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Abstract: Background: Nonalcoholic fatty liver disease (NAFLD) is a global health concern with the acid

sphingomyelinase (ASM)/ceramide (CE) pathway and the NOD-like receptor family, pyrin domain-containing protein

3 (NLRP3) inflammasome identified as pivotal players in lipid disorders and inflammation. This study explores the

interaction mechanism between the ASM/CE pathway and NLRP3 in NAFLD cell models, aiming to understand the

impact of amitriptyline (Ami), an ASM inhibitor, on lipid deposition and hepatocyte injury by regulating the ASM/

CE-NLRP3 pathway. Methods: HepG2 and HL-7702 cells were exposed to free fatty acids (FFAs) to establish the

NAFLD model. The cells were divided into 5 groups: control group, model group, Ami group, tumor necrosis factor-

alpha (TNF-α) group, and Ami + TNF-α group. Intracellular lipid droplets were visualized using Oil Red O staining,

and Western blot analysis quantified ASM, NLRP3, and caspase 1 protein expression. Enzyme linked immunosorbent

assay (ELISA) was measured CE and ASM levels, while qRT-PCR assessed mRNA expression. The apoptotic rate was

evaluated by flow cytometry (FCM). Results: Following FFAs incubation, significant increases in ASM and CE levels

were observed in HepG2 and HL-7702 cells, accompanied by elevated expression of NLRP3, and caspase 1, and IL-1β.

TNF-α treatment further amplified these indicators. Ami demonstrated a reduction in lipid deposition, suppressed

ASM/CE pathway activation, downregulated NLRP3 and caspase 1 expression, and improved apoptosis. Additionally,

MCC950, a selective inhibitor of the NLRP3, mitigated NLRP3, caspase 1, and IL-1β expression, alleviating lipid

deposition and apoptosis in the NAFLD cell model. Conclusion: The ASM/CE-NLRP3 pathway in NAFLD cells

promotes hepatocyte steatosis, inflammation, and cell damage. Ami emerges as a promising therapeutic agent by

inhibiting the ASM/CE-NLRP3 pathway, underscoring its potential as a key target for NAFLD treatment.

Introduction

Nonalcoholic fatty liver disease (NAFLD) stands as the
prevalent chronic liver disease worldwide, affecting
approximately 25% of the global population [1]. Nonalcoholic
steatohepatitis (NASH), an advanced stage of NAFLD, poses a
risk of evolving into cirrhosis and hepatocellular carcinoma
(HCC) [2]. The exact pathogenesis of NAFLD remains elusive.
The latest “multiple parallel hits” [3] hypothesis suggests that
insulin resistance (IR), lipotoxicity, inflammation, genetic

factors, intestinal microecology, and some other factors [4]
jointly participate in the occurrence of NAFLD and its
sphingolipid mediators, such as ceramide (CE), with
lipotoxicity and the NLRP3 inflammasome with
proinflammatory effects are vital drivers of lipid metabolism
disorder and inflammation, and the ASM/CE pathway plays a
critical role in the pathophysiological mechanism of liver
disease. Therefore, elucidating the relationship between the
ASM/CE pathway and NLRP3 inflammasome is of great
significance to further clarify the pathogenesis of NAFLD.

CE belongs to the sphingolipid family. As the second
messenger of the sphingomyelin signaling pathway, CE can
induce lipotoxicity and further mediate IR, the
inflammatory response, and endoplasmic reticulum stress
(ERS) [5] as well as regulate cell migration, apoptosis,
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autophagy, and other cellular responses [6]. Therefore, CE has
been described as the most important harmful pathway in
lipotoxicity events [7]. Studies have shown that CE synthesis
in liver tissue is significantly increased in NASH patients
[8,9], and plasma CE levels are closely related to adolescent
hepatic steatosis (HS) and may be a novel biomarker of HS
independent of obesity [10]. Acid sphingomyelinase (ASM)
is a hydrolase that acts on sphingomyelin and is a key
enzyme regulating the synthesis and secretion of CE. ASM
can be activated by the TNF-α inflammatory factor [11] and
inhibited by amitriptyline (Ami). In NAFLD conditions, the
TNF-α level is elevated; subsequently, activated ASM can
further promote the sensitivity of liver cells to the cytotoxic
effects of TNF-α [12], and this interaction eventually
accelerates the progression of liver disease. Ami, a tricyclic
antidepressant, is a functional inhibitor of ASM that can
lead to ASM dissociation, protein degradation, and
inactivation [13], further inhibiting the generation of CE
and its subsequent toxic biological effects. Ami has been
shown to protect high-fat diet (HFD)-fed ASM+/+ mice
from HS, ERS, fibrosis, liver damage, and early NASH [14],
and it significantly reduces liver steatosis, inflammation, and
IR in LDLR−/− mice [15] and Mat1a−/−mice [16].

The NLRP3 inflammasome is a multiprotein complex that
senses and assembles danger signals from damaged cells and
pathogens, and it mediates the activation of caspase 1 and
release of the IL-1β cytokine, ultimately leading to metabolic
inflammation [17]. Serving as the regulatory center of the
inflammatory cascade, the NLRP3 inflammasome plays a
pivotal role in the progression of NAFLD to NASH, fibrosis,
and HCC [18,19]. Both animal models and patients with
NASH exhibit significantly elevated levels of caspase 1
activity and serum IL-1β expression [20]. MCC950 is one of
the most potent and selective inhibitors of the NLRP3
inflammasome, and it reduces caspase 1 activity and IL-1β
production [21], inhibiting NLRP3 with MCC950
significantly improves metabolic disorders and protects
hepatocytes from injury and fibrosis [22].

In previous studies, only a few animal experiments have
shown that the ASM/CE pathway promotes steatosis in
NAFLD, but no relevant studies have been reported in vitro
to date. Moreover, the activation effect of the ASM/CE
pathway on the NLRP3 inflammasome has not been verified
in a NAFLD cell model. Given our previous results that the
levels of serum CE and ASM increase in patients with
NAFLD and continuously increase with the aggravation of
hepatic steatosis [23,24], we aimed to examine the role of
Ami in lipid deposition and its effect on NLRP3 activation
from the perspective of the ASM/CE pathway in a cell
model of NAFLD, and further demonstrate whether the
ASM/CE-NLRP3 pathway plays a central role in lipid
metabolism, inflammation and cell damage in NAFLD cell
models.

Materials and Methods

Cell culture and treatments
HepG2 cells (procell, CL-0103) and HL-7702 cells (Wuhan
biofavor biotech service Co., Ltd., Wuhan, China) were

cultured in RPMI 1640 (GIBCO, 11875-093) +10% fetal
bovine serum (FBS) (GIBCO, 26170035) +1% Penicillin‒
Streptomycin (GIBCO, 15070-063) Solution at 37°C under a
5% CO2 atmosphere. The control group underwent standard
culturing procedures, while the NAFLD model group was
exposed to 1 mmol/L FFA [oleic acid (Sigma, O1383):
palmitic acid (Sigma, P5585) = 2:1] for 24 h. The Ami
group received 100 μM amitriptyline (Aladdin, A129730,
hereinafter referred to as Ami), and the TNF-α group was
exposed to 20 ng/mL recombinant human TNF-α
(PeproTech, 96-300-01A). The Ami+TNF-α group received
both 100 μM Ami and 20 ng/mL TNF-α. The Ami group,
TNF-α group and Ami+TNF-α group were pretreated for
1 h before modeling, and the cell medium remained
unchanged during modeling.

Cell viability assay
Cell viability was determined using 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT) colorimetry.
Cells in the logarithmic growth phase were seeded in 96-
well plates and cultured at 37°C for 24 h. Subsequently,
10 μL of MTT (BIOSHARP, 0793) was added to each well,
and the plates were then incubated at 37°C for 4 h. After
discarding the medium, 150 μL of dimethyl sulfoxide
(DMSO) was introduced. The plate was shaken for 10 min
before measuring the absorbance values at 568 nm using a
microplate reader.

Oil red O staining
Cells of each group were seeded on slides in 24-well plates and
incubated for 48 h. The cells underwent fixation with 4%
paraformaldehyde (Beyotime, 142287) for 15 min, followed
by washing with distilled water, incubation in 60% isopropyl
alcohol, staining with Oil Red O (Sigma, O0625) for 10 min,
subsequent incubation with 60% isopropyl alcohol to achieve
a colorless background, and final washing. Cells were then
restained with hematoxylin for several minutes, washed, and
mounted with Fluoromount-G (southernbiotech, 0100-01).
The presence of lipid droplets within the cells was observed
under a microscope (OLYMPUS, BX53).

Western blot analysis
Protein extraction was performed using RIPA buffer
(Beyotime, P0013B) supplemented with PMSF (Aladdin,
P105539) and phosphatase inhibitors. The protein
concentration was quantified using a BCA kit (Beyotime,
P0010). Isolated proteins were separated by SDS‒PAGE
(10% gels) and then transferred onto PVDF membranes
(Millipore, IPVH00010). The membranes were blocked with
5% skimmed milk powder in TBST (Tris-Buffered Saline
with 0.1% Tween 20 detergent) at room temperature for
2 h, and the membranes were then incubated overnight at
4°C with the following primary antibodies: anti-ASM
(affinity, DF13384) (1:1000), anti-NLRP3 (affinity, DF7438)
(1:1000), and anti-caspase 1 (affinity, AF5418) (1:1000).
Subsequently, the membranes were incubated with the
secondary antibody (BOSTER, BA1054) (1:50000) at 37°C
on a shaker for 2 h. Following three washes with TBST,
protein bands were visualized using an enhanced ECL kit
(Thermo Scientific, 34580).
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Quantitative real-time PCR
Total RNA extraction from each cell group was conducted
using Trizol reagent (Aidlab, Lot:252250AX). RNA purity
and concentration were determined by ultraviolet
spectrophotometry. HiScript Reverse Transcriptase
(VAZYME, R101-01/02) was used to reverse transcribe
RNA into cDNA. PCR amplification was carried out using
AceQ qPCR SYBR Green Master Mix (VAZYME, Q111-02)
on a real-time PCR instrument (ABI, QuantStudio 6).
GAPDH served as the internal control for mRNA
expression analysis. Relative expression levels of ASM and
IL-1β mRNA were calculated by the 2−ΔΔCt method. Primer
sequences are detailed in Table 1.

ELISA
The cell culture medium from each group underwent
centrifugation at 1000 rpm (Labnet, C2500-R-230V) for
20 min, after which the supernatant was harvested and
stored at −20°C for future utilization. The total ASM, CE,
and IL-1β contents were detected using the Human
Ceramide ELISA Kit (JONLN, JL19781), Human ASM
ELISA Kit (Elabscience, E-EL-H0511c) and Human IL-1β
ELISA Kit (Elabscience, E-EL-H0149c), respectively,
following the manufacturer’s instructions.

Determination of biochemical indices
The intracellular triglyceride (TG), total cholesterol (TC), alanine
aminotransferase (ALT), and aspartate aminotransferase (AST)
contents were detected by an automatic biochemical analyzer.
The contents of non-esterified fatty acid (NEFA) were
determined separately using commercial kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) according
the manufacturer’s instructions and then normalized to the
total protein content.

Apoptosis evaluation
Cell apoptosis rates of cells were assessed through flow
cytometry (FCM) analysis utilizing an Annexin V-FITC/PI
Apoptosis Kit (KeyGEN Biotech, KGA108, Nanjing, China).
Cells were plated in 6-well plates for 24 h, resuspended in
500 μL of binding buffer, and stained with a mixture of 5 μL
of Annexin V-FITC and 5 μL of propidium iodide (PI).
Following a 15-min incubation period, the samples were
analyzed by FCM. The results are expressed as the
percentage of cells undergoing apoptosis.

Statistical analysis
Data analysis was conducted using SPSS 25.0 and GraphPad
8.0. One-way ANOVA was used to compare the
measurement data between multiple groups, followed by an

additional pairwise comparisons using Tukey’s test.
Statistical significance was defined as p < 0.05. Data are
presented as the mean ± standard deviation. All experiments
were independently repeated at least three times.

Results

Effects of different concentrations of Ami on lipid accumulation
in a cell model of NAFLD
Cells were treated with 1 mmol/L FFA to induce steatosis. As
shown in the Oil Red O staining pictures, HepG2 and HL-
7702 cells in the control group were spindle-shaped or oval
with no obvious red staining in the cytoplasm. However, the
cytoplasm of the NAFLD model group was extensively
stained, and the accumulation of red lipid droplets was
significantly increased (Fig. 1A). Compared to the control
group, the intracellular triglyceride (TG), total cholesterol
(TC), and nonesterified fatty acid (NEFA) contents of the
model group were significantly increased (Figs. 1C–1E),
which indicated that a cell model of NAFLD was
successfully established.

Cells in the control, model, 25, 50 and 100 μM Ami
groups all grew well, and there were no statistically
significant differences in cell proliferation rates among the
groups (Fig. 1B). Ami attenuated FFA-induced intracellular
lipid droplet accumulation in a dose-dependent manner
(Fig. 1A). Compared to the model group, the intracellular
TG, TC, and NEFA contents in the Ami-treated groups
decreased with increasing Ami concentration, especially in
the Ami 50 μM and Ami 100 μM groups (Figs. 1C–1E).
Therefore, Ami at a concentration of 100 μM, which had
the strongest inhibitory effect, was selected for further study.

Effects of Ami and TNF-α on the ASM/CE pathway
To verify Ami’s inhibitory impact on ASM and TNF-α’s
activating influence on ASM, the ASM protein and mRNA
expression levels were examined. As anticipated,
preincubation with Ami eliminated the TNF-α-induced
activation of ASM (Figs. 2A–2C). ELISA was used to detect
the intracellular total CE and ASM levels, which were
notably elevated in the model group and further increased
in the TNF-α group. However, treatment with Ami nearly
eliminated each of these responses (Figs. 2D and 2E),
indicating Ami’s ability to mitigate the alterations in ASM
and CE expression induced by TNF-α.

Effects of the ASM/CE pathway on lipid deposition, hepatocyte
injury, and apoptosis in NAFLD cell models
Having clarified the effects of Ami and TNF-α on the ASM/CE
pathway, we proceeded to investigate the involvement of this

TABLE 1

PCR primer sequences

Primer Forward (5′-3′) Reverse (5′-3′)

Homo ASMase CCGGCCCTTTTGATATGGTG GGGGAGGGAAGCTATTGACA

Homo IL-1β CGAATCTCCGACCACCACTA AGCCTCGTTATCCCATGTGT

Homo GAPDH TCAAGAAGGTGGTGAAGCAGG TCAAAGGTGGAGGAGTGGGT
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FIGURE 1. The inhibitory effect of Ami on hepatocyte lipid deposition is dose-dependent. (A): Oil Red O staining results (×200). (B): Cell
viability was evaluated by a MTT assay. (C–E): Intracellular TG, TC, and NEFA contents in the five groups. *p < 0.05 vs. control group; #p <
0.05 vs. model group; :p < 0.05 vs. Ami 50 μM group, n = 3 experiments. Ami: amitriptyline; TG: total triglyceride; TC: total cholesterol;
NEFA: nonesterified fatty acid.

FIGURE 2. TNF-α activates the
ASM/CE pathway and Ami inhibits
the ASM/CE pathway. (A and B):
Protein expression of ASM was
detected by Western blot analysis,
and densitometric analysis was
performed. (C): mRNA expression
of ASM was determined using qRT-
PCR. (D and E): The total CE and
ASM levels were detected by ELISA.
*p < 0.05 vs. control group; #p <
0.05 vs. model group; :p < 0.05 vs.
TNF-α group, n = 3 experiments.
ASM: acid sphingomyelinase; Ami:
amitriptyline; TNF-α: tumor
necrosis factor-alpha.
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pathway in hepatic steatosis. As shown by Oil Red O staining,
Ami attenuated TNF-α-induced intracellular lipid droplets
accumulation (Fig. 3A). TNF-α-induced activation of the

ASM/CE pathway led to elevated intracellular levels of TG,
TC, and NEFA, all of which were significantly attenuated by
Ami (Figs. 3C–3E). Activation of the ASM/CE pathway by

FIGURE 3. Ami improves lipid deposition, metabolism, and apoptosis in NAFLD cell models by inhibiting the ASM/CE pathway. (A): Oil Red
O staining results (×200). (B): Annexin V-FITC/PI staining was used to detect apoptosis in the five groups. (C–E): Intracellular TG, TC, and
NEFA contents in the five groups. (F and G): ALT and AST expression levels in cell supernatants; (H): The apoptosis rate was analyzed by
FCM. *p < 0.05 vs. control group; #p < 0.05 vs. model group; :p < 0.05 vs. TNF-α group, n = 3 experiments. Ami: amitriptyline; TNF-α:
tumor necrosis factor-alpha; TG: total triglyceride; TC: total cholesterol; NEFA: nonesterified fatty acid; ALT: alanine aminotransferase;
AST: aspartate aminotransferase.
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TNF-α markedly upregulated the levels of ALT and AST,
while Ami attenuated the TNF-α-induced hepatocyte injury
with a marked decrease in ALT and AST levels (Figs. 3F
and 3G). These findings indicated that Ami alleviates lipid
deposition and hepatocyte injury by inhibiting the ASM/CE
pathway in a cell model of NAFLD.

Subsequently, we conducted an Annexin V/PI assay
(Figs. 3B and 3H) to explore the effect of the ASM/CE
pathway on apoptosis. Cells in the control group were mainly
distributed in the lower left region, and the number of dead
cells caused by mechanical operation and other reasons was
low. Compared to the control group, apoptotic cells (lower
right and upper right regions) were increased in the NAFLD
model group. Compared to the model group, apoptotic cells
were further increased in the TNF-α group but significantly
decreased in the Ami group. Compared to the TNF-α group,
the apoptotic cells in the Ami+TNF-α group were reduced.

The ASM/CE pathway activates the NLRP3 inflammasome in
NAFLD cell models
In order to explore the potential activation of the NLRP3
inflammasome by CE in a cell model of NAFLD, we next
determined the expression of NLRP3 and its downstream
components. Western blot analysis revealed a significant
upregulation in the protein expression levels of NLRP3 and
caspase 1 in the NAFLD model group were significantly
increased compared to the control group. Interestingly,
treatment with Ami led to a notable decrease in the protein
expression of NLRP3 and caspase 1 (Figs. 4A–4C). In
comparison to the control group, both IL-1β mRNA levels
and supernatant IL-1β contents in the model group were
significantly elevated. Compared to the model group and
TNF-α group, treatment with Ami significantly reduced the
mRNA level of IL-1β and effectively suppressed the release
of intracellular IL-1β (Figs. 4D and 4E).

FIGURE 4. Ami inhibits NLRP3
inflammasome activation through
the ASM/CE pathway. (A–C): The
protein expression of NLRP3 and
caspase 1 was detected by Western
blot analysis, and densitometric
analysis was performed; (D): The
mRNA expression of IL-1β was
determined by RT-PCR. (E): IL-1β
content in the cell supernatant was
detected by ELISA. *p < 0.05 vs.
control group; #p < 0.05 vs. model
group; :p < 0.05 vs. TNF-α group,
n = 3 experiments. NLRP3: NOD-
like receptor family, pyrin domain-
containing protein 3; IL-1β:
interleukin-1 beta; Ami:
amitriptyline; TNF-α: tumor
necrosis factor-alpha.
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MCC950 downregulates the expression of NLRP3, caspase 1,
and IL-1β as well as inhibits apoptosis in NAFLD cell models
To further explore whether the effect of the ASM/CE pathway
in NAFLD cell models is related to NLRP3 activation, we
administered MCC950, a specific inhibitor of NLRP3, to the
NAFLD cell models. Results from the Annexin V/PI assay
revealed a notable increase in the number of apoptotic cells
in the NAFLD model group compared to the control group.
While in the MCC950 group,the number of apoptotic cells
decreased significantly in comparison to the model group
(Figs. 5A and 5C). Western blot analysis (Fig. 5B) revealed
significant inhibition in the protein expression of NLRP3
and caspase 1 in the MCC950 group compared to the model
group (Figs. 5D and 5E). Additionally, the mRNA
expression of IL-1β in the MCC950 group notably reduced
compared to the model group (Fig. 5F). Thus, the activation
of the NLRP3 inflammasome by the CE lipid mediator leads
to the further induction of apoptosis.

Inhibition of NLRP3 improves lipid deposition and metabolic
damage
We proceeded to explore the impact of NLRP3 on lipid
accumulation and metabolic alterations in NAFLD model
cells. Notably, the MCC950 group exhibited significant
reductions in intracellular lipid droplets accumulation
(Fig. 6A) and the levels of intracellular TG, TC and NEFA
compared to the model group (Figs. 6D–6F). Moreover, the
MCC950 group showed decreased intracellular CE level
(Fig. 6K), along with reductions in the protein expression
levels of ASM, a key upstream signaling molecule of CE
(Figs. 6G–6J). In addition, MCC950 markedly lowered ALT

levels, AST levels, and mitigated hepatocyte injury (Figs. 6B
and 6C). Collectively, these results suggest that inhibition of
NLRP3-induced apoptosis also inhibits the release of lipid
mediators, such as CE, thereby ameliorating metabolic
injury in liver cells.

Discussion

The present in vitro study demonstrated that the ASM/CE
pathway is activated in a cell model of NAFLD, resulting in
an imbalance in lipid homeostasis. Ami inhibits the
activation of NLRP3 inflammasomes by regulating the
ASM/CE pathway and exerts anti-lipid deposition and anti-
inflammatory effects. In addition, the ASM/CE-NLRP3
pathway activates its downstream molecules, namely,
caspase 1 and IL-1β, which induces inflammation and
apoptosis. MCC950, a specific inhibitor of NLRP3, improves
lipid metabolism and inflammatory damage in NAFLD cell
models. To the best of our knowledge, the results of this
study confirmed for the first time that Ami exerts an anti-
inflammatory effect via the NLRP3 inflammasome pathway
in vitro, further revealing the key role of the ASM/CE-
NLRP3 pathway in hepatocyte lipid metabolism,
inflammation, and apoptosis (Fig. 7). Thus, these findings
suggested that targeted inhibition of the ASM/CE-NLRP3
pathway may be a potential NAFLD treatment.

We have previously reported the serum ASM and CE
levels in NAFLD patients are increased and that there is a
positive correlation with the severity of disease [23,24],
which agreed with the findings of Maldonado-Hernández
et al. [10]. Based on this evidence, we intend to further

FIGURE 5. MCC950 downregulates the expression of NLRP3, caspase 1, and IL-1β as well as inhibits apoptosis in NAFLD cell models. (A):
Apoptosis was detected by Annexin/PI flow cytometry. (B): The protein expression of NLRP3 and caspase 1 was detected by Western blot
analysis. (C): The apoptosis rate was determined by FCM. (D and E): Quantitative analysis of NLRP3 and caspase 1 protein expression.
(F): The expression of IL-1β was detected by qRT‒PCR. *p < 0.05 vs. control group; #p < 0.05 vs. model group, n = 3 experiments. NLRP3:
NOD-like receptor family, pyrin domain-containing protein 3; IL-1β: interleukin-1 beta.
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explore the specific mechanism of ASM and CE in the
occurrence and development of NAFLD. It has been
established that hepatic ceramide, steatosis, and fibrosis
escalate in liver tissue from rats with NAFLD [25]. In
animal models of alcoholic hepatitis (ASH) and NASH,
ASM activation triggers lipotoxicity, IR, steatosis, and

fibrosis [14,26]. Imipramine, an ASM inhibitor, has been
found to alleviate IR and hepatic inflammation, and
improve NAFLD in HFD-fed mice [27]. Mice deficient in
ASM (Smpd1−/−) are protected against adipocyte
hypertrophy and diet-induced HS [28]. These findings
underline the significance of the ASM/CE pathway as a

FIGURE 6.MCC950 improves lipid deposition and metabolic damage by inhibiting the NLRP3 inflammasome. (A): Oil Red O staining results
(×200). (B and C): Expression levels of ALT and AST in the cell supernatants. (D–F): Intracellular TG, TC, and NEFA contents in three groups.
(G): The protein expression of ASM was detected by Western blot analysis. (H): Quantitative analysis of ASM protein expression. (I): The
mRNA expression of ASM was determined by qRT-PCR. (J and K): The total ASM and CE levels were detected by ELISA. *p < 0.05 vs.
control group; #p < 0.05 vs. model group, n = 3 experiments. ASM: acid sphingomyelinase; CE: ceramide; TG: total triglyceride; TC: total
cholesterol; NEFA: nonesterified fatty acid; ALT: alanine aminotransferase; AST: aspartate aminotransferase.
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pivotal target regulating multiple pathways in NASH [29]. In
the present study, we observed significantly elevated ASM and
CE levels in the model group compared to the control group,
indicating abnormal ASM/CE pathway activation in NAFLD.
The elevated expression of ASM and CE in the TNF-α group
verified the activation effect of TNF-α on the ASM/CE
pathway. Ami reduced the intracellular lipid droplet
contents, suggesting that Ami improves lipid deposition in
the NAFLD cell model. Compared to the model group,
treatment with Ami significantly reduced the lipid contents,
metabolic enzyme levels, ASM protein levels, ASM mRNA
levels, and CE contents in cells. These indices were also
decreased in the TNF-α+Ami group than in the TNF-α
group. These results indicated that the ASM/CE pathway
promotes lipid accumulation and steatosis. By inhibiting this
pathway, Ami improves the lipid deposition and liver
function indicators in NAFLD liver cells, corroborating
previous animal experimental findings.

The activation of the NLRP3 inflammasome is a well-
established factor in various inflammation-related diseases
[30], indicating the importance of understanding its
molecular mechanism for devising new diagnostic and
therapeutic approaches in inflammatory conditions.
Emerging evidence suggests that the ASM/CE pathway
initiates the assembly and activation of NLRP3
inflammasomes under different pathological conditions,
although its role remains unverified in a NAFLD model.
Increased CE levels lead to activation of NLRP3
inflammasomes in adipose tissue macrophages, peritoneal
macrophages, and microglia [31–33]. Podocyte pretreatment
with Ami reduces CE production and downregulates
inflammasome components (caspase 1 and IL-1β) [34].
Animal experiments have also demonstrated that traumatic
brain injury activates ASM and increases CE production,

which activates NLRP3 [35]. In our investigation, we
observed a positive association between the ASM/CE
pathway and the activation and formation of NLRP3 and its
downstream products in the NAFLD cell model. TNF-α-
induced ASM/CE pathway activation promoted NLRP3
inflammasomes assembly and IL-1β release, whereas Ami
treatment reduced expression of NLRP3, caspase 1 and IL-
1β. These findings underscore the role of the ASM/CE
pathway and NLRP3 inflammasomes in regulating lipid
metabolism and inflammation in hepatocytes. Although it is
not fully understood whether Ami suppresses NLRP3
inflammasomes by regulating the ASM/CE pathway, based
on the findings that the ASM/CE pathway activates NLRP3
and that Ami inhibits ASM/CE, the present study suggested
a potential mechanism by which Ami inhibits the ASM/CE-
NLRP3 pathway from the source to alleviate NASH.
However, further research is needed to confirm this
hypothesis.

The NLRP3/caspase 1/IL-1β pathway is a crucial
pathway leading to liver inflammation, particularly in the
progression of NASH, where diverse lipid toxicants may
activate caspase 1 and its downstream inflammatory factor,
IL-1β, exacerbating inflammation, tissue damage and HSCs
activation, consequently fostering fibrosis [36]. In addition,
the NLRP3/caspase 1/IL-1β pathway is also an important
pathway involved in inflammasome-mediated cell death,
triggering not only apoptosis but also pyroptosis [37].
Recent studies have found that the lipid mediator, CE,
promotes the assembly of NLRP3 inflammasomes; in
contrast, abnormal activation of NLRP3 escalates lipid
mediators release post-pyroptosis, potentially inducing
systemic metabolic damage [30]. In the present study, we
delineate how MCC950 and Ami target distinct nodes of the
ASM/CE-NLRP3 pathway, directly and indirectly curbing
NLRP3-mediated effects. Additionally, we showed that
MCC950 and Ami mitigate lipid mediator release,
ameliorating hepatocyte lipid deposition and damage.
Moreover, we hypothesize that the downregulation of
caspase 1 and IL-1β via ASM/CE-NLRP3 pathway inhibition
may ameliorate pyroptosis in NAFLD cells, though this
conjecture warrants further exploration.

The present study has several limitations. While focusing
on the ASM/CE-NLRP3 pathway and its downstream NLRP3/
caspase 1/IL-1β pathway, we acknowledge that the NLRP3
inflammasome may not be the only target protein regulated
by the ASM/CE pathway. Furthermore, elucidating the
precise alterations in NLRP3 downstream metabolites or
signaling molecules and their interaction mechanisms in
inflammation, fibrosis, and pyroptosis necessitates further
investigation. Treatments for NAFLD encompass various
drugs like hepatoprotective, anti-inflammatory, and insulin
sensitizers [38]. While Ami exhibits anti-inflammatory
properties in our investigation, it also poses a risk of drug-
induced liver injury [39]. Therefore, to prevent an adverse
reaction, the exposure period and dosage for Ami must be
carefully selected during clinical application [40], warranting
further exploration.

Taken together, the present study provides in vitro
evidence supporting the activation of the ASM/CE-NLRP3
pathway in NAFLD pathogenesis. As an inhibitor of ASM,

FIGURE 7. Role of ASM/CE-NLRP3 inflammasome pathway in
NAFLD disease progression. Ami: amitriptyline; TNF-α: Tumor
necrosis factor-alpha; ASM: Acid sphingomyelinase; CE: Ceramide;
NLRP3: NOD-like receptor family, pyrin domain-containing protein
3; IL-1β: interleukin-1 beta; NAFLD: Non-alcoholic fatty liver
disease; NASH: Non-alcoholic steatohepatitis.
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Ami attenuates NLRP3 activation by modulating the ASM/CE
pathway, ameliorating lipid deposition and inflammation
progression. Meanwhile, MCC950, a specific NLRP3
inhibitor, downregulates the expression of NLRP3/caspase
1/IL-1β and mitigates cell apoptosis. These findings
underscore the potential of ASM and CE as predictive
markers for NAFLD diagnosis and highlight the therapeutic
promise targeting the ASM/CE-NLRP3 pathway in NAFLD
treatment.
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