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Abstract
One promising strategy for minimizing chemotherapeutic resistance in hepatocellular carcinoma (HCC) is the use of effective 
chemosensitizers. We studied the complementary multi-targeted molecular mechanisms of metformin and celastrol in mice 
with diethylnitrosamine-induced HCC to investigate whether metformin could augment the sensitivity of HCC tissue to the 
effect of celastrol. Simultaneous administration of celastrol (2 mg/kg) and metformin (200 mg/kg) improved liver function, 
enhanced the histological picture and prolonged survival. Additionally, combination therapy exerted anti-inflammatory 
activity, as indicated by the decreased levels of TNF-α and IL-6. This protective role could be attributed to inhibition of 
inflammasome activation. Herein, our data revealed downregulated NLRP3 gene expression, suppressed caspase-1 activ-
ity and reduced levels of the active forms of IL-1β and IL-18. Under this condition, pyroptotic activity was suppressed. In 
contrast, in the celastrol and celastrol + metformin groups, the apoptotic potential was amplified, as revealed by the increase 
in the caspase-9 and caspase-3 levels and Bax:BCL-2 ratio. In addition to their repressive effect on the gene expression of 
NFκBp65, TNFR and TLR4, metformin and celastrol inhibited phosphorylation-induced activation of IκBκB and NFκBp65 
and decreased IκBα degradation. Combination therapy with metformin and celastrol repressed markers of angiogenesis, 
metastasis and tumour proliferation, as revealed by the decreased hepatic levels of VEGF, MMP-2/9 and cyclin D1 mRNA, 
respectively. In conclusion, by inhibiting NLRP3 inflammasome and its prerequisite NFκB signalling, simultaneous admin-
istration of metformin and celastrol appears to have additive benefits in the treatment of HCC compared to cela monotherapy. 
This effect warrants further clinical investigation.
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PI3K	� Phosphoinositide 3-kinase
TLR	� Toll like receptor
TNF-α	� Tumour necrosis factor-alpha
VEGF	� Vascular endothelial growth factor

Introduction

Hepatocellular carcinoma (HCC) is the most common form 
of liver malignancy and is considered a leading cause of 
cancer-related mortality worldwide. HCC is commonly 
associated with high incidence, high recurrence and relapse 
rates, poor prognosis, and high chemotherapeutic resist-
ance potential. In addition, current systemic therapies such 
as sorafenib have been shown to affect patients’ survival by 
only a few months [1]. These facts have led many research-
ers to explore the underlying mechanisms by which liver 
cancer cells develop and proliferate in an attempt to improve 
the efficiency of strategies for HCC management.

There are no currently NLRP3 antagonists approved for 
therapeutic purposes. Inflammasomes are cytoplasmic multi-
protein signalling complexes that are produced as an inflam-
matory immune response to diverse signals. Dysregulation 
of Nod-like receptor protein 3 (NLRP3) inflammasome 
activation is extensively linked with various malignancies. 
The role of the NLRP3 inflammasome in livers with HCC 
has been confirmed by evidence. Pharmacological interven-
tion with NLRP3 inflammasome activation may suppress 
proliferation, invasion and metastasis in HCC, suggesting a 
potential therapeutic strategy [2]. Toll-like receptor (TLR)/
nuclear transcription factor kappa B (NFκB) pathway activa-
tion mediates the transcriptional upregulation and oligomeri-
zation of NLRP3 components and the subsequent activation 
of caspase-1 which, in turn, mediates the proinflammatory 
cell death process of pyroptosis and increases the secretion 
of inflammasome effector molecules, for example, the pro-
inflammatory cytokines IL-1β and IL-18 [3].

NFκB proteins, the key regulators of innate and adaptive 
immune responses, are induced in many types of cancers, 
including HCC and are strongly related to tumour prolifera-
tion, invasion and metastasis as well as apoptosis inhibition 
[4]. Activation of the NFκB signalling pathway begins with 
site-specific phosphorylation of the inhibitor of kappa B alpha 
(IκBα) by the inhibitor κB kinase complex (IκBκB), followed 
by IκBα ubiquitination and degradation by the proteasome, 
leading to NFκB nuclear translocation [5]. The NFκB sig-
nalling pathway modulates the transcription of several genes 
associated with cancer cell apoptosis (BCL-2 family proteins), 
as well as tumour proliferation (Cyclin D1) and metastasis 
(MMP-2 and -9). In addition, this pathway plays a significant 
role in the transcription of genes encoding several proinflam-
matory regulators, such as TNF-α, IL-1β and IL-6 [6]. There-
fore, several studies have explored the inhibitory effect of 

numerous anticancer drugs on NFκB signalling by targeting 
many steps in the NFκB activation pathway.

Many studies have revealed the anticancer and anti-inflam-
matory activity of the bioactive triterpene celastrol (cela), 
isolated from Tripterygium wilfordii root bark. The cytotoxic 
activity of cela against tumours has been attributed to its mod-
ulation of diverse molecular pathways, particularly its suppres-
sion of the NFκB signalling pathway and its target genes. Cela 
inhibits NFκB activation by stabilizing the IκB/NFκB com-
plex, preventing IκBα protein degradation and NFκB nuclear 
translocation. This effect results in downregulated transcrip-
tion of several NFκB target genes [7]. Despite the therapeu-
tic potential of cela as an anticancer agent, its further clinical 
application is still limited by its associated adverse reactions. 
Data from rodents demonstrated an LD50 of 20.5 mg/kg. In 
addition, other reports revealed that a dose of 4 mg/kg was 
associated with a mortality rate of 40% [8].

Metformin (met) is mainly used as a synthetic hypogly-
caemic drug; however, many studies have reported that met 
elicited noticeable anti-inflammatory activity. This anti-
inflammatory effect has been attributed to inhibition of NFκB 
signalling [9]. In addition, many reports have shed light on the 
anticancer potential of met [10]. Some studies proposed that 
the reduction in chronic inflammatory responses and TNF-α 
production, as well as the inhibition of NFκB activation by 
met, could help inhibit tumour development, promote tumour 
cell apoptosis and inhibit cancer cell proliferation and metas-
tasis [11]. However, the molecular mechanisms underlying the 
anticancer activity of met need further clarification, particu-
larly in the management of HCC.

One promising strategy for minimizing chemotherapeu-
tic resistance is the use of effective chemosensitizers. After 
an extensive literature review, the low cost and low toxicity, 
in addition to the complementary multi-targeted antitumour 
molecular mechanisms, prompted us to suggest that met could 
sensitize HCC model livers to the effect of cela. The expected 
chemosensitizing properties of met could be mediated through 
its ability to modulate multiple cell signalling molecules, 
including NFκB and inflammasome activation.

There are no currently NLRP3 antagonists approved for 
therapeutic purposes. Therefore, in the current study, we aimed 
to investigate whether met could be an ideal candidate adjunct 
to cela in the treatment of diethylnitrosamine-induced HCC in 
mice. Combined therapy with met and cela was expected to 
exhibit synergistic antitumour activity, suggesting a promis-
ing treatment option combating resistance, minimizing toxicity 
and cost, and enhancing survival.
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Materials and methods

Animals

Male BALB/c mice, weighing 25 ± 2 g and age 6–8 weeks, 
were purchased from the animal facility at Delta Univer-
sity for Science and Technology. They were maintained 
under pathogen-free conditions in polypropylene cages and 
allowed free access to rodent chow (23% protein and 4% 
fat) and water ad libitum. They were let for a 1 week of 
acclimatization before initiating the experiment. Standard 
laboratory conditions (21 °C, 45–55% humidity) and light/
dark cycles (12:12 h) were maintained. All animal experi-
ments complied with the guidelines of the Institutional Ani-
mal Care and Use Committee of the Faculty of Pharmacy 
at Delta University for Science and Technology (approval 
number: FPDU2019/119) and followed the standards equiva-
lent to the UKCCCR guidelines for the welfare of animals 
in experimental neoplasia Br J Cancer 58: 109–113, [12]. In 
addition, experimental protocols comply with the ARRIVE 
guidelines [13] and carried out in accordance with the U.K. 
Animals (Scientific Procedures) Act, 1986 and associated 
guidelines, EU Directive 2010/63/EU for animal experi-
ments [14].

Experimental design

Mice were randomly allocated to seven groups of 20 mice 
each. Mice in the Normal group received weekly i.p. injec-
tions of normal saline solution (NSS) for 10 weeks. Mice 
in the Normal/met group received weekly i.p. injections of 
NSS for 10 weeks, followed by met (200 mg/kg/day, p.o.). 
Mice in the Normal/cela group received weekly i.p. injec-
tions of NSS for 10 weeks, followed by cela (2 mg/kg/day, 
p.o.). Mice in the DEN group received weekly i.p. injections 
of 100 mg/kg 1% diethylnitrosamine (DEN) (v/v) in NSS for 
10 weeks. Mice in the DEN/met group received weekly i.p. 

injections of 100 mg/kg 1% DEN (v/v) in NSS for 10 weeks, 
followed by met (200 mg/kg/day, p.o.). Mice in the DEN/
cela group received weekly i.p. injections of 100 mg/kg 1% 
DEN (v/v) in NSS for 10 weeks, followed by cela (2 mg/
kg/day, p.o.) afterwards. Mice in the DEN/met + cela group 
received weekly i.p. injections of 100 mg/kg 1% DEN (v/v) 
in NSS for 10 weeks, followed by met (200 mg/kg/day, 
p.o.) + cela (2 mg/kg/day, p.o.). Drug treatment started on 
day 75 and continued to the end of the experiment, up to 
day 150 (Table 1).

Calculation of relative liver weight

The relative liver weight was calculated as the liver weight 
(g) divided by the body weight (g).

Liver tumour examination

After careful removal and washing of livers in chilled PBS, 
the number of surface nodules (≥ 1 mm diameter) of all 
lobes were counted. Non-tumourous tissue from the larg-
est lobe of each animal was harvested for RNA and protein 
extraction for further biochemical measurements. Histo-
logic sections including tumourous tissues were separated 
and fixed in 4% neutral buffered formalin for 24 h prior to 
histological examination.

Histopathological examination

Liver tissues were fixed in paraffin. Paraffin–beeswax tissue 
blocks were sectioned at a 4-µm thickness with a sledge 
microtome. Tissue sections were collected on glass slides, 
deparaffinized, stained with haematoxylin and eosin (H&E) 
and examined with an electric light microscope [15].

Table 1   Experimental design

cela celastrol, DEN diethylnitrosamine, i.p. intraperitoneal, met metformin, NSS normal saline solution, p.o. per oral

Exp. groups Days (1:75) Days (75:150)

Normal group i.p. injections of NSS once a week –
Normal/met group i.p. injections of NSS once a week met 200 mg/kg/p.o./day
Normal/cela group i.p. injections of NSS once a week cela 2 mg/kg/p.o./day
DEN group i.p. injections of 100 mg/kg of 1% DEN (v/v) in NSS once a week –
DEN/met group i.p. injections of 100 mg/kg of 1% DEN (v/v) in NSS once a week met 200 mg/kg/p.o./day
DEN/cela group i.p. injections of 100 mg/kg of 1% DEN (v/v) in NSS once a week cela 2 mg/kg/p.o./day
DEN/met + cela i.p. injections of 100 mg/kg of 1% DEN (v/v) in NSS once a week met 200 mg/kg/p.o./

day + cela 2 mg/
kg/p.o./day
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Biochemical analysis

Assessment of AFP and MDA

Following the manufacturer’s protocol, ELISA kits sup-
plied from R&D systems (Minneapolis, MN, USA) were 
used for the determination of mouse AFP. MDA is a marker 
for oxidative stress that condenses with two equivalents of 
thiobarbituric acid to give a fluorescent red derivative that 
can be assayed using commercially available kits from Bio-
diagnostic Co. (Giza, Egypt).

Assessment of ALT, AST, ALP, and γGT

ALT, AST, ALP, and γGT were measured spectrophotomet-
rically using commercially available kits from Bio-diagnos-
tic Co. in accordance with the manufacturer’s instructions.

Assessment of hepatic levels of IL‑1β, IL‑18, TNF‑α, and IL‑6

For the determination of IL-1β, ELISA kits purchased from 
BioLegend (San Diego, CA, USA) were used as per the 
manufacturer’s instructions. IL-18 hepatic levels were meas-
ured using ELISA kits supplied by USCN Life Science Inc. 
(Wuhan, China) as instructed. In accordance with the given 
protocol, mouse quantikine ELISA kits purchased from 
R&D systems were used for the determination of TNF-α 
and IL-6.

Assessment of VEGF, MMP‑2 and MMP‑9

MMP-2 and MMP-9 hepatic levels were measured using 
ELISA kits supplied by CUSABIO (Wuhan, China). VEGF 
was measured in the liver by ELISA kit purchased from 
R&D systems according to the manufacturer’s instructions.

Assessment of caspase‑1 activity

Determination of caspase-1 activity was based on spectro-
photometric detection of the chromophore p-nitroanilide 
(p-NA) after cleavage from the labelled substrate YVAD-p-
NA using a caspase-1 colorimetric assay kit from R&D Sys-
tems. p-NA light emission at 405 nm was quantified using a 
microtiter plate reader. Briefly, tissue lysates were prepared 
using chilled lysis buffer and were centrifuged at 10,000×g. 
The protein concentration of the cytosolic extracts was 
assayed. One hundred micrograms of protein was diluted in 
50 µl of lysis buffer. Fifty microlitres of 2× reaction buffer 
(containing 10 mM DTT) and 5 µl of YVAD-p-NA substrate 
was added to each sample and incubated at 37 °C for 1–2 h. 
Samples were read at 405 nm in a microtitre plate reader. 
The results are expressed as the fold increase in caspase-1 
activity relative to the Normal group.

Assessment of hepatic caspase‑3, caspase‑9, BCL‑2 and Bax 
levels

After preparation of tissue lysates, protein quantification was 
performed with a BCA protein assay reagent kit obtained 
from Thermo Fisher Scientific Inc. (Rockford, USA). 
Cleaved caspase-3 (Asp175) levels were measured with a 
mouse DuoSet IC ELISA kit from R&D systems. The levels 
were normalized to the total protein concentrations. Hepatic 
caspase-9 levels were assessed using ELISA kits supplied 
by MyBioSource Inc. (San Diego, CA, USA). BCL-2 lev-
els were measured using a kit from Abbexa (Cambridge, 
UK). Bax levels were measured using a kit obtained from 
MyBioSource Inc., in accordance with the manufacturer’s 
instructions.

Assessment of IκBα and NFĸB p65 (pSer536) levels

IκBα levels were measured with an ELISA kit obtained from 
CUSABIO, according to the manufacturer’s instructions. 
NFĸB P65 (pSer536) was measured with an ELISA kit pur-
chased from Abcam (Cambridge, MA, USA). Briefly, 10 ml 
of 1× cell extraction buffer PTR was prepared by combining 
7.8 ml of deionized water, 2 ml of 5× cell extraction buffer 
PTR and 200 µl of 50× cell extraction enhancer solution. 
One millilitre of 1× cell extraction buffer PTR was used to 
homogenize liver tissue by incubation on ice for 20 min and 
centrifugation at 18,000×g for 20 min at 4 °C. Pellets were 
discarded and supernatants were transferred to clean tubes in 
preparation for protein quantification. Then, 1× cell extrac-
tion buffer PTR was used to dilute samples to the desired 
volume. Samples were subjected to the SimpleStep ELISA 
protocol following the manufacturer’s instructions. Finally, 
the levels were normalized to the level of NFĸB P65 (total) 
protein measured in the same sample.

Assessment of IκBκB

Harvested livers were rinsed with PBS, ground in ice-cold 
buffer into 1–2 mm pieces and homogenized using an extrac-
tion buffer containing 100 mM Tris (pH 7.4), 150 mM NaCl, 
1 mM EGTA, 1 mM EDTA, 1% Triton X-100, and 0.5% 
sodium deoxycholate. Immediately before use, 1 mM phe-
nylmethylsulfonyl fluoride (PMSF), phosphatase inhibitor 
cocktail and protease inhibitor cocktail were added. Samples 
were placed on a shaker at 4 °C for 1 h and were then cen-
trifuged at 10,000×g for 5 min. Total protein concentration 
was measured with BCA reagent to normalize the volume 
of each sample. A PathScan (Cell Signaling Technology, 
Danvers, MA, USA) sandwich ELISA kit was used to meas-
ure the endogenous levels of IκBκB (pSer177/181) and total 
GAPDH in accordance with the manufacturer’s protocol. 
The optical density (OD) values of IκBκB (pSer177/181) 
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were normalized to the total GAPDH level measured in the 
same sample.

Quantitative real‑time PCR (qPCR) analysis of NFĸB p65, 
cyclin D1, IκBα, TNFR, TLR4, and NLRP3 expression

An RNeasy Mini Kit (Qiagen, Germany) was used to extract 
total RNA from liver tissues in an RNase-free environment, 
according to the manufacturer’s instructions. A NanoDrop 
2000 spectrophotometer (Thermo Scientific, USA) was used 
to measure the RNA concentration and purity. RNA (2 μg) 
was reverse transcribed with Quantiscript reverse tran-
scriptase (QuantiTect Reverse Transcription Kit, Qiagen, 
Germany). A Rotor-Gene Q thermocycler (Qiagen, Hilden, 
Germany) and SYBR Green PCR Master Mix (Qiagen, 
USA) were used to perform PCR. qPCR was performed in 
triplicate and included no-template controls. The sequences 
of the PCR primer pairs are shown in Online Resource 1. 
The relative expression values of the studied genes were cal-
culated using the comparative cycle threshold (Ct) (2−ΔΔCT) 
method. All values were normalized to the expression of the 
β-actin gene as the invariant endogenous control in the same 
sample. Rotor-Gene Q Software 2.1 (Qiagen) was used for 
data analysis.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 
software (GraphPad Software Inc. V6.01, San Diego, CA, 
USA). One-way analysis of variance (ANOVA) followed by 
the Tukey–Kramer post hoc test for multiple comparisons 
was used to assess significant differences between groups for 
parametric data, the Kruskal–Wallis test followed by Dunn’s 
post hoc test was used for non-parametric data (examination 
of liver surface nodules), and linear regression analysis for 
the best-fit line was used to construct the standard curves. 
For mortality assessment, the log-rank (Mantel–Cox) test 
was carried out to determine the significance of between-
group differences in the Kaplan–Meier survival analysis. 
Data are expressed as the means ± standard deviations (SDs). 
Statistical significance was set at p < 0.05.

Results

Effect on relative liver weights

Significant increases in the liver weight:body weight ratios 
are commonly observed in conjunction with different types 
of neoplasia, including HCC. We observed a significant 
increase in the relative liver weights in DEN-treated mice 
compared with Normal group mice, which was attributed 
to the development of HCC nodules. Drug treatment, 

particularly combination therapy, significantly diminished 
the DEN-induced increase in the relative liver weights, indi-
cating inhibition of neoplastic progression (Online Resource 
2).

Effect on liver surface nodules

Grossly, with the naked eye, HCC nodules were apparent 
on the external surface and indicated high tumour devel-
opment rates (Online Resource 3). We observed a signifi-
cant increase in the number of surface nodules in the livers 
of DEN-treated mice compared with Normal group mice. 
However, the number of these nodules was significantly 
decreased in the treatment groups compared to the DEN-
treated group. In addition, the number of surface nodules 
was significantly decreased after combination therapy com-
pared with met or cela monotherapy (Online Resource9, 
panel a).

Histopathological examination

Tissue sections from Normal group mice showed a normal 
histological structure of the central vein and surrounding 
hepatocytes and no histological alterations (Online Resource 
4, panel a). Similarly, no histopathological alterations were 
found in the tissues from the Normal/met (Online Resource 
4, panel b) and Normal/cela groups (Online Resource 4, 
panel c). Liver sections from untreated mice with DEN-
induced HCC exhibited multiple circumscribed foci of ana-
plastic hepatocytes that were well demarcated from their sur-
roundings. The trabecular pattern of HCC (Online Resource 
5, panel a, b), anaplastic cells with mitotic activity (Online 
Resource 5, panel c, arrow), karyomegaly and pleomorphism 
(Online Resource 5, panel c, arrowhead), hyperchromasia 
(Online Resource 5, panel d, arrow), and binucleated giant 
hepatocytes (Online Resource 5, panel d, arrowhead) were 
also seen. In addition, fatty changes and oval cell prolifera-
tion were seen in the adjacent parenchyma (Online Resource 
5, panel e, f; arrowhead). Moreover, multiple focal, circum-
scribed, round eosinophilic bodies were noted to replace 
some hepatocytes (Mallory bodies) (Online Resource 5, 
panel g, h; arrow).

On the other hand, sections from the livers of mice with 
DEN-induced HCC and treated with met showed a wide 
focal area of degenerative changes in the parenchyma, which 
most likely developed as a result of HCC tumour growth 
inhibition and regression of malignancy (Online Resource 
6, panel a, b). Additionally, Online Resource 6, panel c 
shows different degenerative changes in most hepatocytes 
throughout the parenchyma associated with inflammatory 
cell infiltration between cells. Further, massive inflammatory 
cell infiltration limited to the portal area (Online Resource 
6, panel d, arrowhead) and associated with dilatation of the 
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portal vein (Online Resource 6, panel d, arrow) was seen. 
Tissue sections from the livers of mice with DEN-induced 
HCC and treated with cela showed regression of malignant 
changes associated with marked apoptosis and inflammatory 
cell infiltration between hepatocytes, limited to the area sur-
rounding the dilated central vein (Online Resource 7, panel 
a, b; arrows). The portal area showed dilatation of the portal 
vein (Online Resource 7, panel c) and inflammatory cell 
infiltration limited to the area surrounding the bile ducts 
(Online Resource 7, panel d, arrow). Specimens from the liv-
ers of mice with DEN-induced HCC and treated with simul-
taneous administration of met and cela exhibited a marked 
appearance of apoptotic cells (Online Resource 8, panel a, b; 
arrows). The portal area showed minimal inflammatory cell 
infiltration surrounding the bile ducts and minimal dilatation 
of the portal vein (Online Resource 8, panel c, arrow).

Effect on the serum alpha‑fetoprotein (AFP) level 
and hepatic malondialdehyde (MDA) content

Elevated levels of AFP are associated with active HCC. 
Coincident with the macroscopic evaluation of tumour 
nodules, the level of AFP was significantly elevated in the 
DEN-treated group compared to the Normal group and sig-
nificantly decreased after drug treatment, particularly in 
the DEN/met + cela group, compared to the Normal group 
(Online Resource 9, panel b). Similarly, the hepatic level of 
MDA, the lipid peroxidation marker, was significantly higher 
in the DEN-treated group than in the Normal group and was 
significantly decreased after drug treatment, particularly in 
the DEN/met + cela group, compared to the Normal group, 
indicating an improved antioxidant status of the liver tissue 
(Online Resource 9, panel c).

Effect on alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), alkaline phosphatase (ALP), 
and gamma‑glutamyltransferase (γGT) levels

Elevated liver enzymes are an indication of liver inflam-
mation and hepatocyte injury. Generally, the levels of 
liver enzymes are usually abnormal during the course of 
experimentally induced hepatocarcinogenesis. However, our 
results revealed that met, cela and, particularly, the combi-
nation significantly repressed the DEN-induced increase in 
liver function enzymes (Online Resource 10, panel a, b, c, 
d).

Effect on caspase‑1 activity and IL‑1β and IL‑18 
levels

The inflammasome is a multi-protein intracellular com-
plex that mediates pyroptosis through the activation of cas-
pase-1. Caspase-1 is essential for proteolytic cleavage of the 

pro-forms of IL-1β and IL-18 into the corresponding active 
cytokines. We found significant repression of caspase-1 
activity after treatment with met or cela compared to that 
in DEN-treated mice and found that this inhibitory effect 
was amplified with combination therapy compared to either 
monotherapy (Online Resource 11, panel a).

IL-1β is a proinflammatory cytokine that is synthesized 
in response to inflammatory stimuli as an inactive pro-form 
that accumulates in the cytosol. Cleavage of pro-IL-1β 
into the active protein requires inflammasome activation. 
Moreover, elevated levels of IL-1β have been associated 
with many inflammatory conditions. Herein, we found a sig-
nificant increase in the level of IL-1β in DEN-treated mice 
compared to Normal group mice, and noted a significant 
reduction in the IL-1β level after drug treatment, particu-
larly combination therapy (Online Resource 11, panel b). 
Inflammasome activation results in IL-18 processing and 
secretion. We observed that drug treatment, including com-
bination therapy, suppressed the DEN-induced increase in 
the level of IL-18, indicating a low level of inflammasome 
activation (Online Resource 11, panel c).

Effect on the gene expression of NLRP3

Nlrp3 is a component of the inflammasome. Dysregulation 
of NLRP3 inflammasome activation is involved in tumour 
pathogenesis. The significant increase in the level of NLRP3 
mRNA expression in DEN-treated mice compared to Nor-
mal mice confirmed its implication in the pathogenesis of 
HCC. Both cela monotherapy and combination therapy 
significantly curbed NLRP3 gene expression with respect 
to that in the DEN-treated group. On the other hand, met 
monotherapy exhibited a strong trend towards a significant 
difference (p = 0.09) compared to DEN treatment (Fig. 1).

Fig. 1   Effects of met (200  mg/kg), cela (2  mg/kg) and combina-
tion therapy on the relative expression level of NLRP3 mRNA in 
the DEN-induced HCC mouse model. The data are presented as the 
means ± SDs. +P < 0.05 vs. Normal, ++++P < 0.0001 vs. Normal. 
*P < 0.05 vs. DEN **P < 0.01 vs. DEN
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Effect on the Bax:BCL‑2 ratio and the levels 
of caspase‑9 and caspase‑3

The Bax:BCL-2 ratio is a marker of the apoptotic poten-
tial. In the current study, compared with the DEN-treated 
group, the groups treated with cela and the combination 
therapy exhibited a significant increase in the Bax:BCL-2 
ratio (Fig. 2a). Caspase-9 and caspase-3 command a major 
defence strategy that prevents cells from acquiring carcino-
genic potential. Our results revealed that cela and combi-
nation therapy with met + cela significantly overcame the 
DEN-induced decline in the levels of caspase-9 (Fig. 2b) 
and caspase-3 (Fig. 2c), with the most pronounced effect 
in the combination therapy group. These results revealed 
that met did not successfully induce a significant change in 
the apoptotic potential of HCC cells in the liver. However, 
met successfully augmented sensitivity of liver tissues to 
the effect of cela.

Effect on the gene expression levels of IκBα 
and NFĸB p65

IκBα inhibits NFκB by preventing its nuclear transloca-
tion and keeping it sequestered in an inactive state in the 
cytosol; moreover, it inhibits the DNA binding ability 
of the NFκB transcription factor, a prerequisite for its 
transcriptional activity. In the present work, met + cela-
treated mice exhibited a significant reduction in IκBα 
gene expression compared to DEN-treated mice. In this 
context, the gene expression of IκBα was inhibited due to 
the stabilization of its protein level. However, as a mon-
otherapeutic agent, cela showed an increased tendency 
to significantly change this level (p = 0.07). This result 
revealed the chemosensitization potential of met treat-
ment, although the change was non-significant compared 
to that with cela (Fig. 3a). On the other hand, mice in 
all treatment groups displayed a significant reduction in 
NFĸB p65 gene expression compared with DEN-treated 

Fig. 2   Effects of met (200  mg/kg), cela (2  mg/kg) and combination 
therapy on a the Bax:BCL-2 ratio, b the hepatic level of caspase-9, 
and c the hepatic level of caspase-3 (pAsp175) in the DEN-induced 
HCC mouse model. The data are presented as the means ± SDs. 

+P < 0.05 vs. Normal, ++P < 0.01 vs. Normal, +++P < 0.001 vs. 
Normal. *P < 0.05 vs. DEN, ***P < 0.001 vs. DEN, ****P < 0.0001 
vs. DEN. @P < 0.05 vs. DEN + met, @@@P < 0.001 vs. DEN + met

Fig. 3   Effects of met (200 mg/
kg), cela (2 mg/kg) and com-
bination therapy on the mRNA 
relative expression of a IκBα, 
and b NFκB P65 in DEN-
induced HCC mouse model. 
The data are presented as the 
mean ± SD. +P < 0.05 vs. Nor-
mal, ++P < 0.01 vs. Normal, 
+++P < 0.001 vs. Normal, 
++++P < 0.0001 vs. Normal; 
*P < 0.05 vs. DEN, **P < 0.01 
vs. DEN, ***P < 0.001 vs. 
DEN, ****P < 0.0001 vs. DEN; 
@P < 0.05 vs. DEN + met
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mice, with the most pronounced effect in met + cela-
treated mice (Fig. 3b).

Effect on the levels of IκBκB (pSer177/181), IκBα 
and NFĸB p65 (pSer536)

Compared to DEN treatment only, met treatment exhib-
ited a high tendency to significantly reduce (p = 0.085) 
the level of IκBκB (pSer177/181), while cela-treated and, 
particularly, met + cela-treated mice exhibited a signifi-
cant reduction in the IκBκB level (Online Resource 12, 
panel a). Moreover, a significant reduction in the level 
of IκBα was observed in DEN-treated mice compared to 
Normal group mice, indicating a high level of proteaso-
mal degradation, while this decline was offset in the treat-
ment groups, particularly the combination therapy group 
(Online Resource 12, panel b). In contrast, a significant 
increase in the level of NFĸB p65 (pSer536) occurred in 
DEN-treated mice compared to Normal group mice, indi-
cating a high level of NFĸB activation, but this enhance-
ment was decreased in the treatment groups, particularly 
the combination therapy group (Online Resource 12, 
panel c). Taken together, these data show a high level of 
NFĸB signalling inactivation that is enhanced when cela 
is combined with met.

Effect on the gene expression levels of TNFR 
and TLR4

The priming step that activates the NLRP3 inflammasome 
is NFκB signalling, which is induced through activation 
of TLR4 or TNFR, resulting in increased expression of 
NLRP3, pro-IL-1β, and pro-IL-18. We found that met, 
cela, and, particularly, the combination repressed the 
DEN-induced elevation in TNFR (Fig. 4a) and TLR4 
mRNA expression (Fig. 4b).

Effect on TNF‑α and IL‑6

HCC is commonly associated with inflammation, and 
increased levels of the proinflammatory cytokines TNF-α 
and IL-6 are commonly associated with high tumour inci-
dence and promotion of HCC development. In this con-
text, met, cela and, more prominently, the combination 
therapy significantly reduced inflammation by decreasing 
the DEN-induced elevations in the levels of TNF-α (Online 
Resource 13, panel a) and IL-6 (Online Resource 13, panel 
b) and curbing the interaction of these cytokines with the 
inflammasome.

Effect on MMP‑2, MMP‑9 and VEGF

MMP-2 and MMP-9 are suggested to facilitate aspects of 
tumour progression, including invasion, metastasis, growth 
and angiogenesis. Met, cela and, more noticeably, met + cela 
exhibited a significant decrease in the elevated MMP-2 and 
MMP-9 levels in the DEN-treated group (Online Resource 
14, panel a, b, respectively). Correspondingly, the level of 
the angiogenesis marker VEGF level was decreased in the 
same manner (Online Resource 14, panel c).

Effect on the gene expression level of cyclin D1

Cyclin D1 activity is required for the G1/S transition in the 
cell cycle to induce migration, proliferation and angiogen-
esis. Met, cela and, more noticeably, met + cela exhibited 
anti-proliferative activity by significantly decreasing the 
DEN-induced elevation in the level of cyclin D1 (Online 
Resource 15).

Effect on the mortality fraction

As shown in Online Resource 16, Kaplan–Meier sur-
vival analysis revealed that DEN-treated model mice 
had higher mortality rates than mice in the other groups. 

Fig. 4   Effects of met (200 mg/
kg), cela (2 mg/kg) and 
combination therapy on the 
mRNA relative expression 
of a TNFR, and b TLR4 in 
DEN-induced HCC mouse 
model. The data are presented 
as the mean ± SD. +P < 0.05 
vs. Normal, ++++P < 0.0001 
vs. Normal; *P < 0.05 vs. 
DEN, ***P < 0.001 vs. DEN, 
****P < 0.0001 vs. DEN; 
@@@P < 0.001 vs. DEN + met
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Administration of cela or met + cela decreased the mortality 
fraction [p = 0.07 vs. DEN (Online Resource 16, panel b) 
and p = 0.01 vs. DEN (Online Resource 16, panel c), respec-
tively]. Obviously, consistent with our histological and bio-
chemical analysis results, met chemosensitized HCC model 
mice to the effect of cela, resulting in enhanced survival 
benefit.

Discussion

Inflammation is recognized as a predominant cause of the 
initiation and progression of cancer, including HCC, and the 
protein expression of NLRP3 is regulated by many factors, 
including the NFκB pathway [16]. NFκB is a crucial tran-
scriptional regulator of various genes involved in the inflam-
matory and anti-apoptotic processes of HCC progression. 
Targeting NFκB has been carefully considered as an appeal-
ing approach for the treatment of cancer and has attracted the 
attention of many researchers in several cancer studies [17].

Accumulating evidence has linked the activation of the 
NLRP3 inflammasome to HCC [2]. Oligomerization of the 
inactive inflammasome complex (NLRP3, ASC and cas-
pase-1) regulates the upregulation and maturation of the 
inflammatory cytokines IL-18 and IL-1β [18]. IL-1β has 
been established to be involved in the pathogenesis of vari-
ous cancers [19]. Additionally, inhibitors of the IL-1β and 
IL-18 cytokines have been studied as a suggested treatment 
approach for the treatment of breast cancer and osteosar-
coma [20]. The process of pyroptosis, a proinflammatory 
form of programmed cell death mainly mediated by cas-
pase-1, has been reported to be involved in different types 
of malignancies [21], and in addition to its role in regulat-
ing the inflammatory response, the NLRP3 inflammasome 
has an important role in pyroptosis [22]. The inflammasome 
activates and cleaves pro-caspase-1 to generate active cas-
pase-1, promoting cell membrane disruption and cell death.

Cela has been established to exert a potent anti-inflam-
matory effect and strong cytotoxic activity that suppresses 
tumours in diverse tumour models. Additionally, cela has 
been widely used to study the antitumour mechanisms in 
various cancers [23]. Met has been found to inhibit liver 
cancer cell proliferation both in vitro and in vivo [24]. Sev-
eral studies have ascribed the antitumour activities of both 
cela and met to their ability to inhibit NFκB activation [11]. 
The current research aimed to develop a novel multi-targeted 
approach by studying the effect of cela and met as combi-
nation therapy in the management of HCC. This goal was 
accomplished by targeting NLRP3 inflammasome activation 
and its prerequisite, NFκB signalling.

In the present study, in addition to conferring histologi-
cal improvements and a reduction in the AFP level, met 
combined with cela showed a significant decrease in the 

mortality fraction and the numbers of surface nodules per 
liver compared to cela as a monotherapeutic agent. The 
combination therapy showed more pronounced anti-inflam-
matory, anti-proliferative effects. In addition, met + cela 
combined therapy displayed a remarkable decrease in angi-
ogenesis and metastasis process markers and liver func-
tion improvement than either monotherapy. Moreover, the 
combination therapy showed a marked ability for apoptosis 
induction and pyroptosis restraint.

Herein, combination therapy with cela and met triggered 
a marked downregulation of NLRP3 gene expression com-
pared to that in the DEN-treated group. Additionally, dimin-
ished caspase-1 activity was seen. Consequently, the IL-1β 
and IL-18 levels were offset, indicating restraining of pyrop-
totic activity. In addition, activation of TLR4 and NFκB P65 
gene expression are the predominant known stimulators of 
inflammasome activation. Cela treatment showed a marked 
downregulation of TLR4 and NFκB P65 gene expression, 
while coadministration of met increased this effect. These 
findings shed light on the potential use of met and cela as a 
valuable therapy in HCC management. Regarding this pos-
sibility, our data are consistent with other data demonstrat-
ing the effect of cela on the NLRP3 inflammasome pathway 
[16].

NFκB is both directly and indirectly involved in mediat-
ing inflammation, cancer cell proliferation, and metastasis 
and controls resistance to apoptosis-inducing signals [1, 25, 
26]. Normally, latent NFκB activation begins in the cyto-
plasm, primarily by the stimulation of proinflammatory 
TNFRs and TLRs. IκBκB is the key enzyme in the classi-
cal pathway of NFκB activation, acting by phosphorylat-
ing IκBα at serine residues. As a result, the NFκB dimer is 
retained inactive in the cytoplasm. After phosphorylation, 
IκB proteins are rapidly ubiquitinated and degraded by the 
proteasome and facilitate the nuclear translocation of NFκB. 
In turn, after its nuclear translocation, NFκB activates the 
transcription of target genes, including proinflammatory reg-
ulators (TNF-α, IL-1β and IL-6), matrix metalloproteinases 
(MMP-2 and -9), cell cycle regulators and pro-proliferative 
proteins (cyclin D1), anti-apoptotic proteins (BCL-2) and 
growth factors (VEGF) [4, 27-30].

Consistent with this process, our results revealed that 
combination therapy with cela and met strongly repressed 
DEN-induced NFκB activation in mice with HCC by inter-
fering with the phosphorylation of IκBκB at Ser177/181. 
Furthermore, as a result of proteasomal degradation, liver 
tissues from DEN-treated mice exhibited a significant 
decline in the IκBα protein level. This decline was over-
turned by treatment with either drug. Concurrent with the 
met- or cela-induced increase in the IκBα protein level, we 
found a significant decline in IκBα mRNA gene expression. 
The former data were further confirmed by both the drug-
induced significant downregulation of P65 gene expression 



	 Cancer Chemotherapy and Pharmacology

1 3

and the decreased phosphorylated P65 (pSer536):total P65 
ratio. Herein, combined therapy triggered a more intense 
effect than cela as monotherapy. These findings are consist-
ent with other reports that cela and met are potent inhibitors 
of NFκB activation [11].

TLR stimulators such as TNF-α or IL-1β are considered 
potent activators of NFκB signalling. Binding of soluble 
TNF-α to TNFR induces activation of the canonical NFκB 
pathway and leads to enhanced expression of IL-1β and 
IL-6, which, in turn, has been associated with tumour growth 
and metastasis [31]. Actually, inhibition of TNF signalling 
strongly suppresses the expression of NFκB-dependent tar-
get genes, enhances cancer cell apoptosis, curbs tumour pro-
liferation and reduces the resistance of cancer cells to chem-
otherapeutic agents [32]. Related to the effects of TNF-α, 
IL-6 enhances the phosphorylation of IκBκB in cancer cells 
via PI3K/AKT signalling. Up-regulation of TNF-α and IL-6 
expression plays a crucial role in inflammation in several 
types of malignancies, including hepatocarcinogenesis [31]. 
Our results revealed that drug treatment, particularly com-
bination therapy, significantly downregulated TNFR gene 
expression. Consistent with the anti-inflammatory effects of 
both treatments, we demonstrated weakened oxidative stress, 
as noticeably shown by the significant decrease in MDA 
levels compared to those in mice with HCC.

Previously, it has been reported that tumour growth, 
proliferation, survival and resistance to chemotherapy are 
strongly related to the suppression of the intrinsic (mito-
chondrial) or extrinsic pathways of apoptosis [33]. The 
intrinsic apoptotic pathway involves the disruption of the 
mitochondrial membrane and the release of cytochrome c 
(cyt. C) and other apoptotic factors. In this process, cas-
pase-9 activation, which then initiates caspase-3 activa-
tion, results in the morphological and biochemical changes 
associated with apoptosis [34]. Additionally, mitochondrial 
outer membrane permeabilization is mediated by BCL-2 
family members, where the anti-apoptotic BCL-2 subfam-
ily regulates apoptosis by antagonizing the function of the 
pro-apoptotic Bax protein subfamily [35]. Apoptotic path-
ways are regulated by different stimuli and factors, includ-
ing NFκB signalling, which promote tumour survival by 
induction of the apoptosis inhibitor BCL-2 and inhibition 
of caspases (caspase-3 and -9) [36]. Many studies have 
attributed the antitumour effect of cela to its pro-apoptotic 
potential through upregulation of pro-apoptotic Bax expres-
sion and downregulation of the anti-apoptotic protein BCL-2 
and, moreover, through increased caspase-3 and -9 activity 
[37]. Similarly, met has been shown to promote apoptosis 
and inhibit cancer cell viability [38]. Consistent with these 
data, our results revealed that treatment with cela, but not 
met, exerted a significant apoptotic effect, as indicated by 

the decreased levels of BCL-2 but increased levels of Bax, 
caspase-3 and caspase-9 compared to those in DEN-treated 
mice. This effect seems to be due to the inhibition of NFκB 
signalling. In this respect, cela successfully maintained 
strong pro-apoptotic potential in combination with met as a 
dual therapy. Our results revealed apoptosis induction and 
limited pyroptotic activity. Notably, here, caspase-1 and the 
inflammasome were not required for caspase-3 activation 
[39].

In conjunction with their apoptotic effect, cela and met 
were found to exert a regulatory effect on the cell cycle by 
downregulating cyclin D1 gene expression. Subsequently, 
both met and cela repressed cell proliferation. A similar 
effect was proposed by Gwak et al. [40] and Li et al. [41].

Cancer metastasis and invasion are critically dependent 
on effective angiogenesis and are strongly related to altera-
tions in the extracellular matrix (ECM). ECM remodelling 
is greatly regulated by matrix metalloproteinases, mainly 
MMP-2 and MMP-9 [33]. In addition, MMP gene expres-
sion is regulated by NFκB activation through the mitogen-
activated protein kinase (MAPK) pathway [42, 43]. More-
over, VEGF expression was confirmed to be induced via 
NFκB signalling activation [4, 25]. Our results revealed 
that NFκB inhibition by either cela or met can effectively 
inhibit tumour angiogenesis, metastasis and invasion mark-
ers; VEGF, MMP-2, and MMP-9, respectively, compared to 
those in HCC mice. In this regard, the combination therapy 
exhibited the greatest potential.

Treatment with cela, met and the combination effec-
tively restored liver function, as indexed by the significant 
decreases in serum ALT, AST, ALP and γGT levels. In addi-
tion, all treatments significantly decreased the level of the 
common HCC tumour marker AFP. These findings are con-
sistent with those of previous studies [44, 45]

We conclude that the protective effect of met and cela 
could be attributed, on the one hand, to their ability to inhibit 
NLRP3 inflammasome activation, which is more effective 
than inhibiting effector molecules, and, on the other hand, 
to the inactivation of NFκB signalling (Fig. 5). As a result, 
apoptosis induction occurred concurrently with pyropto-
sis inhibition. Additionally, we concluded that simultane-
ous administration of met and cela appears to have addi-
tive benefits in the treatment of HCC compared to cela as 
a monotherapeutic agent, leading to prolonged survival 
and enhanced anti-inflammatory and antioxidant activities. 
Moreover, met and cela downregulated angiogenesis, metas-
tasis and proliferation markers. Therefore, our data propose 
a novel multi-targeted approach against HCC that warrants 
further clinical investigation aimed at minimizing costs and 
side effects by using lower chronic doses of met and cela.
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