibitory loop [45]. Hes1 can also recruit IκBα and inhibit NF-κB 

transcription [46]. Thus, our results revealed an unexpected role of HES1 in controlling the 

dynamic crosstalk with NLRP3 in Notch signaling-mediated immune regulation.

We found that inhibition of Notch signaling by DAPT decreased Stat3 and Akt 

phosphorylation but increased cleaved caspase-3 in APAP-challenged livers. In fact, the 

emerging evidence suggests that Stat3 and Akt are involved in the intracellular apoptosis 

pathways [47, 48]. Activation of Notch signaling promoted Stat3 phosphorylation through a 

direct binding of the Stat3-specific promoter by Hes1 [49]. Inhibition of Stat3 signaling 

resulted in increased cell apoptosis [50]. Akt, an important signaling molecule in the cellular 

survival pathway, has been shown to promote cell survival by inhibiting apoptotic processes 

[51]. Activation of Notch signaling increased Akt phosphorylation and cell survival through 

modulation of regulator of G protein signaling 19 (RGS19) [52]. Moreover, Hes1 essentially 

maintains cell survival by preventing apoptosis [53]. Thus, Notch signaling promotes 

hepatocellular survival by regulating Hes1/Stat3 and Akt transcription. Our TUNEL assay 

provided further evidence for the increased frequency of apoptotic cells in DAPT-

conditioned livers. Although the role of apoptosis in APAP-induced liver injury is still 

controversial, intracellular signaling and regulatory mechanisms leading to liver cell death is 
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important for the crosstalk between apoptosis and necrosis. Correspondingly, alterations in 

mitochondrial permeabilization might be the key to understanding these differences [54, 55].

Figure 8 depicts putative molecular mechanisms by which Notch signaling may regulate 

NLRP3 activation in APAP-induced liver injury. Blocking Notch signaling by γ-secretase 

inhibitor DAPT suppresses the cleavage of Notch receptor to NICD, which translocates into 

the nucleus to activate Notch target gene Hes1. Inhibition of Hes1 promotes the HMGB1-

TLR4 axis, which in turn triggers NLRP3 activation, leading to augmented caspase-1-

mediated IL-1β maturation and secretion in APAP-induced liver inflammation. In addition, 

inhibition of Hes1 diminishes Stat3 and Akt phosphorylation, resulting in increased cell 

apoptosis/necrosis and reduced cell survival in APAP-challenged livers.

In conclusion, we demonstrated that Notch signaling regulates NLRP3 activation via 

inhibiting the HMGB1-TLR4 axis in APAP-induced liver injury. Disruption of Notch 

signaling reduces Hes1 expression, which in turn increases HMGB1 release and triggers 

TLR4/NF-κB signaling, resulting in activating NLRP3 to induce caspase-1-mediated IL-1β 
secretion. By identifying a novel Hes1-dependent crosstalk between the integrated Notch 

signaling network and the NLRP3-mediated innate immune response, this study provides the 

rationale for refined therapeutic approaches to managing liver inflammation in APAP-

induced liver injury.
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Figure 1. Blockade of Notch signaling pathway aggravates APAP-induced liver damage
Mice were subjected to injection of γ-secretase inhibitor DAPT (10 mg/kg, Sigma-Aldrich, 

MO) or DMSO vehicle via tail vein at 30 min prior to APAP (400 mg/kg) challenge. (A) 

Hepatocellular function, assessed by serum ALT levels (IU/L). Results expressed as mean

±SD (n=4–6 samples/group), *p<0.01. (B) Representative histological staining (H&E) of 

APAP-conditioning liver tissue (n=4–6/group). Original magnification x100. (C) Animal 

survival curves after a single dose of APAP treatment over 72 hours (p< 0.05).

Jiang et al. Page 13

Immunol Res. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Blockade of Notch signaling pathway augments macrophage/neutrophil trafficking in 
APAP-induced liver injury
(A) Liver macrophages were detected by immunohistochemical staining using mAb against 

mouse CD68+ in APAP-challenged livers after DAPT or DMSO treatment. (B) 

Quantification of CD68+ macrophages per high power field. Results scored semi-

quantitatively by averaging the number of positively-stained cells (mean±SD)/field at 200× 

magnification. Representative of 4–6 mice/group. **p<0.01. (C) Liver neutrophil 

accumulation, analyzed by MPO activity (U/g). Mean±SD (n=4–6 samples/group). *p<0.05.
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Figure 3. Blockade of Notch signaling pathway inhibits Hes1 and induces HMGB1/TLR4 and 
NLRP3 activation in APAP-induced liver injury
(A) Western-assisted expression of Hes1, HMGB1, TLR4, NF-κB, and NLRP3 in APAP-

challenged livers with DAPT or DMSO precondition. β-actin served as an internal control. 

Data representative of three experiments. (B) Density ratios of Hes1, HMGB1, TLR4, NF-

κB, and NLRP3. *p<0.05, **p<0.01. (C) Quantitative RT-PCR-assisted detection of IL-1β, 

TNF-α, and IL-6 in mouse livers. Each column represents the mean±SD (n=3–4 samples/

group). *p<0.05.
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Figure 4. Blockade of Notch signaling pathway promotes APAP-induced hepatocellular apoptosis
(A) Western blot analysis of phos-Stat3, phos-Akt, and cleaved caspase-3 in APAP-

challenged livers after DAPT or DMSO treatment. β-actin served as an internal control. Data 

representative of three experiments. (B) Density ratios of Hes1, HMGB1, TLR4, and 

NLRP3. *p<0.05. (C) TUNEL-assisted detection of apoptosis in APAP-challenged liver 

tissue. Representative of 4–6 mice/group. (D) TUNEL+ cells were scored semi-

quantitatively by averaging the number of apoptotic cells (mean±SD) per field at 200× 

magnification. A minimum of ten fields was evaluated per sample. *p<0.01. Representative 

of 4–6 mice/group.
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Figure 5. Disruption of TLR4 signaling ameliorates APAP-induced liver damage and inhibits 
NLRP3 activation
TLR4 KO mice were injected via tail vein with γ-secretase inhibitor DAPT (10 mg/kg) or 

DMSO vehicle at 30 min prior to APAP challenge. (A) Representative histological staining 

(H&E) of ischemic liver tissue. Results representative of 4–6 mice/group; original 

magnification x100. (B) Western-assisted expression of NF-κB, HMGB1, NLRP3, and 

cleaved caspase-1 in APAP-challenged livers with DAPT or DMSO precondition. β-actin 

served as an internal control. Data representative of three experiments. (C) Density ratios of 

NF-κB, HMGB1, NLRP3, and cleaved caspase-1. *p<0.05. (D) Quantitative RT-PCR-

assisted detection of IL-1β, TNF-α, and IL-6 in mouse livers. Each column represents the 

mean±SD (n=3–4 samples/group). *p<0.05.
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Figure 6. Notch signaling regulates HMGB1/TLR4 and NLRP3 activation in vitro
Bone marrow-derived macrophages (BMMs) were isolated from WT mice and transfected 

with Notch1 siRNA, and then stimulated with LPS for 6 h. The non-specific (NS) siRNA 

served as controls. (A) Western blot analysis of Hes1, phos-Stat3, phos-Akt, HMGB1, 

TLR4, NF-κB, and NLRP3 in LPS-stimulated macrophages. β-actin served as an internal 

control. Data representative of three experiments. (B) Density ratios of Hes1, phos-Stat3, 

phos-Akt, HMGB1, TLR4, NF-κB, and NLRP3. *p<0.05. (C) Quantitative RT-PCR-assisted 

detection of IL-1β, TNF-α, and IL-6 in LPS-stimulated macrophages. Each column 

represents the mean±SD (n=3–4 samples/group). *p<0.05.
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Figure 7. TLR4 signaling is essential for Notch-mediated immune regulation of NLRP3 
activation in vitro
Bone marrow-derived macrophages (BMMs) were isolated from WT mice, transfected with 

TLR4 siRNA, and then incubated with 10 μM of DAPT. After 48 hours, the cells were 

supplemented with 100 ng/ml of LPS for an additional 6 hours. The non-specific (NS) 

siRNA were used as controls. (A) Western blot analysis of NF-κB, NLRP3, and cleaved 

caspase-1 in LPS-stimulated macrophages. β-actin served as an internal control. Data 

representative of three experiments. (B) Density ratios of NF-κB, NLRP3, and cleaved 

caspase-1. *p<0.05. (C) Quantitative RT-PCR-assisted detection of IL-1β, TNF-α, and IL-6 

in LPS-stimulated macrophages. Each column represents the mean±SD (n=3–4 samples/

group). *p<0.05.
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Figure 8. Schematic illustration of signaling pathways by which Notch signaling may regulate 
NLRP3 inflammasome activation in APAP-induced liver injury
Blocking Notch signaling by γ-secretase inhibitor DAPT suppresses the cleavage of Notch1 

to NICD, which translocates into the nucleus to activate Notch target gene Hes1. Inhibition 

of Hes1 promotes HMGB1-TLR4 axis, which in turn triggers NLRP3 activation, leading to 

augmented caspase-1-mediated IL-1β secretion in APAP-induced liver inflammation. In 

addition, inhibition of Hes1 diminishes Stat3 and Akt phosphorylation, resulting in increased 

cell apoptosis/necrosis and reduced cell survival in APAP-challenged livers.
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