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Abstract. – OBJECTIVE: Non-alcoholic fatty 
liver disease (NAFLD) has been proven to be the 
most common liver disease in the world, which 
is a sterile liver disease and is characterized by 
chronic hepatic steatosis and inflammation. The 
first step of the spectrum of the disease is the 
non-alcoholic fatty liver (NAFL). Based on he-
patocellular necrosis and inflammation, NAFL 
will progress to non-alcoholic steatohepatitis 
(NASH), which may have the potential to prog-
ress cirrhosis, and even hepatocellular carci-
noma (HCC) in a few years. Kupffer cells (KCs) 
are liver-resident macrophages and have been 
proven to play a crucial role in NAFLD develop-
ment. Cardiolipin is reported to be effective to 
trigger the activation of NLRP3 inflammasome 
through a ROS-independent signaling pathway. 
However, the exact mechanism of NLRP3 inflam-
masome activated by cardiolipin in KCs is still 
unclear. 

MATERIALS AND METHODS: To make clear 
of the specific mechanism mentioned above, we 
firstly used a MCD-induced NASH mice model to 
demonstrate that CLS1 suppression reduced he-
patic steatosis and inflammation. Secondly, the 
results of IHC staining indicated that the expres-
sions of CLS1 and NLRP3 in liver tissues were 
significantly upregulated in the NASH group 
compared to the ND group. On the contrary, 
CLS1 inhibition significantly downregulated NL-
RP3 expression in liver tissues, which indicated 
that CLS1 probably regulated the level of NLRP3 
expression. Furthermore, we demonstrated that 
CLS1 suppression significantly ameliorated the 
liver function and decreased the TG level, and 
interleukin-1β (IL-1β) and IL-18 were markedly re-
duced upon CLS1 inhibition. 

RESULTS: In this work, we reported that car-
diolipin is involved in the development of NASH, 
and the suppression of the cardiolipin synthe-
sis by shRNA-CLS1 could ameliorate the hepatic 
pathogenic manifestations, as well as the serum 

inflammatory biomarkers. We further showed 
that the protein expressions of CLS1, NLRP3, 
ASC, and Caspase-1 were all upregulated in the 
NASH liver tissues and palmitic stimulated KCs. 

CONCLUSIONS: Our study showed that the 
upregulation of NLRP3 inflammasome activat-
ed by cardiolipin is crucial in NASH pathogene-
sis, which might provide a novel potential role of 
cardiolipin blockade in the treatment of NASH.
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Introduction

With the increasing sedentary lifestyles and 
Western dietary patterns in the past few decades, 
the world has been suffering from a high prev-
alence of non-alcoholic fatty liver disease (NA-
FLD)1. Anstee and Day2 generally estimated that 
one-third of American adults suffer from chronic 
liver disease. Besides, the prevalence of NAFLD 
ranges from 20% to 30% in the Europe and Mid-
dle East areas, and 15% to 30% in China and 
Japan. It is assumed that the incidence and prev-
alence of NAFLD are rising rapidly in the com-
ing decade. NAFLD is defined as triacylglycerol 
accumulation exceeding 5% in hepatocytes in the 
individuals, who should drink little or no alcohol 
in daily life. The spectrum of the disease contains 
non-alcoholic fatty liver (NAFL), non-alcoholic 
steatohepatitis (NASH), cirrhosis, and even hepa-
tocellular carcinoma (HCC)3. NAFLD is a chron-
ic inflammatory disease, and NASH is believed 
to be related to sterile inflammation, and insulin 
resistance is a pro-inflammation state3,4.
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Kupffer cells (KCs) are liver-resident mac-
rophages and have been suggested to play a 
pivotal role in the NAFLD development5,6. The 
best-studied inflammasome among all inflam-
masome is NACHT, LRR, and PYD domain-con-
taining protein 3 (NLRP3) inflammasome. NL-
RP3 is involved in many inflammatory diseases. 
For example, NLRP3 inflammasome is a signif-
icant contributor to diet-induced atherosclerosis 
in mice7, and increased NLRP3 inflammasome 
activation has been observed in rheumatoid ar-
thritis, while the deletion of NLRP3 significant-
ly protects rheumatoid arthritis-associated in-
flammation8. NLRP3 inflammasome also plays 
an essential role in the metabolic disorders. The 
reduction of NLRP3 expression is coupled with 
insulin sensitivity in type 2 diabetes patients9. 
Masters et al10 suggest that islet amyloid poly-
peptide can activate NLRP3 inflammasome and 
produce mature interleukin-1β (IL-1β) in type 
2 diabetes models. MCC950 also reduces liver 
fibrosis and inflammation in NASH models, 
while NLRP3 inflammasome activation leads 
to liver inflammation, hepatocytes death, and 
fibrosis11,12. 

Numerous researchers have paid close at-
tention to the mechanism underlying NLRP3 
inflammasome activation. A variety of danger 
signals can trigger the activation of NLRP3 in-
flammasome. Interestingly, the diverse DAMPs 
(damage-associated molecular patterns) and 
PAMPs (pathogen-associated molecular patterns) 
do not interact with NLRP3 directly, indicating a 
common cellular signal converts NLRP3 from an 
inactive to an active form. Molecular and cellular 
events, including K+ efflux, Ca2+ signaling, reac-
tive oxygen species, and lysosomal rupture have 
been proposed to be involved in this common 
signal13-15. However, the contributions of these 
events to NLRP3 inflammation activation remain 
controversial. 

Cardiolipin is an anionic phospholipid, con-
taining four acyl chains and two phosphati-
dyl groups, linking to backbone glycerol. It 
is synthesized exclusively in the inner mem-
brane of mitochondria and facilitates the mem-
brane-related processes, such as assembly, pro-
tein transmembrane movement, and membrane 
contact sites formation16-18. Cardiolipin synthase 
1 (CLS1) is the key molecule which controls the 
synthase and activity of cardiolipin. Cardiolipin 
has been reported to be related to a wide range 
of diseases, including Barth syndrome, obesity, 
heart disease, and so on19,20. Surprisingly, car-

diolipin is reported to activate NLRP3 inflam-
masome21 effectively. Peng et al22 shows that 
cardiolipin deficiency protects against hepatic 
steatosis. However, both studies did not reveal 
whether cardiolipin activates the NLRP3 in-
flammasome in KCs.

Here we report that cardiolipin has a close 
association with the development and progres-
sion of NASH, and the suppression of the cardi-
olipin synthesise by shRNA-CLS1 could ame-
liorate the hepatic pathogenic manifestations, 
as well as the serum inflammatory biomarkers. 
We further show that the protein expressions 
of CLS1, NLRP3, ASC, and Caspase-1 are all 
elevated in the NASH liver tissues and palmitic 
stimulated KCs. We believe that these findings 
will provide a new therapeutic utility of NL-
RP3 inflammasome blockade in the treatment 
of NASH.

Materials and Methods

Animal Studies and Histological Analysis
C57BL/6 mice (male, eight weeks) were from 

the Chongqing Medical University (Chongqing, 
China). The Animal Ethics of the Chongqing 
Medical University Animal Center Committee 
approved this investigation. All the animals 
received humane care in compliance with the in-
stitution’s guidelines. All the mice were housed 
under specific pathogen-free (SPF) conditions, 
which were free to sterile food and water. We 
randomly divided the 30 mice into three groups, 
and each group has ten mice. The first is normal 
diet (ND) group, the mice were fed with ND for 
6 weeks; the second is methionine choline-defi-
cient diet (MCD) group, in which the mice were 
fed with the MCD diet (A02082002B, Research 
Diets, New Brunswick, NJ, USA) for 6 weeks; 
the third is MCD+shRNA-CLS1 group, in which 
the mice were fed with MCD diet for 4 weeks, 
and then received daily doses of shRNA-CLS1 
(intraperitoneal) for the last 2 weeks. The pro-
cedure was described in Figure 1A. We used 
ether inhalation to anesthetize the mice before 
the experiment, complying with the National In-
stitutes of Health Guide for the Care and Use of 
Laboratory Animals. Hematoxylin-eosin (H&E) 
and immunohistochemical (IHC) staining for 
CLS1 (ab156882, Abcam, Cambridge, MA, 
USA) and NLRP3 (ab4207, Abcam, Cambridge, 
MA, USA) were performed on the paraffin sec-
tions of the livers fixed by formalin.
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Serum Analysis 
We obtained the mice serum from blood 

through centrifugation for 10 minutes at 10,000 
g. The levels of serum alanine aminotransferase 
were evaluated by a kinetic method (D-TEK, 
Bensalem, PA, USA). The levels of IL-1β and IL-
18 in the serum were evaluated by chemilumines-
cence technique (Siemens Diagnostic products, 
Berlin, Germany). An automatic biochemistry 
analyzer measured the serum levels of triglycer-
ide (TG) and free fatty acid (FFA).

In vitro Experiments
We used the procedure from our group to 

isolate the primary KCs from mouse livers23. 
Briefly, animals were anesthetized by diethyl 
ether inhalation. The liver tissues were dispersed 
in 10 mL Roswell Park Memorial Institute-1640 
(RPMI-1640; HyClone, South Logan, UT, USA) 
which contained 0.1% type IV collagenase. Then, 
we performed liver tissues in bathe-water at 37°C 
for 30 min. After digestion, we filtered the liver 
homogenate through a 74 µm stainless steel wire 
mesh, for the aim of removing the undigested 
tissue and reserving the cell suspension.

Then, we centrifuged the cell suspension at 
300 g for 5 min at 4°C. Gradient centrifugations 
were performed to separate KCs from hepato-
cytes and other types of cells in the liver. We 
randomly divided the isolated KCs into three 
groups. The first was the control group (stim-
ulated by normal culture medium), the second 
was the PA group (palmitic acid, 0.32 mM, 
Sigma-Aldrich, St. Louis, MO, USA) (stimu-

lated with PA for 8 h), and the third was PA+ 
shRNA-CLS1 group (stimulated with PA and 
shRNA-CLS1 for 8 h). The procedure was de-
scribed in Figure 1B.

Western Blotting 
The protein expressions of CLS1 and the com-

ponents of NLRP3 inflammasome (NLRP3, ASC, 
and Caspase-1) in KCs were evaluated by West-
ern blotting. The proteins were extracted from 
liver tissues and cells as previously described. 
Equal amounts of the protein (20 μg) from each 
group were separated by SDS-PAGE, and then 
transferred onto polyvinylidene difluoride mem-
brane. The blocking step was performed by 5% 
non-fat dry milk powder in Tris-Buffered Saline, 
which contained 0.1% Tween-20 (TBST; for 2 
h, at 37°C). We next incubated polyvinylidene 
difluoride (PVDF) membranes (Millipore, Biller-
ica, MA, USA) with the primary antibodies 4°C 
overnight. Finally, we washed the membranes in 
Tris-Buffered Saline and Tween-20 (TBST) and 
developed through an enhanced chemilumines-
cence (ECL) detection system.

Enzyme-Linked Immunosorbent Assay 
(ELISA) Analysis

ELISA was performed to evaluate the IL-1β 
and IL-18 levels in the cell culture supernatant 
(R&D Systems, Minneapolis, MN, USA).

Statistical Analysis
All the data were shown as mean ± SD (stan-

dard deviation). We performed statistical calcu-
lations through variance analysis (ANOVA) fol-
lowed by the post-hoc test (Least Significant Dif-
ference), and we used the Statistical Product and 
Service Solutions (SPSS) version 18.0 statistical 
package to analyze the data (SPSS Inc., Chicago, 
IL, USA). The comparison of the means was per-
formed by the t-test. p <0.05 was thought to have 
statistically significant between the groups.

Results

Cardiolipin is Involved in 
the Development of NASH

First, we determined the effect of CLS1 sup-
pression on the progression of mice NASH es-
tablished via MCD diet. As expected, balloon-
ing in the hepatocytes and infiltration of the 
inflammatory cells were markedly elevated in 
the MCD group, when compared with ND group 

Figure 1. The experimental procedure of the study. A, An-
imal experimental procedure. B, Cell experimental proce-
dure.
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(Figure 2, arrows, ballooning in the hepatocytes 
and infiltration of inflammatory cells). Of note, 
the degrees of the hepatocyte ballooning and 
inflammatory cell infiltration were significant-
ly decreased in the MCD+shRNA-CLS1 group, 
when compared with the MCD group, indicating 
that cardiolipin inhibition by shRNA-CLS1 was 
capable of stopping the NASH development. We 
next assessed the expressions of CLS1 and NL-
RP3 in liver tissues from each group through 
IHC staining. Our data indicated that the hepatic 
expressions of CLS1 and NLRP3 in liver sections 
from the MCD group were markedly higher 
when compared with the ND group (Figure 2). It 
was interesting that CLS1 inhibition was able to 
inhibit CLS1 expression and NLRP3 expression 
in mice liver tissues (Figure 2), and there was 
no significant difference between ND and MC-
D+shRNA-CLS1 group in NLRP3 expression 

of mice liver tissues. These results demonstrated 
that Cardiolipin and NLRP3 took part in the mice 
NASH progression. Suppressing the cardiolipin 
synthesize by shRNA-CLS1 could ameliorate the 
mice hepatic pathogenic manifestations, probably 
by downregulating the NLRP3 expression.

Inhibition of Cardiolipin Ameliorates 
Mice Liver Functions and Suppress 
Pro-Inflammatory Cytokines Secretions

We further measured the levels of ALT and 
AST in mice serum. We found that the levels of 
ALT and AST in the MCD group were markedly 
increased when compared with the ND group, 
whereas there was no significant difference be-
tween ND group and shRNA-CLS1 group in the 
levels of ALT and AST (Figures 3A, 3B). Fur-
thermore, the ELISA results indicated that IL-1β 
and IL-18 expression in MCD group were sig-

Figure 2. CLS1 participates in the progression of NASH by regulating the NLRP3 expression. The images of the H&E 
staining of the liver sections from ND, MCD, and MCD+shRNA groups. Immunohistochemical staining for CLS1 and NLRP3 
in liver sections (arrows, positive expressions). The original magnification is labeled in each picture (200×).
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nificantly increased when compared with the ND 
group, and shRNA-CLS1 treatment significantly 
reduced the levels of IL-1β and IL-18 (Figures 
3C, 3D). There was no difference between ND 
and MCD+ shRNA-CLS1 group in the levels of 
IL-1β and IL-18. We also assessed the serum lev-
els of FFA and TG, and our data showed that the 
levels of FFA and TG were significantly elevated 
in MCD mice group than in the ND mice group 
(Figures 3E, 3F). However, no evident significant 
difference was detected between the ND group 
and MCD+shRNA-CLS1 treated group in the 
levels of FFA and TG (Figures 3E, 3F).

Briefly, our data suggest that FFA can act as a 
kind of DAMPs to induce the cardiolipin synthe-
sis and binding to NLRP3, which would activate 
the NLRP3 inflammasome, cardiolipin plays an 
essential role in the development of NASH, and 
cardiolipin inhibition by shRNA-CLS1 signifi-
cantly ameliorates the liver functions, including 
ALT, AST, and TG, which might be due to the 
reduction of IL-1β and IL-18 secretions.

Inhibition of Cardiolipin Induced 
by CLS1 Inhibition Decreases the 
Expression of NLRP3 Inflammasome 
in Liver Tissues

Various analyses have shown that NLRP3 in-
flammasome activation has a close relationship 
with NASH development. Consequently, we de-

tected the expressions of CLS1 and the compo-
nents of the NLRP3 inflammasome in the liver 
tissues from each group. The results indicated 
that the expressions of CLS1 and the components 
of NLRP3 inflammasome (NLRP3, ASC, and 
Caspase-1) in the NASH group were markedly 
higher than in the ND group. It was interesting 
that CLS1 inhibition could significantly decrease 
the expressions of NLRP3, ASC, and Caspase-1 
in liver tissues, whereas no evident significant 
difference was observed between the ND and 
MCD+shRNA-CLS1 group in the expressions 
of CLS1 and the components of NLRP3 inflam-
masome (Figures 4A, 4B).

The data above indicated that CLS1, which 
controls the synthesize of cardiolipin, is closely 
related to the NASH development, and CLS1 in-
hibition significantly down-regulates the expres-
sions of the members of NLRP3 inflammasome, 
explaining the phenomenon that cardiolipin in-
hibition prevented the formation of mice NASH, 
and the reduction of IL-1β and IL-18 in the MC-
D+shRNA-CLS1 group.

Inhibition of Cardiolipin Induced by 
CLS1 Silencing Decreases the Protein 
Level of NLRP3 Inflammasome in KCs

KCs exert an essential effect in the initiation 
of NASH, and PA can act as a DAMP to induce 
NLRP3 inflammasome activation. Consequent-

Figure 3. CLS1 inhibition ameliorated liver function and reduced pro-inflammatory cytokines in mice serum. A-B, Serum 
ALT and AST levels. C-D, Serum IL-1β and IL-18 concentrations. E-F, Levels of FFA and TG. The data are expressed as the 
mean ± SD. *p<0.05 vs. ND or MCD+shRNA group.
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ly, PA was used to stimulate KCs, for the aim 
of exploring the protein levels of CLS1 and the 
components of NLRP3 inflammasome. The ex-
perimental data demonstrated that PA stimula-
tion significantly elevated the protein expressions 
levels of CLS1 and the components of NLRP3 
inflammasome in KCs in comparison with the 
control group (Figures 5A, 5B). Of note, after 
inhibition of the expression of CLS1 by gene si-
lencing, the protein expressions of NLRP3, ASC 
and caspase-1 were accompanied by a significant 
reduction (Figures 5A, 5B), which indicated that 
cardiolipin was probably a pivotal member in reg-
ulating the NLRP3 inflammasome activation in 
the upstream of the NLRP3 activation signaling 
pathway. NLRP3 inflammasome plays a critical 
role in the cleavage and release of bioactive IL-1β 
and IL-18. Consistent with this, we found dramat-
ically lower IL-1β and IL-18 serum levels in PA+ 
shRNA-CLS1 group when compared with the 
PA group (Figures 5C, 5D). Collectively, these 
data strongly demonstrated that CLS1 inhibition 
significantly suppressed the activation of NLRP3 
inflammasome and secretions of the pro-inflam-

matory cytokines induced by PA stimulation, 
which indicated that cardiolipin might act as an 
essential bridge to connect the activators and 
NLRP3 inflammasome.

Discussion

It is widely known that the incidence of NA-
FLD is steadily elevating year after year so it 
becomes a significant medical burden of public 
health in the world24. The incidence of NAFLD 
ranges from 12% to 32% worldwide24. The mech-
anism of chronic inflammation triggered by NL-
RP3 inflammasome and the pro-inflammatory 
cytokines secreted by KCs in the NAFLD devel-
opment have been received widely attention25. 
NLRP3 inflammasome can cleave IL-1β and IL-
18. Cardiolipin was proven to take part in the 
pathogenesis of NASH by controlling the NLRP3 
inflammasome activation26. However, the specific 
mechanism of the cardiolipin-induced NLRP3 
inflammasome activation in NASH development 
still needs more studies.

Figure 4. CLS1 inhibition down-regulates the protein expression level of NLRP3 inflammasome in liver tissues. A-B, Protein 
expression levels of CLS1, NLRP3, ASC, and Caspase-1 in liver tissues of each group. *p<0.05 vs. ND or ND+shRNA group. 
Data are representative of four individual experiments.
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To make clear the specific mechanism men-
tioned above, we firstly used a MCD-induced 
NASH mice model to demonstrate that CLS1 
suppression reduced hepatic steatosis and inflam-
mation. Secondly, the results of IHC staining in-
dicated that the expressions of CLS1 and NLRP3 
in liver tissues were significantly upregulated in 
the NASH group compared with the ND group. 
On the contrary, CLS1 inhibition significantly 

downregulated NLRP3 expression in liver tis-
sues, which indicated that CLS1 probably reg-
ulated the level of NLRP3 expression. Further-
more, we demonstrated that CLS1 suppression 
significantly ameliorated the liver function and 
decreased the TG level, while IL-1β and IL-18 
were markedly reduced upon the CLS1 inhibi-
tion. In addition, the protein expressions of CLS1 
and NLRP3 inflammasome in the liver tissues of 

Figure 5. CLS1 inhibition down-regulates the protein expression level of NLRP3 inflammasome and inflammatory response 
in KCs. A-B, Protein expression levels of CLS1, NLRP3, ASC, and Caspase-1 in KCs. C-D, Levels of IL-1β, and IL-18 in the 
cell cultural supernatant of KCs. The values are expressed as mean ± standard deviation. *p<0.05 vs. Control or PA+shRNA 
group. The data are representative of four individual experiments.
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NASH group were markedly upregulated than the 
ND group, and CLS1 inhibition could significant-
ly decrease the protein expressions of NLRP3 in-
flammasome in liver tissues when compared with 
the NASH group. In the cell-based experiment, 
we found that PA could significantly upregulate 
the protein expressions of CLS1 and the compo-
nents of NLRP3 inflammasome in isolated KCs. 
Interestingly, CLS1 inhibition could significantly 
decrease the protein expressions of the compo-
nents of NLRP3 inflammasome in KCs as well, 
and further suppressing IL-1β and IL-18 levels 
in the cell culture supernatant. The data in vitro 
and in vivo were identical, which suggested that 
NLRP3 inflammasome activation depended on 
the synthesis of cardiolipin, and cardiolipin was 
probably a pivotal member in the signal pathway 
of NLRP3 inflammasome activation. Based on 
these findings, we conclude that NLRP3 inflam-
masome and cardiolipin are potential therapeutic 
targets in NASH.

KCs have been reported to play a critical role 
in the pathogenesis of NASH, and NASH is tight-
ly associated with steatosis and inflammation6. 
Here we have shown that NLRP3 inflammasome 
promotes the pathogenesis of MCD diet-induced 
liver steatosis, inflammation, and liver damage, 
which is probably KCs-driven. We found that 
PA stimulation led to inflammatory cytokines 
released by KCs. Admittedly, these inflammatory 
cytokines will cause chronic inflammation in 
the liver, in consistence with many investiga-
tions reporting that inflammation is accompanied 
with NASH9. IL-1β was reported to promote 
hepatocytes to synthesize TG and uptake free 
fatty acids, further exacerbating steatosis27, and 
IL-1β is capable of activating hepatic stellate 
cell, leading to dramatically increased secretion 
of TIMP metallopeptidase inhibitor 1 (TIMP1), 
which inhibits matrix metalloprotease, eventu-
ally resulting in liver fibrosis28. Cardiolipin is 
located in the inner membrane of the mitochon-
dria29. However, it can translocate to the outer 
membrane under some specific condition. For 
example, the mitochondrial injury will cause 
phospholipid scramblase-3-dependent cardiolipin 
translocation to the outer membrane29. FFAs con-
tribute to the cellular construction and energy, 
whereas a massive influx of FFAs and its inter-
mediates will lead to a robust soar of ROS level, 
resulting in mitochondria injury, and thus causing 
cardiolipin translocation30. However, cardiolip-
in-mediated NLRP3 inflammasome activation 
was proven to be a ROS-independent pathway. 

Consequently, the specific mechanism of NLRP3 
inflammasome activation mediated by cardiolipin 
is controversial. In this investigation, we did not 
design and perform the experiments to observe 
and detect the cardiolipin translocation, which 
will be our future focus area.

Conclusions

NLRP3 inflammasome activation triggered by 
cardiolipin is crucial in the pathogenesis of MCD 
diet-induced hepatic steatosis, inflammation, and 
liver damage in a cell-specific manner, providing 
a novel potential role of cardiolipin blockade in 
the treatment of NASH.
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