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Targeting metabolic vulnerabilities: REV-ERB agonist SR9009
potentiates sorafenib efficacy in liver cancer
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Hepatocellular carcinoma (HCC) is one of the most common cancers and the third leading cause of cancer-related death worldwide.
The prognosis is poor, with a median survival of 12–15 months in patients with advanced-stage disease. Early diagnosis and the
development of new, more effective therapeutic strategies are needed to address the challenges posed by this malignancy.
Although immune checkpoint inhibitors have replaced multikinase inhibitors as first-line therapy, sorafenib continues to represent
a valuable option for patients with contraindications to newer treatments. Based on genome-wide RNA-seq analysis, which
identified mitochondrial oxidative phosphorylation (OxPhos) and Hmox1 upregulation as potential pro-survival mechanisms in
sorafenib-resistant cells, we investigated whether SR9009, a synthetic agonist of the nuclear receptor REV-ERBα/β, heme
competitor, and inhibitor of mitochondrial respiration, could enhance the antitumor efficacy of sorafenib in liver cancer models. Co-
treatment with SR9009 and sorafenib significantly enhanced cytotoxic effects in both mouse and human liver cancer cells. This
synergistic activity was associated with increased levels of free heme and a complete inhibition of mitochondrial OxPhos. In vivo
xenograft studies confirmed that the combination was effective even in sorafenib-resistant tumors. Furthermore, in a
N-Nitrosodiethylamine (DEN)-induced HCC model, the combination therapy led to a reduction in size in over 90% of tumor nodules,
representing a significant improvement over sorafenib alone. The combination was well tolerated, with no evident signs of acute
toxicity. These findings support the concept that the efficacy of anticancer therapies can be enhanced by targeting the metabolic
adaptations that tumor cells rely on for survival. Combining sorafenib with agents like SR9009, that disrupt metabolic homeostasis,
may offer a promising strategy for treating advanced HCC.

Cell Death Discovery           (2026) 12:86 ; https://doi.org/10.1038/s41420-026-02940-3

INTRODUCTION
With more than 800,000 cases diagnosed each year, hepatocellular
carcinoma (HCC) is the sixth most common cancer and the third
leading cause of cancer death worldwide [1]. The prognosis of
HCC depends on tumor stage, with a survival rate greater than
70% at 5 years for early-stage HCC patients and a median survival
of 12–15 months for advanced-stage patients treated with
systemic therapies. Hence, early diagnosis and new and more
effective therapeutic approaches are needed.
Therapeutic treatment depends on the stage of cancer, as

established according to the Barcelona Clinic Liver Cancer (BCLC)
system. For over a decade, the treatment of advanced HCC has
been limited to sorafenib [2], a multikinase and antiangiogenic

inhibitor. In 2018, lenvatinib, another multikinase inhibitor, was
shown to be non-inferior to sorafenib as a first-line therapy [3]. In
2020, the combination of the anti-PD-L1 atezolizumab and anti-
VEGF agents led to a change in the first-line standard for all HCC
patients eligible for systemic treatment, obtaining the longest
median OS of any first-line treatment for advanced-stage HCC to
date [4, 5]. Unfortunately, only about 30% of patients with HCC
respond or are eligible for immunotherapy, depending on clinical
background, treatment tolerance, and the occurrence of immune-
related adverse events [6, 7]. Hence, sorafenib remains a first-line
therapy option in patients with contraindications for immunother-
apy [8, 9]. Nevertheless, it shows limitations in term of response
and survival, mainly due to early occurrence of resistance. A
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number of studies have indeed focused on mechanisms of
acquired sorafenib resistance. Metabolic and immunological
adaptations have been related to this phenomenon [10].
Here, we analyzed the expression profiles of cells that

developed resistance to sorafenib in comparison to the
susceptible counterpart. The analyses revealed mechanisms
that were potentially targetable. Specifically, we evaluated the
activity of SR9009 [11], a synthetic agonist of the nuclear
receptors REV-ERBα and REV-ERBβ, transcriptional repressors
that regulate metabolic pathways linked to the circadian rhythm
[12–14]. The heme group is the physiological ligand of both
receptors and is required for their repressor activity [15]. REV-
ERBα plays a repressive role in cell proliferation and metabolism
[16] and is frequently downregulated in several types of cancer
[14]. It was also reported that SR9009 can exert cytotoxic effects
on several tumor cell lines in vitro and antitumor effects in vivo
[17, 18]. SR9009 has been described to have specific lethal
effects on tumor cells and oncogene-induced senescent cells
but not on normal cells [18]. Furthermore, SR9009 has been
reported to reduce mouse embryonic stem cell viability and
proliferation, by inhibiting mitochondrial respiration in a REV-
ERB independent manner [19].
In this scenario, agents such as SR9009 might be suitable for

combined approaches with therapies already approved for clinical
use. Here, we tested the ability of the combination of SR9009 with
sorafenib to overcome resistance mechanisms and improve
antitumor efficacy in in vitro and in vivo liver cancer models.

RESULTS
Increased mitochondrial activity acts as a pro-survival
mechanism to cope with the effects of sorafenib
Understanding mechanisms that make cancer cells insensitive to
sorafenib can potentially reveal attributes that can be operated to
improve its anticancer efficacy. To this end, we have previously
described the development of Hep55.1C murine hepatoma cells
that are nonresponsive to sorafenib (H55-RES) [20]. Nonresponsive
cells grow in vitro in the presence of 10 μM sorafenib, which
normally causes wild-type cells to die within a few days.
Furthermore, they can form tumors of comparable size both in
the presence or absence of sorafenib-based therapy [20].
By applying Gene Set Enrichment Analysis (GSEA) algorithm to

genome-wide RNA-seq data from sorafenib-susceptible versus
nonsusceptible cells, we identified a number of molecular
pathways (pathway gene sets were derived from the Reactome
Path Database) significantly enriched in upregulated genes of the
nonsusceptible cells (Table 1).
All the enriched molecular pathways play important roles in

cell growth and survival. The enrichment of upregulated genes
within the gene sets related to “electron transport chain”,
“oxidative phosphorylation”, and “ATP synthesis” suggested that
the increase in the expression of genes involved in mitochon-
drial activity represents a response that cells activate to
counterbalance conditions that compromise mitochondrial
function. In fact, it has been reported that in addition to its
well-known multikinase inhibitor and antiangiogenic activities,
sorafenib can also inhibit mitochondrial function, as reported in
published studies [21]. These pathways were not only enriched
in upregulated genes, but the upregulation was statistically
significant, as shown for example by the genes belonging to the
gene set HALLMARK_OXIDATIVE_PHOSPHORYLATION (Supple-
mentary Table 1). Therefore, increased expression of genes
implicated in mitochondrial oxidative phosphorylation (OxPhos)
represents a major pro-survival mechanism to cope with the
action of sorafenib.
This finding was also supported by the evaluation of the

biological processes influenced by sorafenib during the first
hours of treatment. According to the analysis of the genes

positively modulated by sorafenib in a time course study of RNA-
seq data, Gene Ontology (GO) analysis revealed that the
upregulated genes involved in mitochondrial activity began to
increase during the first hours of treatment and further increased
in cells resistant to sorafenib (Supplementary Fig. 1 and
Supplemantary Table 2). These findings indicate that sorafenib
leads to the induction of adaptive transcriptional mechanisms
that, over time, can reach levels that make cells insensitive to the
drug. Among these, the increased expression of genes impli-
cated in mitochondrial functionality appears to be one of the
most relevant.

The sorafenib/SR9009 combination shows a synergistic effect
on mouse hepatoma cell viability
These results suggested that pharmacological treatments capable
of acting on OxPhos could inhibit this pro-survival response and
possibly enhance the antitumor effect of sorafenib. Among drugs,
we focused on SR9009, an agonist of REV-ERBα/β, a nuclear
receptor that is a component of circadian clock-modulating
proteins [22]. Indeed, SR9009 has been also reported to exert a
cytotoxic effect on tumor cells not only through the inhibition of
autophagy and de novo lipogenesis [17, 18] but also through the
reduction of mitochondrial respiration [19].
As shown in Fig. 1, the combination of SR9009 with sorafenib

exerted a marked cytotoxic effect in two distinct murine
hepatoma cell lines, Hep55.1C and Hep56.1D, which differ in their
TP53 gene status. When administered as a single agent, SR9009
displayed minimal cytotoxicity in both cell lines, except at the
highest concentrations tested. In contrast, co-administration of
12.5 μM SR9009 with sorafenib significantly enhanced sorafenib
sensitivity, reducing its IC₅₀ from 12 μM to 6 μM in Hep55.1C cells
and from 10 μM to 6 μM in Hep56.1D cells. Notably, cell viability
declined sharply even at low sorafenib concentrations, suggesting
a synergistic interaction between the two agents (Fig. 1a, b and
Supplementary Fig. 2).
To further evaluate long-term proliferative capacity under

combined treatment, we performed a colony formation assay in
Hep55.1C cells. The combination of SR9009 and sorafenib
markedly reduced both the number and the size of colonies
compared with either treatment alone (Supplementary Fig. 3).
These findings were corroborated by synergy analysis using the
SynergyFinder algorithm (http://www.synergyfinderplus.org/#!/)
(Supplementary Fig. 4).
In contrast, only a modest reduction in viability was observed in

normal baby mouse kidney fibroblasts (BMKs) treated with the
SR9009-sorafenib combination (Fig. 1c), indicating that the
synergistic cytotoxic effects were largely selective for cancer cells.
These findings are consistent with previous reports showing that
SR9009 mitigates hepatic steatosis and inflammation [23],
suppresses tumor cell proliferation and migration without
affecting normal hepatocytes [24], and can even attenuate the
hepatotoxicity of anticancer agents [25]. We then assessed
whether the combination of sorafenib and SR9009 could also be
effective in sorafenib-resistant H55-RES cells. Cells were treated
with different concentrations of sorafenib in the presence or
absence of SR9009 (Supplementary Fig. 5). These results demon-
strated that SR9009 was able to sensitize cells that were previously
insensitive to sorafenib.
We next assessed whether the combination of sorafenib and

SR9009 was effective in human HCC cells. Across four human
HCC cell lines, the combination consistently produced greater
cytotoxicity than sorafenib alone (Supplementary Fig. 6). This
confirms that the synergistic interaction between SR9009 and
sorafenib is preserved in human models. PARP cleavage and
GSEA analyses further demonstrated enhanced apoptotic
signaling in cells treated with the combination compared with
either monotherapy (Supplementary Fig. 7 and Supplementary
Table 3).

S. Sabbioni et al.

2

Cell Death Discovery           (2026) 12:86 

http://www.synergyfinderplus.org/#!/


Mitochondrial function is strongly inhibited by the
combination of sorafenib and SR9009
Considering the previous results and that the inhibitory effects of
either SR9009 or sorafenib on mitochondrial functionality have
been previously described [19, 21], to investigate the mechanism
underlying the synergistic cytotoxic effect, we analyzed whether
the combination treatment had an impact on mitochondrial
metabolism. We evaluated the two main metabolic fluxes,
oxidative phosphorylation (OxPhos) and glycolysis, in the two
murine cell lines Hep55.1C and Hep56.1D using the Seahorse
platform [26]. Figure 2 shows the results of the OCR (oxygen
consumption rate) and ECAR (extracellular acidification rate)
activities of single agents and combined treatments in Hep55.1C
cells. A slight reduction in ATP production via OxPhos was caused
by both sorafenib and SR9009 as single agents, while strong
inhibition was detected after treatment with the combination of
sorafenib and SR9009 (Fig. 2a, b). Consistently, a marked decrease
in the expression of mitochondrial respiratory complex proteins
such as SDHA (Succinate Dehydrogenase subunit A), COX1
(Cytochrome c oxidase I) and Cytochrome c was observed
following the combined treatment (Fig. 2c), further supporting a
synergistic impairment of mitochondrial function.
The inhibition of oxidative phosphorylation (OxPhos) was

partially compensated by an increase in glycolytic flux (Fig. 2d, e),
as evidenced by a significant elevation in lactate production in
sorafenib + SR9009 treated cells compared with either single-agent
treatment or control (Fig. 2f). Similar metabolic reprogramming was
observed in Hep56.1D cells, confirming the reproducibility of this
response across distinct hepatoma models (Supplementary Fig. 8).
Mitochondrial function was further evaluated using the

Mitochondrial ToxGlo Assay, which simultaneously measures
cellular ATP content and membrane integrity. Among all tested
murine and human liver cancer cell lines, the combination of
SR9009 and sorafenib produced the most pronounced reduction
in ATP levels (Supplementary Fig. 9), indicating a marked
impairment of mitochondrial activity. To validate this observation,
we assessed the effects of sorafenib combined with the
mitochondrial respiration inhibitor IACS-010759 [27]. This combi-
nation elicited a cytotoxic response in HCC cells comparable to
that induced by SR9009 and sorafenib (Supplementary Fig. 10).
Collectively, these findings indicate that the synergistic inhibition
of mitochondrial function represents a major mechanism under-
lying the cytotoxic effects of the SR9009, sorafenib combination
in vitro.

SR9009 MODULATES INTRACELLULAR HEME HOMEOSTASIS
AND OXIDATIVE STRESS IN SORAFENIB-RESISTANT CELLS
Transcriptomic comparison between wild-type and sorafenib-
resistant Hep55.1C cells revealed a significant enrichment of
upregulated genes associated with the HMOX1 signaling path-
way (“CYTOPROTECTION MEDIATED BY HMOX1”) (Table 1).
Consistently, Hmox1, which encodes heme oxygenase-1 (HO-1),
the key enzyme catalyzing the degradation of free heme into
biliverdin and bilirubin, was markedly upregulated in resistant
cells (Fig. 3b). At the protein level, HO-1 expression was likewise
elevated (Supplementary Fig. 11). Correspondingly, intracellular
free heme levels were significantly reduced in resistant cells
compared with sorafenib-treated wild-type cells (Fig. 3a),
suggesting that HO-1 upregulation mitigates heme-induced
cytotoxicity. Functional validation through siRNA-mediated
Hmox1 knockdown in resistant Hep55.1C cells resulted in a
dose-dependent reduction of HO-1 protein levels, leading to
impaired cell viability and mitochondrial activity (Supplemen-
tary Fig. 12). Moreover, the ferrous iron (Fe²⁺) released during
heme degradation appeared to be detoxified through the
coordinated upregulation of ferritin heavy (Fth1) and light (Ftl)
chain genes (Fig. 3c, d).
Based on these observations, considering that SR9009 is an

heme agonist, we hypothesized that SR9009 may compete with
heme for binding to REV-ERBα/β and potentially to other heme-
binding proteins, including mitochondrial cytochromes. To test
this, we measured intracellular free heme levels and assessed
the resulting impact on the cellular redox state in sorafenib-
resistant H55-RES cells. SR9009 treatment led to a marked
increase in free heme accumulation, which was accompanied
by elevated lipid peroxidation and reactive oxygen species
(ROS) production, effects that were further amplified when
SR9009 was combined with sorafenib (Fig. 4a, c, d). These
findings suggest that SR9009-induced perturbation of heme
homeostasis plays a key role in promoting mitochondrial
dysfunction and cellular cytotoxicity under combination
treatment.
Consistent with a compensatory response to oxidative stress,

HO-1 protein levels were further increased following treatment
with SR9009 and sorafenib (Fig. 4b). A similar induction of HO-1
was also observed in Hep55.1 C cells exposed to the combination
treatment (Supplementary Fig. 13), further supporting the role of
heme dysregulation and redox imbalance in the cytotoxic
mechanism of SR9009-sorafenib co-treatment.

Table 1. Top pathways enriched in upregulated genes as identified by Gene Set Enrichment Analysis (GSEA).

Reactome/hallmark pathways enriched in resistant vs.
WT Hep55.1 C cells

Enrichment
score

Normalized
enrichment
score

p value FDR

REACTOME_TRANSLATION 0.634 4.195 <0.0001 <0.0001

REACTOME_EUKARYOTIC_TRANSLATION_INITIATION 0.733 4.115 <0.0001 <0.0001

HALLMARK_OXIDATIVE_PHOSPHORYLATION 0.617 3.835 <0.0001 <0.0001

REACTOME_NEGATIVE_REGULATION_OF_NOTCH4_SIGNALING 0.769 3.760 <0.0001 <0.0001

REACTOME_RESPIRATORY_ELECTRON_TRANSPORT_ATP_SYNTHESIS_BY_CHEMIOSMOTIC_
COUPLING_AND_HEAT_PRODUCTION_BY_UNCOUPLING_PROTEINS

0.612 3.706 <0.0001 <0.0001

REACTOME_EUKARYOTIC_TRANSLATION_ELONGATION 0.725 3.685 <0.0001 <0.0001

REACTOME_RESPIRATORY_ELECTRON_TRANSPORT 0.653 3.524 <0.0001 <0.0001

REACTOME_CYTOPROTECTION_BY_HMOX1 0.607 3.486 <0.0001 <0.0001

REACTOME_CELLULAR_RESPONSE_TO_HYPOXIA 0.649 3.472 <0.0001 <0.0001

REACTOME_METABOLISM_OF_POLYAMINES 0.669 3.340 <0.0001 <0.0001
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Effect of the combination of sorafenib and SR9009 on
Hep55.1C cells in vivo
We investigated whether the effects on tumor cell viability could be
reproduced in vivo. Wild-type Hep55.1C cells and sorafenib-
resistant H55-RES cells were implanted subcutaneously into
opposite flanks of 4-week-old female syngeneic C57BL6 mice

(Fig. 5a). Ten days post-implantation, when palpable tumors had
formed, animals were randomly assigned to four treatment groups
(n= 10 per group): (i) sorafenib (30mg/kg), (ii) SR9009 (100mg/kg),
(iii) sorafenib + SR9009, or (iv) vehicle as control. As shown in
Fig. 5b, c, all treatments were effective against wild-type cells. In
contrast, only the sorafenib + SR9009 combination demonstrated
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marked antitumor efficacy in mice bearing H55-RES xenografts,
indicating that SR9009 effectively restores sensitivity to sorafenib in
resistant tumors.
Mechanistically, tumors from the combination group displayed

a pronounced reduction in mitochondrial respiratory complex
proteins and a robust induction of HO-1 expression, compared
with either monotherapy (Supplementary Fig. 14). These findings
corroborate in vitro results, supporting a model in which
combined sorafenib and SR9009 treatment drives mitochondrial
dysfunction and oxidative stress–mediated tumor regression in
resistant HCC.
In vivo studies were also useful to investigate toxic side effects

(Fig. 6). No significant weight loss was detected in any of the
treatment regimens. A slight weight reduction was observed in
the sorafenib + SR9009combination group during the first week,
which recovered during the following two weeks. Hepatotoxicity
was observed after treatment with sorafenib but not with SR9009.
In fact, blood alanine transferase (ALT) levels normalized when
sorafenib was combined with SR9009. Finally, hematological
counts were not significantly altered. Therefore, the combination
of sorafenib and SR9009 was more effective than sorafenib as a
single agent, and no increase in toxicity was detected.

Antitumor efficacy of sorafenib combined with SR9009 in the
TG221 HCC model
To further evaluate the therapeutic efficacy of the sorafenib +
SR9009, we tested the combination on primary tumors developed
in TG221 transgenic mice. Mice received a single intraperitoneal
injection of N-nitrosodiethylamine (DEN) ten days after birth, and
liver tumors became detectable by 20–22 weeks of age. Tumor
growth was monitored weekly by high-resolution ultrasound
imaging. Following tumor detection, animals were randomized
into two treatment groups (n= 15 per group): sorafenib
(10 mg/kg) or sorafenib (10 mg/kg) combined with SR9009
(100 mg/kg), administered for 23 days. Based on previous studies
[20], the dose of sorafenib was reduced to 10mg/kg, since the
standard 30mg/kg dose displayed near-maximal single-agent
activity, masking potential additive or synergistic effects of SR9009
(data not shown). Under this optimized regimen, the sorafenib +
SR9009 combination showed markedly enhanced antitumor
efficacy. As illustrated in Fig. 7a, b, tumor burden significantly
regressed in the majority of treated mice after three weeks of
combined therapy. The waterfall plot (Fig. 7c) further highlights a
reduction in the size of most tumor nodules in the combination
group, whereas tumors in sorafenib-only–treated mice continued
to grow progressively. Collectively, these findings demonstrate
that SR9009 potentiates the antitumor effects of sorafenib in
primary HCC, even at reduced sorafenib doses, while simulta-
neously lowering the incidence of drug-related toxicity.

DISCUSSION
This study demonstrates that the REV-ERBα/β agonist SR9009
enhances the antitumor efficacy of sorafenib without increas-
ing systemic toxicity in vivo. Synthetic REV-ERB agonists such

as GSK4112, SR9009 and SR9011 [11] have attracted attention
due to their ability to modulate metabolic and proliferative
pathways linked to tumorigenesis [28, 29]. Previous studies
have shown that SR9009 exerts cytotoxic and antiproliferative
effects in various tumor cell lines and inhibits tumor growth in
xenograft models by repressing autophagy and lipid metabo-
lism [17, 18].
In our experimental models, SR9009 alone displayed cytotoxic

effects only at relatively high concentrations, whereas its
combination with sorafenib produced a strong synergistic
antitumor activity. The combined treatment markedly reduced
cell viability, clonogenic potential, and tumor growth, both
in vitro and in vivo. Mechanistically, this synergism appears to
result from the complete suppression of mitochondrial oxidative
phosphorylation (OxPhos), leading to a collapse of mitochondrial
bioenergetics.
Transcriptomic analyses of sorafenib-resistant cells revealed

a significant enrichment of OxPhos-related genes, suggesting
that enhanced mitochondrial activity may serve as an adaptive
mechanism to counteract sorafenib-induced metabolic stress.
Sorafenib is known not only to inhibit RAF/MEK/ERK and
angiogenic signaling pathways by inhibiting VEGFR and PDGFR
signaling [30], but also to interfere with mitochondrial
respiration [21, 31, 32]. Therefore, the upregulation of OxPhos
genes likely reflects a compensatory response to maintain
energy production and survival. SR9009, which has been
reported to suppress mitochondrial respiration, acts as a
metabolic antagonist of this adaptation. Consistent with this
interpretation, our data show that the combination of
sorafenib and SR9009 nearly abolished mitochondrial respira-
tion and ATP production, accompanied by a strong decrease in
mitochondrial complex proteins such as SDHA (Succinate
Dehydrogenase subunit A), COX1 (Cytochrome c oxidase I)
and Cytochrome c.
Importantly, this profound inhibition of mitochondrial metabo-

lism was selectively cytotoxic to hepatoma cells, which rely heavily
on mitochondrial ATP production, while sparing normal hepato-
cytes and fibroblasts [33]. In mouse models, the combination
treatment reduced tumor burden without increasing hepatotoxi-
city, aligning with previous evidence that SR9009 can exert
hepatoprotective and anti-inflammatory effects, reducing steatosis
and cellular stress in non-tumor hepatic tissue [23–25].
Mechanistically, SR9009 may compete with heme for binding to

REV-ERBα/β [15], thereby displacing heme and increasing
intracellular free heme levels. Although originally developed as a
REV-ERBα/β agonist, SR9009 can potentially interfere with other
heme-dependent enzymes, including mitochondrial cytochromes
[34]. Given the high reactivity of unbound heme, this displace-
ment may promote mitochondrial dysfunction and enhance
cytotoxicity. Supporting this hypothesis, we observed that Hmox1,
encoding heme oxygenase-1 (HO-1), the enzyme responsible for
degrading free heme, was strongly upregulated in sorafenib-
resistant cells. HO-1 is a well-established cytoprotective enzyme
that converts heme into biliverdin, bilirubin, and ferrous iron (Fe²⁺)
[35]. The concomitant upregulation of ferritin in resistant cells

Fig. 1 The combination of sorafenib and SR9009 reduces the IC₅₀ of sorafenib in murine hepatoma cell lines. Dose–response curves were
generated to evaluate the cytotoxic effects of increasing concentrations of sorafenib (SF) and SR9009 (SR) in Hep55.1 C (a) and Hep56.1D (b)
hepatoma cells. When administered as a single agent, SR9009 exhibited cytotoxicity only at high concentrations (IC₅₀= 47.1 μM in Hep55.1C
and IC₅₀= 730.5 μM in Hep56.1D cells). Drug combination studies were performed using increasing concentrations of sorafenib in the
presence of a fixed dose of SR9009 (12.5 μM). After 48 h of treatment, a pronounced synergistic effect on cell viability was observed, with a
marked reduction in sorafenib IC₅₀ values (from 12 μM to 6 μM in Hep55.1C and from 10 μM to 6 μM in Hep56.1D), and a detectable cytotoxic
response even at submicromolar sorafenib concentrations (<1 μM). In contrast, in normal baby mouse kidney fibroblasts (BMK) (c), low
concentrations of SR9009 slightly improved cell growth and viability, while cytotoxic effects were evident only at high doses (>100 μM). When
combined with SR9009 (12.5 μM), sorafenib showed only a modest reduction in IC₅₀ (from 14 μM to 10 μM), with no evidence of synergistic
cytotoxicity at lower concentrations. Cell viability values were normalized to untreated controls. Drug concentrations are expressed on a log₁₀
scale. Data points represent mean cell viability ± SD for each concentration.
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further suggests that detoxification of free heme and sequestra-
tion of reactive iron are integral components of the adaptive
resistance mechanism. Indeed, HO-1 functions as a key antiox-
idant and cytoprotective enzyme in liver disease [36], with
growing evidence linking its upregulation to chemoresistance
[37]. A similar protective role against heme-induced cytotoxicity

was reported in breast cancer [38]. Functional validation through
Hmox1 knockdown confirmed the protective role of HO-1, as
silencing of this gene decreased cell viability and mitochondrial
activity in resistant cells. This indicates that HO-1 upregulation
contributes to the survival advantage of sorafenib-resistant
HCC cells.

Fig. 2 Combined treatment with sorafenib and SR9009 markedly inhibits mitochondrial ATP production in Hep55.1C cells. Mitochondrial
oxidative phosphorylation (OxPhos) and glycolytic activity were assessed in Hep55.1C cells under the following conditions: (i) sorafenib
(7.5 μM; SF), (ii) SR9009 (12.5 μM; SR), (iii) combined sorafenib+ SR9009 (SF+ SR), and (iv) DMSO control. a OxPhos activity was measured as
oxygen consumption rate (OCR) using a Seahorse XFe/XF Extracellular Flux Analyzer under basal conditions and following sequential
injections of oligomycin, FCCP (carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone), and a rotenone/antimycin A mixture (Rot/AA). b Both
basal and maximal respiration were profoundly reduced in cells treated with SF+ SR, indicating severe mitochondrial dysfunction.
c Immunoblot analysis confirmed a marked decrease in mitochondrial complex proteins, including the succinate dehydrogenase subunit A
(SDHA), cytochrome c oxidase subunit I (COX1/MT-CO1), and cytochrome c. Protein levels were normalized to GAPDH and expressed relative
to untreated controls. d Glycolytic flux was measured as extracellular acidification rate (ECAR). e Cells treated with SF+ SR exhibited enhanced
glycolytic activity compared to single-agent treatments, suggesting a compensatory shift toward glycolysis to sustain residual ATP production
under conditions of mitochondrial inhibition. Both basal glycolysis and glycolytic capacity were significantly elevated, indicating that
glycolysis operated near its maximal rate in the combination setting. f Consistently, lactate production was significantly increased in SF+ SR-
treated cells compared with control and single-drug treatments. Data represent mean ± SD. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.

S. Sabbioni et al.

6

Cell Death Discovery           (2026) 12:86 



Moreover, the SR9009-induced accumulation of free heme and
reactive oxygen species (ROS) likely drives the observed synergistic
cytotoxicity in combination with sorafenib. The elevated HO-1
protein levels detected after combined treatment reflect a strong
cellular stress response, consistent with oxidative damage and lipid
peroxidation triggered by excessive ROS generation.

In vivo, the combination of SR9009 and sorafenib showed
superior efficacy compared with sorafenib alone, both in primary
transgenic liver tumors and in xenografts derived from sorafenib-
resistant cells, without exacerbating toxicity. Previous studies have
similarly reported that SR9009 is well tolerated and even
protective in cardiovascular [39] and metabolic disease models,

Fig. 4 SR9009 increases free heme levels and promotes oxidative stress in sorafenib-resistant hepatoma cells. a In H55-RES cells,
treatment with SR9009 markedly increased intracellular free heme levels, both when administered alone (SR) and in combination with
sorafenib (SR+ SF). b In response to elevated heme accumulation, heme oxygenase-1 (HO-1) protein expression was concomitantly
upregulated following SR9009 treatment, with a further induction observed under combined SR9009 and sorafenib exposure. c, d To evaluate
SR9009-induced oxidative stress, lipid peroxidation and intracellular reactive oxygen species (ROS) levels were quantified in H55-RES cells
treated with sorafenib (SF), SR9009 (SR), or the combination (SR+ SF). Malondialdehyde (MDA) content, a marker of lipid peroxidation, was
measured in cell lysates after 24 h of treatment, while ROS accumulation was quantified in live cells and normalized to cell viability. Data
represent mean ± SD. *p ≤ 0.05; **p ≤ 0.01.

Fig. 3 Sorafenib-resistant hepatoma cells are protected from heme-induced toxicity through upregulation of Hmox1 and ferritin genes.
a Intracellular free heme levels were quantified in cell lysates using a functional assay based on inactive apo-horseradish peroxidase (see
Materials and Methods). Treatment of wild-type Hep55.1C cells with sorafenib (SF) led to a pronounced accumulation of free heme compared
to untreated (NT) controls. In contrast, sorafenib-resistant H55-RES cells, continuously maintained in the presence of SF, exhibited significantly
lower free heme levels, indicating activation of protective mechanisms against sorafenib-induced heme toxicity. b RNA-seq analysis revealed a
strong upregulation of Hmox1, encoding heme oxygenase-1 (HO-1), in resistant cells, suggesting a pivotal role for this enzyme in mitigating
toxic heme accumulation. c, d Consistently, Fth1 (ferritin heavy chain 1) and Ftl1 (ferritin light chain) transcripts were significantly elevated in
resistant cells compared with wild-type Hep55.1C cells, supporting enhanced sequestration of labile ferrous iron (Fe²⁺) and attenuation of iron-
mediated cytotoxicity. Data represent mean ± SD. *p ≤ 0.05; **p ≤ 0.01.
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Fig. 5 SR9009 potentiates the antitumor efficacy of sorafenib in sorafenib-resistant xenograft models. a Wild-type Hep55.1C cells and
sorafenib-resistant (H55-RES) cells were subcutaneously implanted into the left and right flanks, respectively, of female C57BL/6 mice.
b Approximately 10 days after cell implantation, when tumor volumes reached ~50mm³, mice were randomized into four treatment groups:
(1) vehicle control (CTRL, n= 5), (2) sorafenib alone (SF, n= 10), (3) SR9009 alone (SR, n= 10), and (4) sorafenib plus SR9009 (SF+ SR, n= 10).
Treatments were administered as indicated, and tumor volumes were measured every two days until endpoint. c Mean tumor volumes at
endpoint are shown. Data are presented as mean ± SD. *p ≤ 0.05; **p ≤ 0.001.
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including reducing atherosclerotic plaque formation and attenu-
ating cardiac hypertrophy, further supporting its safety profile [40].
Collectively, our findings reveal that the metabolic adaptations

conferring resistance to sorafenib, particularly the upregulation of
mitochondrial respiration and heme detoxification pathways, can
be therapeutically exploited. Pharmacological activation of REV-
ERBs with SR9009 disrupts these adaptive mechanisms by
impairing OxPhos and altering heme metabolism, leading to
irreversible mitochondrial dysfunction and cell death, without
worsening its tolerability.
Overall, this study highlights a rational strategy to enhance

sorafenib efficacy by exploiting metabolic vulnerabilities in
hepatocellular carcinoma. Integrating oncogene-targeted therapy
with metabolic modulation offers a means to overcome adaptive
resistance while minimizing systemic toxicity. Beyond sorafenib,
this combinatorial approach provides a conceptual framework for
improving therapeutic efficacy and safety by coupling oncogene-
targeted agents with compounds that disrupt tumor-specific
metabolic dependencies.

MATERIALS AND METHODS
Cell lines
Murine Hep55.1C (440201) and Hep56.1D (440204) cells, obtained from
hepatomas of C57BL/6J mice, were obtained from CLS Cell Lines Service
GmbH, Germany. The two cell lines differed in the status of the Tp53 gene:
wild type in Hep55.1C and mutated (pCys132Trp) in Hep56.1D. Hep55.1C
sorafenib-resistant cells (H55-RES) were obtained by in vivo selection from

tumor xenografts of C57BL/6J mice as previously described [20]. Briefly, to
obtain H55-RES, cells, C57BL/6 mice bearing H55.1C cells derived xenograft
were treated with sorafenib. After a month of sensitivity to the drug, some
tumors start to regrew. To confirm stable sorafenib resistance, resistant
xenograft-derived cells were re-implanted into new mice, and notably no
significant difference in tumor growth was observed between sorafenib-
treated and untreated groups. We developed and analyzed 5 different
resistant cell lines (named H55-RES 191, 412, 422, 423, 424). For in vitro and
in vivo experiments, the H55-RES 191 cell line was used. Normal baby
mouse kidney (BMK) fibroblasts were established from the normal kidneys
of newborn C57BL/6J mice as previously described [41]. The human HCC
cell lines Hep3B (HB-8064), HepG2 (HB-8065) and SNU449 (CRL-2234) were
obtained from the American Type Culture Collection (ATCC, Manassas, VA,
USA), and the Huh7 cell line (300156) was obtained from CLS Cell Lines
Service GmbH. All cell lines were propagated and maintained in Iscove’s
modified Dulbecco’s medium supplemented with 10% fetal bovine serum
(FBS), 0.1% gentamicin, and 1% L-glutamine (Sigma‒Aldrich, St. Louis, MO,
USA). All cell lines were authenticated by the supplier and tested for
mycoplasma contamination (MycoAlert Mycoplasma Detection kit, LT07-
418, Lonza Group Ltd., Basel Switzerland).

Drugs
For in vitro experiments, Sorafenib (S-8599, LC Laboratories, Woburn, MA,
USA), SR9009 (1379686-30-2, BOC SCIENCES, NY, USA) and IACS-010759
(HY-112037, MedChemExpress, NJ 08852, USA) were solubilized in
dimethyl sulfoxide (DMSO). For all in vivo experiments, sorafenib (10mg/
kg or 30mg/kg) was dissolved in a 50:50 solution of Cremophor EL/
ethanol and was administered daily by gavage, while SR9009 (100mg/kg)
was dissolved in 15% Cremophor EL solution and was administered daily
by intraperitoneal injection (i.p).

Fig. 6 In vivo toxicity assessment of the sorafenib and SR9009 combination. a Mouse body weight was monitored throughout the
treatment period. Except for a transient decrease during the initial days of combination treatment, no significant weight loss was observed in
any treatment group. b Liver function was evaluated by measuring serum alanine aminotransferase (ALT) activity. As expected, ALT levels were
elevated following sorafenib treatment alone but remained within the normal range when SR9009 was administered, either alone or in
combination with sorafenib, indicating a protective effect of SR9009 on liver function. c, d Hematological parameters, including red blood cell
(RBC) and white blood cell (WBC) counts, were not significantly altered under any treatment condition. Data are presented as mean ± SD.
Treatment groups: control (CTRL), SR9009 alone (SR), sorafenib alone (SF), and the combination (SR+ SF). *p ≤ 0.05.
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Transfection
Dicer-substrate siRNAs (DsiRNAs) are chemically synthesized 27mer
RNA duplexes processed by Dicer, characterized by an increased
potency in RNA interference compared to traditional, 21mer siRNAs
[42]. A TriFECTa kit (IDT, Integrated DNA Technologies) containing three
specific pre-designed DsiRNAs targeting murine Hmox1 gene
was used. Specifically, the duplex oligonucleotides sequences were
as follows: DsiRNA mm.Ri.Hmox1.13.1: Duplex Oligo sense
–rUrArArArUrGrGrCrArUrUrArUrCrUrArArCrArGrUrCrACT; Duplex Oligo
antisense – rArGrUrGrArCrUrGrUrUrArGrArUrArArUrGrCrCrArUrUrUrAr-
UrU; DsiRNA mm.Ri.Hmox1.13.2: Duplex Oligo sense – rArUrGrGrCrUr-
UrCrCrUrUrGrUrArCrCrArUrArUrCrUrACA; Duplex Oligo antisense –
rUrGrUrArGrArUrArUrGrGrUrArCrArArGrGrArArGrCrCrArUrCrA; DsiRNA
mm.Ri.Hmox1.13.3: Duplex Oligo sense – rGrGrGrArArUrUrUrArUrGrCr-
CrArUrGrUrArArArUrGrCAA; Duplex Oligo antisense – rUrUrGrCrArUr-
UrUrArCrArUrGrGrCrArUrArArArUrUrCrCrCrArC. DsiRNAs transfection
was carried out by using Lipofectamine 2000 (#11668027, Invitrogen,
Thermo Fisher Scientific, Carlsbad, CA, USA), in accordance with the
manufacturer’s indications.

Cell viability assays
The Muse® Count & Viability Kit was used to perform quantitative analysis
of cell counts and viability (MCH100102, Luminex Corporation, Austin, TX,
USA). All assays were performed in triplicate, and the data were analyzed
with a Muse® Cell Analyzer instrument (Merck Millipore). The PrestoBlue™

HS Cell Viability Reagent (#P50200; Invitrogen, Thermo Fisher Scientific,
Carlsbad, CA) was used to measure the half maximal inhibitory
concentration (IC50) to evaluate the efficacy of the drug in vitro. All
assays were performed in triplicate and analyzed with a Tecan Infinite 200
Pro M Plex Microplate Reader (Tecan Austria Gmbh).

Mitochondrial function assays and Lactate Assay
The Agilent Seahorse Cell Mito Stress Test (103015-100, Agilent
Technologies, Wilmington, DE, USA) was used to evaluate mitochondrial
function by measuring the oxygen consumption rate (OCR) of the cells,
while the Agilent Seahorse XF Glycolysis Stress Test (103020-100, Agilent
Technologies) was used to evaluate glycolytic function by measuring the
extracellular acidification rate (EACR) of the cells. Real-time measurements
of the OCR and ECAR were performed on Seahorse XFe/XF extracellular
flux analyzers. The Mitochondrial ToxGlo™ assay (G8000, Promega,
Madison, WI, USA) was used to evaluate mitochondrial function through
differential measurement of biomarkers associated with changes in cell
membrane integrity and cellular ATP levels. The Lactate-Glo™ Assay
(#J5021, Promega, Madison, WI, USA), a bioluminescent detection system
that couples lactate oxidation and NADH production, was used to evaluate
lactate levels in cell culture media of treated cells and normalized on cell
viability, measured with the resazurin-based PrestoBlue HS reagent
(#P50200; Invitrogen, Thermo Fisher), in accordance with the manufac-
turer’s instructions. Assays were performed in triplicate and analyzed in a
Tecan Infinite 200 Pro M Plex microplate reader (Tecan Austria Gmbh).

Fig. 7 The combination of sorafenib and SR9009 shows superior efficacy to sorafenib alone in primary liver tumors. At six months of age,
thirty DEN-treated TG221 male mice were randomized into two groups and treated daily for 23 days with either sorafenib alone (SF, 10mg/kg;
n= 15) or the combination of sorafenib (10mg/kg) and SR9009 (100mg/kg; n= 15). a, b Tumor growth was monitored by ultrasound imaging
at baseline and at the end of treatment. The combination therapy produced a more pronounced reduction in tumor volume compared with
sorafenib monotherapy. c This enhanced therapeutic response is further illustrated in the waterfall plot, which highlights a greater proportion
of tumor nodules showing regression in mice treated with the combination regimen compared with those receiving sorafenib alone.
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Colony formation assay
1ml of 0.8% Sea Plaque Low Melt Agarose (#50101, Lonza Group Ltd.,
Basel Switzerland) was distribute in 6-well plates to prepare base agarose
layer. A single-cell suspension from Hep55.1C cells, containing 5 × 103

cells/well was prepared and mixed with an upper agarose layer (0.48%).
1 ml of cell/agar mixture was immediately overlaied in triplicate for each
treatment condition in wells containing the solidified base layer. Each plate
was cooled for ~5min at 4 °C to solidify agarose and then incubated at
37 °C in a humidified atmosphere with 5% CO2 for 3 weeks. Colonies
formation was monitored during the incubation time and representative
images were captured with a DS-L3 Camera (#M555E, Nikon). Colonies
were finally stained adding 1ml of PBS containing 4% formaldehyde and
0.005% crystal violet to each well.

Western blot and antibodies
Cell cultures were harvested and lysed with radioimmune precipitation
buffer (RIPA) (#R0278; Sigma‒Aldrich) as previously described [20]. Protein
extracts (10 μg from each of the samples) were subjected to SDS‒PAGE
(4–15% Tris Glicyne Gel, no. 4561083, Bio-Rad) and then transferred to a
PVDF membrane (no. 1704156, Bio-Rad). After incubation with 5% blocking
agent, the membranes were incubated overnight at 4°C with the following
rabbit antibodies: SDHA (D6J9M)XP, #11998), Cytocrome c (D18C7,
#11940), COX1/MT-CO1 (E2I2R, #55159), HO-1 (E3F4S, #43966), PARP
(#9542, and Cleaved PARP (#9544), all from Cell Signaling Technology,
Danvers, MA, USA. A monoclonal anti-glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) antibody (clone 2D9, TA802519; OriGene Technolo-
gies, Rockville, MD, USA) was used as a loading control. For
chemiluminescent detection, a horseradish peroxidase-conjugated sec-
ondary antibody (#7074; Cell Signaling Technology) was used in
combination with Clarity Western ECL Blotting Substrate (#170-5060; Bio-
Rad), and digital images were acquired using Chemidoc (Bio-Rad). Signals
were quantified with ImageJ software (https://imagej.nih.gov), and protein
expression levels were normalized to GAPDH protein expression.

RNA purification
Total RNA was extracted from frozen liver cells or tissues using a Maxwell
RSC instrument (Promega Italia, Milan) and a Maxwell RSC miRNA from a
tissue purification kit (#AS1460, Promega) according to the manufacturer’s
instructions.

Free heme, lipid peroxidation (MDA) and intracellular ROS
measurement
Measurement of intracellular free heme in cellular lysates was based on the
interaction of an inactive apo-horseradish peroxidase (apoHRP, #293A0000,
Calzyme Labs, San Luis Obispo, CA, USA) with free heme to form an active
holoHRP, as previously described [43]. 10 μg of cellular lysate collected
after 8 h of treatment were analyzed in presence of apo-HRP enzyme
(5 μM). The reconstitution time of active holo-HRP activity with free heme
was established at 10min. The activity of the reconstituted HRP was
measured by colorimetric oxidation of the Peroxidase substrate 3,3’,5,5’-
tetramethylbenzidine (TMB, #T4444; Sigma‒Aldrich) and was converted to
free heme concentration using a standard curve established with
increasing concentrations of hemin (0–2,5 nM) (#51280; Sigma‒Aldrich).
Oxidatve stress was determined by a colorimetric quantification of
malondialdehyde (MDA) levels in cell lysates using the Lipid Peroxidation
(MDA) Assay kit (#MAK568; Sigma‒Aldrich), while intracellular ROS was
determined in living cells by fluorimetric assay (Fluorimetric Intracellular
ROS kit, #MAK143; Sigma‒Aldrich) and normalized on cell viability
measured with the resazurin-based PrestoBlue HS reagent (#P50200;
Invitrogen, Thermo Fisher), in accordance with the manufacturer’s
instructions. All the assays were performed in triplicate and analyzed in
a Tecan Infinite 200 Pro M Plex microplate reader (Tecan Austria Gmbh).

RNA sequencing
RNA quality and integrity were checked by a Bioanalyzer 2100 and Agilent
RNA 6000 Nano Kit (No. 5067-1511 Agilent, Santa Clara, CA, USA). RNA-seq
libraries were prepared using the Qiagen QIAseq Fast Select rRNA HMR kit
(no. 334386, Qiagen Düsseldorf, Germany) for ribosomal RNA depletion
and the Qiagen QIAseq stranded total RNA library kit (no. 180745, Qiagen)
according to the manufacturer’s instructions. RNA sequencing was
performed according to the Illumina pipeline on a NextSeq 500 instrument
(Illumina, San Diego, CA, USA.) using the NextSeq 500/550 High Output Kit
v2.5 150 Cycles (#20024907, Illumina).

Bioinformatics analysis
The obtained sequences were mapped to the mouse genome (GRCm38)
using the HISAT2 algorithm [44] and a prebuilt genome index down-
loadable from the HISAT2 website. Then, StringTie [45] was used to
assemble and quantify the transcripts in each sample. Finally, the
expressed transcripts were normalized using the “DESeq2” package [46]
for R. The R package “TCseq” v.1.22.6 [http://www.bioconductor.org/
packages/release/bioc/html/TCseq.html] was used to characterize gene
expression patterns across sample groups. Functional enrichment
analysis of the selected genes was performed using the R package
“clusterProfiler” v. 4.6.2 [47] with the Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Gene Ontology (GO) databases. Heatmaps were
generated with the R package “pheatmap” [https://CRAN.R-project.org/
package=pheatmap]. Gene Set Enrichment Analysis (GSEA) [48] was
performed using GSEA 4.1.0 with a database containing Hallmarks
MSigDB collection signature gene sets and pathway gene sets canons
derived from the Reactome Path Database. Significant gene sets with an
FDR-adjusted p value < 0.05 were selected. Differential expression of
genes belonging to the HALLMARK_OXIDATIVE_PHOSPHORYLATION
gene set was assessed by calculating the fold change, while statistical
significance was determined using the Benjamini–Hochberg method for
adjusted p-value correction.

In vivo studies on mice
The study was conducted according to the Guidelines for the Care and
Use of Laboratory Animals of the Italian Ministry of Health. All studies
involving animal experiments complied with the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines. To comply with
Directive 2010/63/EU of the European Parliament and of the Council,
which requires the lowest number of experimental animals, G*Power
(http://www.gpower.hhu.de/) was used to define the minimum sample
size for the experiments. All animals were randomly assigned to
different treatment groups at the start of the studies. No blinding was
performed. The protocols for animal testing were approved by the
Italian Ministry of Health (approval no. 701/2017-PR, no. 645/2021-PR
and n. 337/2025-PR). All mice were maintained in ventilated cabinets at
25 °C on a 12-h light-dark cycle, with food and water available ad
libitum. For xenotransplantation experiments, wild-type C57BL/6J
female mice (6–8 weeks) were obtained from Charles River Laboratories
s.r.l. (Calco, IT). To test the therapeutic effect of SR9009 in combination
with sorafenib, 5 × 104 Hep55.1C wild type cells and 5 × 104 H55-RES
cells were implanted subcutaneously respectively into the left or right
side of female C57BL/6 mice as previously described [20]. When the
tumors reached a volume of ~50 mm3 (10 days after cell injection), the
mice were randomly selected for treatment. To test the therapeutic
effect of SR9009 in combination with sorafenib in primary liver tumors,
TG221 transgenic mice [49] were used. Ten-day-old neonatal TG221
male mice received an i.p. injection of N-Nitrosodiethylamine (DEN)
(#N0756, Sigma‒Aldrich) (7.5 mg/kg body weight) to facilitate tumor
development. Mice were monitored for the presence of liver lesions
using a diagnostic ultrasound device (Philips IU22) as previously
described [20]. Mice were randomly assigned to treatment groups at
six months of age. At the end of the experiments, the mice were
sacrificed and the tumor tissues were collected, immediately frozen in
liquid nitrogen and stored at −80 °C.

In vivo toxicity assessment
Blood samples were collected via a retro-orbital method from mice
anesthetized with a mixture of isoflurane [2-chloro-2-(difluoro-
methoxy)-1,1,1-trifluoroethane] and oxygen. The alanine aminotrans-
ferase (ALT) activity test (MAK052, Sigma‒Aldrich) was used to
evaluate liver function in the serum of mice according to the
manufacturer’s instructions. Serum was obtained by centrifugation at
1000 × g/RT for 10 min and stored at −80 °C. All tests were performed in
triplicate, and the data were analyzed with a Tecan Infinite 200 Pro M
Plex microplate reader (Tecan Austria Gmbh). Red blood cell (RBC) and
white blood cell (WBC) counts were evaluated using a Neubauer
Counting Chamber (BRAND™ BLAUBRAND™, 10195580), and the
number of cells per μl was calculated using the following formula:
number of cells/counted area (mm2) × chamber depth (mm) × dilution
factor. The reference values for the hematological and biochemical
parameters of C57BL/6NCrl mice can be found on the Charles River
website (Biochemistry and Hematology for C57BL/6NCrl Mouse
Colonies in North America).
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Statistical analysis
To evaluate the statistical significance of group similarity, we used the t
test when the variance of the two compared samples was equal or the
Welch t test when two samples showed unequal variances. A p
value ≤ 0.05 was considered to indicate statistical significance. Var-
iances between groups were assessed using the F test. When
appropriate, the data are expressed as the mean ± standard deviation
(SD). GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA) was
used for data analysis. The synergy between two drug pairs was
determined using the SynergyFinder version 3.0 package, and the
highest single agent (HSA) model was used. With a synergy score less
than −10, the interaction between two drugs is likely to be
antagonistic; from −10 to 10, it is likely that the interaction between
two drugs is additive; and greater than 10, the interaction between two
drugs is likely to be synergistic. A waterfall plot was used to evaluate
the response of mice to drug treatment based on tumor burden. The
percentage change in tumor volume was calculated using the formula
[(Xf-Xi)/Xi]*100, where Xi represents the volume of the tumor nodule
detected by ultrasound analysis on day 0, while Xf represents the
volume of the tumor nodule detected after 21 days of treatment with
the therapeutic agent. The waterfall plot was produced using the
Phyton programming language with the help of the MATLABPoint
library.
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