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ERK activation and autophagy impairment
are central mediators of irinotecan-induced
steatohepatitis
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ABSTRACT
Objective Preoperative chemotherapy with irinotecan is
associated with the development of steatohepatitis,
which increases the risk of perioperative morbidity and
mortality for liver surgery. The molecular mechanisms of
this chemotherapeutic complication are widely unknown.
Design Mechanisms of irinotecan-induced
steatohepatitis were studied in primary human
hepatocytes in vitro, in mice treated with irinotecan and
in liver specimens from irinotecan-treated compared with
control patients.
Results Irinotecan dose-dependently induced lipid
accumulation and pro-inflammatory gene expression in
hepatocytes. This was accompanied by an impairment of
mitochondrial function with reduced expression of
carnitine palmitoyltransferase I and an induction of acyl-
coenzyme A oxidase-1 (ACOX1), oxidative stress and
extracellular signal-regulated kinase (ERK) activation.
ERK inhibition prevented irinotecan-induced pro-
inflammatory gene expression but had only a slight
effect on lipid accumulation. However, irinotecan also
induced an impairment of the autophagic flux mediated
by alkalisation of lysosomal pH. Re-acidification of
lysosomal pH abolished irinotecan-induced autophagy
impairment and lipid accumulation. Also in mice,
irinotecan treatment induced hepatic ACOX1 expression,
ERK phosphorylation and inflammation, as well as
impairment of autophagy and significant steatosis.
Furthermore, irinotecan-treated patients revealed higher
hepatic ERK activity, expression of pro-inflammatory
genes and markers indicative for a shift to peroxisomal
fatty acid oxidation and an impaired autophagic flux.
Pretreatment with the multityrosine kinase inhibitor
sorafenib did not affect autophagy impairment and
steatosis but significantly reduced ERK phosphorylation
and inflammatory response in irinotecan-treated
hepatocytes and murine livers.
Conclusions Irinotecan induces hepatic steatosis via
autophagy impairment and inflammation via ERK
activation. Sorafenib appears as a novel therapeutic
option for the prevention and treatment of irinotecan-
induced inflammation.

INTRODUCTION
The topoisomerase 1 inhibitor irinotecan (CPT-11)
is a semisynthetic derivative of camptothecin, an

alkaloid extracted from the Chinese plant
Camptotheca acuminata, and a very active antineo-
plastic drug for a number of cancer entities. It is
also increasingly used in perioperative chemother-
apy regimens to enlarge the number of patients
who can be offered hepatic resection for colorectal
liver metastases by downsizing hepatic tumour

Significance of this study

What is already known on this subject?
▸ Neoadjuvant chemotherapy is increasingly

being used to enlarge the cohort of patients
who can be offered hepatic resection for
malignancy.

▸ Inclusion of irinotecan in preoperative
chemotherapy regimens is associated with the
risk to develop steatohepatitis in a significant
number of cases.

▸ Irinotecan-induced steatohepatitis is associated
with an increased morbidity and mortality
following hepatic resection.

▸ The multityrosine kinase inhibitor sorafenib
augments the antitumour efficacy of irinotecan
and overcomes irinotecan resistance in GI
malignancies.

What are the new findings?
▸ Irinotecan induces extracellular signal-regulated

kinase (ERK) activation in hepatocytes and
murine and human liver tissue.

▸ Irinotecan alkalises the lysosomal pH in
hepatocytes and herewith impairs the
autophagic flux and causes cellular lipid
accumulation.

▸ Specific ERK inhibition as well as sorafenib
treatment prevented irinotecan-induced
inflammation in hepatocytes and murine livers.

How might it impact on clinical practice in
the foreseeable future?
▸ Sorafenib may be used for the prevention and

treatment of irinotecan-induced (steato)
hepatitis and may potentially improve
irinotecan efficacy.
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load.1 However, there is increasing awareness of
irinotecan-induced hepatotoxicity and its effect on outcome
after hepatic resection.2 Several observational clinical studies
have reported that the inclusion of irinotecan in preoperative
chemotherapy regimens is associated with the risk to develop
steatohepatitis in up to 50% of cases.3 Furthermore, there is sig-
nificant evidence that the presence of chemotherapy-induced
steatohepatitis is associated with an increased morbidity and
possibly mortality following hepatic resection as a result of
hepatic insufficiency.3–5

Despite the clinical implications of irinotecan-induced steato-
hepatitis, the underlying molecular mechanisms are widely
unknown and there are no therapeutic strategies to prevent or
treat this chemotherapeutic complication. In this study, we ana-
lysed the effect of irinotecan in primary human hepatocytes
(PHH) and mice and uncovered that hepatocellular steatosis and
inflammation are induced via impairment of different cellular
organelles and mechanisms, respectively. Results have been
verified in liver specimens from irinotecan-treated patients.
Moreover, we analysed the effect of combined treatment of iri-
notecan with sorafenib and discovered a so far unknown effect
of this multityrosine kinase inhibitor; sorafenib was able to
inhibit irinotecan-induced inflammation in hepatocytes and
murine livers.

MATERIALS AND METHODS
Cells and cell culture
Isolation and culture of PHH were performed as described.6 7

Furthermore, we used HepG2 cells (ATCC HB-8065) to estab-
lish experimental conditions for in vitro treatment with irinote-
can. In diverse experiments, irinotecan treatment was
performed in combination with N-acetylcysteine (NAC;
0.4 mM), a specific extracellular signal-regulated kinase (ERK)
inhibitor (U0126; 10 mM), a specific p38 inhibitor (SB202190;
10 mM), chloroquine (CQ; 10 mM), clioquinol (CLQ; 10 mM)
or sorafenib (BAY 43-9006; 0.5–4 mM).

Murine models of irinotecan-induced steatohepatitis
Ten-week-old female C57BL/6 mice were obtained from
Charles River Laboratories (Sulzfeld, Germany). Mice were
maintained in specific pathogen-free housing and animal
experiments were performed according to national and inter-
national guidelines of the European Union. After 2 weeks of
acclimatization, mice were treated with intraperitoneal injec-
tions of irinotecan (50 mg/kg) or solvent (saline) every three
days for 2 weeks (n=10 mice/group). This irinotecan dose has
been used before to study antitumourigenic effects in murine
cancer models.8 Twelve hours after the last injection, mice
were killed and liver tissue and blood samples were collected
for further analysis. In a second set of experiments, mice were
treated with a single dose of irinotecan (50 mg/kg) alone or in
combination with sorafenib (10 or 20 mg/kg) and sacrificed
24 hours thereafter. Mice injected with solvent served as
controls.

Human liver tissues
Liver specimens of patients with metastatic colorectal cancer (i)
with irinotecan treatment (n=6) or (ii) without chemotherapy
(n=5) were obtained during resection of liver metastases, imme-
diately snap frozen and stored at −80°C. Human liver tissues
were obtained and experimental procedures were performed
according to the guidelines of the charitable state-controlled
foundation Human Tissue and Cell Research,9 with the
informed patients’ consent.

Statistical analysis
Results are expressed as mean±SEM. Comparisons between
groups were performed using the unpaired Student’s t-test or
one-way analysis of variance, if appropriate. A p value<0.05
was considered statistically significant. All calculations were
carried out using the statistical computer package GraphPad
Prism V.4.00 for Windows (GraphPad Software, San Diego,
USA).

Additional methods
Detailed methodology is described in the ‘Methods’ section of
the online supporting information.

RESULTS
Effect of irinotecan on hepatocellular steatosis in vitro
Initially, the dose range in which irinotecan did not affect viabil-
ity of human hepatocytes was determined. Concentrations up to
50 mM irinotecan did not cause toxic effects in PHH as well as
in HepG2 cells (see online supplementary figure S1A,B) but
dose-dependently increased cellular free fatty acid (FFA) and tri-
glyceride (TG) levels (figure 1A). Oil red O staining confirmed
an accumulation of small lipid droplets in irinotecan-treated
cells (figure 1B). In line with these results, expression levels of
diglyceride acyltransferase 2 (DGAT2), which catalyses the ter-
minal step in the formation of TGs, were dose-dependently
increased by irinotecan (figure 1C). This increase in lipid
content appeared to be independent of de novo lipogenesis
because irinotecan induced a significant downregulation of fatty
acid synthase gene expression, the key enzyme of the de novo
lipogenesis pathway (see online supplementary figure S1C).
Despite cellular lipid accumulation, irinotecan reduced expres-
sion of carnitine palmitoyltransferase I (CPT-1), the key enzyme
of the mitochondrial β-oxidation (figure 1D), and XTT activity,
an indicator of mitochondrial activity (figure 1D). In contrast,
irinotecan induced the expression of acyl-coenzyme A oxidase 1
(ACOX1) (figure 1E), indicative for an activation of the extra-
mitochondrial fatty acid oxidation system in peroxisomes, which
is known to lead to enhanced production of reactive oxygen
species (ROS).10 In line with this, irinotecan treatment caused a
marked increase of haem oxygenase-1 (HMOX-1) expression
and malondialdehyde (MDA) levels as markers for oxidative
stress (figure 1F).

Effect of irinotecan on hepatocellular ERK and p38
activation and pro-inflammatory gene expression in vitro
Oxidative stress is a known inducer of mitogen-activated protein
kinases (MAPK) and pro-inflammatory gene expression.
Irinotecan dose-dependently induced phosphorylation of ERK
and p38 (figure 2A) as well as expression of interleukin-8
(IL-8), intercellular adhesion molecule 1 (ICAM-1) (figure 2B)
and C-C motif chemokine ligand 5 (CCL5; RANTES) (see
online supplementary figure S2A). The expression of these
pro-inflammatory genes is known to correlate with hepatic
inflammation in non-alcoholic fatty liver disease.11–13

These effects were inhibited by preincubation with the ROS
scavenger NAC (figure 2C, D and online supplementary figure
S2B), confirming that oxidative stress is responsible for the
observed irinotecan effects on MAPK activation and
pro-inflammatory gene expression. Moreover, inhibition of the
ERK pathway using a specific inhibitor (UO126) ameliorated
irinotecan-induced IL-8, ICAM-1 and CCL5 expression (figure
2E and online supplementary figure S2C). In contrast, a specific
inhibitor of p38 (SB202190) did not affect the expression of
these genes (figure 2E and online supplementary figure S2C).
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However, SB202190 slightly inhibited irinotecan-induced TG
accumulation in hepatocytes while ERK inhibition had no
effects on cellular steatosis (figure 2F).

Effect of irinotecan on lysosomal pH and autophagy in vitro
Activation of p38 has been shown to inhibit autophagy,14 15 and
impaired autophagy is increasingly recognised as a critical factor
in the pathogenesis of alcoholic and non-alcoholic fatty liver
disease.16 17 Therefore, we investigated the effect of irinotecan
on the cleavage of the microtubule-associated 1 light chain 3
(LC3). The lipidation of LC3-I with phosphatidylethanolamine
leads to the formation of LC3-II, which is a critical step in
autophagosome formation. Surprisingly, irinotecan treatment of
hepatocytes increased the LC3-II/LC3-I ratio in a dose-
dependent manner (figure 3A). However, irinotecan also caused
elevated levels of sequestome 1 (p62), a protein that is degraded
by autophagy and accumulates when autophagy is impaired.
This suggested that the increase in LC3-II levels was not caused
by an enhanced formation but rather an impaired clearance of
autophagosomes. Fitting to this, LC3 staining showed accumula-
tion of LC3 fluorescent puncta in the cytosol (figure 3B). A crit-
ical step of autophagy is the fusion of the autophagosome with
a lysosome leading to the degradation and recycling of its
content. For the activity of lysosomal enzymes, a low pH in the

lysosome is required.18 Interestingly, ratiometric pH measure-
ments with LysoSensor Yellow/Blue DND-160 revealed that iri-
notecan markedly elevated the lysosomal pH in hepatocytes
(figure 3C). To further evaluate whether lysosomal pH changes
are responsible for the inhibitory effect of irinotecan on the
autophagic flux, we carried out LC3 turnover assay as described
by Mizushima et al.19 Incubation with the weak base CQ, which
is known to block autophagy by elevating lysosomal pH,
induced accumulation of LC3-II and p62 levels (figure 3D) and
co-incubation with irinotecan did not induce a further accumu-
lation of these markers (figure 3D). In contrast, re-acidifying of
lysosomal pH using CLQ, a zinc ionophore, abolished the irino-
tecan mediate impairment of autophagy (figure 3D). Moreover,
CLQ treatment significantly reduced irinotecan-induced steatosis
of hepatocytes (figure 3E, F). Taken together, these results indi-
cate that lysosomal alkalising effects are responsible for the
irinotecan-mediated block of autophagic flux and hepatic
steatosis.

In vivo model of irinotecan-induced CASH
To verify our in vitro findings in vivo, irinotecan was applied to
mice (50 mg/kg every three days) via intraperitoneal injections
for 2 weeks. Control mice received solvent (saline) only. Under
these experimental conditions, irinotecan caused only a slight

Figure 1 Effect of irinotecan (IX) on
hepatocellular lipid accumulation and
combustion in vitro. (A) Analysis of
cellular triglyceride (TG) and free fatty
acid (FFA) content normalised to total
cellular protein in control (Ctr.) and
irinotecan (IX)-treated hepatocytes. (B)
Microscopic images (left panel) and
quantification of staining intensity
(right panel) of Oil red O staining. (C)
Analysis of diglyceride acyltransferase
2 (DGAT2) mRNA expression by
quantitative real time-PCR. (D)
Carnitine palmitoyltransferase I (CPT-1)
mRNA levels (left panel) and XTT
activity (right panel). (E)
Acyl-coenzyme A oxidase-1 (ACOX-1)
mRNA levels. (F) Haem oxygenase-1
(HMOX1) mRNA levels (left panel) and
cellular malondialdehyde (MDA) levels
(right panel) (*p<0.05 compared with
control).
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increase of serum levels of transaminases (see online
supplementary figure S3A). However, irinotecan-treated mice
revealed significantly increased hepatic DGAT2 expression
(figure 4A) as well as enhanced TG levels and microvesicular
hepatic steatosis (figure 4B). Furthermore, CPT-1 expression
was reduced (figure 4C) but ACOX1 expression and HMOX-1
expression as well as MDA levels were significantly higher in
livers of irinotecan-treated mice compared with controls (figure
4C, D). Also, hepatic tumour necrosis factor (TNF)-α, IL-1α,
IL-1β, c-x-c motif chemokine ligand 1 (CXCL1; GRO-α),
ICAM-1, CCL5 and IL-6 expression were significantly induced
by irinotecan treatment (figure 4E and online supplementary
figure S3B). Also, CCL2 (MCP-1) expression was higher in
irinotecan-treated mice but differences did not reach the level of

significance (see online supplementary figure S3B). Furthermore,
immunohistochemical cluster of differentiation 3 (CD3) staining
revealed a marked immune cell infiltration (figure 4F). In add-
ition, irinotecan-induced hepatic steatosis and inflammation
were accompanied by elevated levels of phosphorylated p38 and
ERK proteins (figure 4G). An increased LC3-II/LC3-I ratio,
together with an accumulation of p62 protein (figure 4G), was
indicative of an impairment of autophagy in the livers of
irinotecan-treated mice. Notably, a shift from CPT-1 to ACOX1
expression and a significant induction of hepatic steatosis and
inflammatory response could already be observed in the livers
of mice 24 hours after the application of a single irinotecan
dose (see online supplementary figure S4A–E). Moreover, these
changes were concomitant with an early impairment of

Figure 2 Effect of irinotecan (IX) on mitogen-activated protein kinase activation and pro-inflammatory gene expression in vitro. (A) Analysis of
phosphorylated and unphosphorylated extracellular signal-regulated kinase (ERK) and p38 protein levels by western blot analysis in control
hepatocytes (Ctr.) and cells treated with different IX doses as indicated. Actin served as control for loading adjustment. (B) Analysis of interleukin
(IL)-8 and intercellular adhesion molecule 1 (ICAM-1) mRNA levels by quantitative reverse transcription PCR in IX-treated and control cells. (C)
Analysis ERK and p38 phosphorylation in control (Ctr.) and IX-treated cells (25 mM; 8 hours) with or without preincubation with N-acetylcysteine
(NAC). (D) Analysis of IL-8 and ICAM-1 mRNA levels in control and IX-treated cells with and without NAC. (E) Analysis of IL-8 mRNA levels and (F)
cellular triglyceride (TG) content in control and IX-treated cells (25 mM) with or without preincubation with ERK inhibitor (U0126) or p38 inhibitor
(SB202190) (*p<0.05).
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autophagy as revealed by LC3 and p62 protein levels (see online
supplementary figure S4F). In summary, the murine CASH
model confirmed the in vitro data, indicating that oxidative
stress-mediated MAPK activation and an impairment of hepatic
autophagy are responsible for irinotecan-induced hepatic inflam-
mation and steatosis.

Analysis of hepatic tissues from irinotecan-treated patients
To validate the experimental data, we analysed hepatic tissue
specimens obtained from patients undergoing liver surgery for
resection of hepatic metastases. Six patients had received irinote-
can therapy and five patients had no chemotherapy prior to
surgery. Despite the small number of samples, mRNA analyses

revealed significantly elevated DGAT2 (figure 5A) as well as
ACOX1 and HMOX-1 (figure 5B) expression in livers of cancer
patients pretreated with irinotecan. Furthermore, expression
levels of several pro-inflammatory genes were significantly
higher in irinotecan-treated patients compared with control
patients (figure 5C and online supplementary figure S5). Also,
the expression of ICAM-1 was increased but difference did not
reach the level of significance (figure 5C). Moreover, irinotecan-
treated patients revealed more hepatic ERK and p38 phosphor-
ylation than controls (figure 5D, E). Also, LC3-II/LC3-I ratio
and p62 protein levels were higher in liver tissue of irinotecan-
treated patients although differences did not reach the level of
significance (figure 5F). In summary, these findings confirm the

Figure 3 Effect of irinotecan (IX) on autophagy in vitro. (A) Analysis of light chain 3 (LC3) II/I and p62 protein levels by western blot analysis in
control hepatocytes (Ctr.) and cells treated with different IX doses as indicated. Actin served as control for loading adjustment (left panel).
Densitometric analysis of LC3II/I ratio (middle panel) and p62 levels (right panel). (B) Immunofluorescence analysis of LC3 and (C) analysis of
lysosomal pH using ratiometric pH measurements with LysoSensor Yellow/Blue DND-160 in control cells and cell treated with 25 or 50 mM IX. (D)
Analysis of LC3 II/I and p62 protein levels by western blot analysis in control cells and hepatocytes treated with IX (25 mM) in the presence or
absence of chloroquine (CQ) or clioquinol (CLQ) (left panel); densitometric analysis of LC3II/I ratio (right panel). (E) Analysis of cellular triglycerides
(TG) and (F) Microscopic images of Oil red O staining of control cells and hepatocytes treated with IX in the presence or absence of CLQ (*p<0.05
compared with control).
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Figure 4 Irinotecan-induced steatohepatitis in vivo. Mice were treated with irinotecan (IX; 50 mg/kg intraperitoneally every three days for
2 weeks). Control mice (Ctr.) were injected with the solvent (saline). (A) Hepatic diglyceride acyltransferase 2 (DGAT2) mRNA levels analysed by
quantitative real time-PCR. (B) Hepatic triglyceride (TG) content (left panel) and microscopic images of Sudan Red stained liver tissues (right panel).
(C) Hepatic mRNA levels of carnitine palmitoyltransferase I (CPT-1) and acyl-coenzyme A oxidase-1 (ACOX-1). (D) Hepatic mRNA levels of haem
oxygenase-1 (HMOX-1; left panel) and malondialdehyde (MDA) levels (right panel). (E) Hepatic mRNA levels of tumour necrosis factor (TNF)-α,
interleukin (IL)-1α, IL-1β, c-x-c motif chemokine ligand 1 (CXCL1) and intercellular adhesion molecule 1 (ICAM-1). (F) Microscopic images of cluster
of differentiation 3 (CD3) immunohistochemical staining of liver tissue (left panel) and quantification of CD3-stained cells (right panel). (G) Western
blot analysis of phosphorylated extracellular signal-regulated kinase (ERK) and p38 as well as light chain 3 (LC3) II/I and p62 protein levels. Actin
served as control for loading adjustment (left panel); densitometric analysis of the corresponding blots (right panel) (*p<0.05 compared with
control).
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data obtained in the in vitro and in vivo CASH models and
suggest that in patients with cancer MAPK activation and
impairment of the autophagic flux are the main pathological
drivers of irinotecan-induced steatohepatitis.

Analysis of the effect of the tyrosine kinase inhibitor
sorafenib on irinotecan-induced steatohepatitis
Recently, it has been reported that the multityrosine kinase
inhibitor sorafenib induces autophagy and augments the

antitumour efficacy of irinotecan in hepatocellular carcin-
oma.20 21 This prompted us to analyse the effect of sorafenib in
our experimental models of irinotecan-induced steatohepatitis.
Pretreatment with sorafenib dose-dependently reduced
irinotecan-induced ERK and p38 activation (figure 6A), and
also IL-8 and ICAM-1 expression (figure 6B) in hepatocytes in
vitro. At the highest concentration (4 mM), irinotecan-induced
MAPK activation and pro-inflammatory gene expression were
completely blunted (figure 6A, B). In contrast, not even in a

Figure 5 Hepatic mitogen-activated protein kinase activation, pro-inflammatory gene expression and autophagy in irinotecan (IX)-treated patients.
Liver specimens of patients with metastatic colorectal cancer (i) with IX treatment (IX; n=6) or (ii) without chemotherapy (Ctr.; n=5) were analysed.
Hepatic mRNA levels of (A) diglyceride acyltransferase 2 (DGAT2), (B) acyl-coenzyme A oxidase-1 (ACOX1) and haem oxygenase-1 (HMOX1), (C)
interleukin (IL)-8, IL-1α, IL-1β and intercellular adhesion molecule 1 (ICAM-1) analysed by quantitative real time-PCR. Western blot analysis of
phosphorylated and unphosphorylated (D) extracellular signal-regulated kinase (ERK) and (E) p38 protein levels. Actin served as control for loading
adjustment (left panels); densitometric analysis of the corresponding blots (right panels). (F) Western blot analysis of light chain 3 (LC3) II/I and p62
protein levels. Actin served as control for loading adjustment (left panel); densitometric analysis (right panel) (*p<0.05 compared with control).
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Figure 6 Effects of sorafenib (Sora) on irinotecan (IX)-induced steatohepatitis in vitro and in vivo. Hepatocytes were incubated with IX for 8 hours
with or without pretreatment with different doses (0.5–4 mM) of sorafenib (added 1 hour before IX). (A) Western blot analysis of phosphorylated
p38 and extracellular signal-regulated kinase (ERK) protein levels. Actin served as control for loading adjustment (left panel); densitometric analysis
(right panel). (B) Interleukin (IL)-8 and intercellular adhesion molecule 1 (ICAM-1) mRNA levels analysed by quantitative real time-PCR. (C) Western
blot analysis of light chain 3 (LC3) II/I and p62 protein levels. Furthermore, mice were treated with sorafenib (10 or 20 mg/kg) 3 hours prior to
application of a single IX dose (50 mg/kg). Control mice received solvent prior to IX injection (control group). Liver tissue was analysed 24 hours
after IX application. (D) Western blot analysis p-ERK and p-38 protein levels (left panel); densitometric analysis (right panel). (E) IL-1α, IL-1β and
ICAM-1 mRNA levels analysed by quantitative RT-PCR. (F) Microscopic images of cluster of differentiation 3 (CD3) immunohistochemical staining of
liver tissues (left panel) and quantification of CD3-stained cells (right panel) (*p<0.05; #p<0.05 compared with only IX-treated group).
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concentration of 4 mM sorafenib significantly affected the
irinotecan-mediated changes of the LC3-II/LC3-I ratio and p62
protein levels (figure 6C) or TG levels (see online
supplementary figure S6A) in hepatocytes in vitro.

To analyse the effects of sorafenib in vivo, mice were pre-
treated with two different doses of sorafenib (10 or 20 mg/kg)
3 hours prior to the application of irinotecan (50 mg/kg).
Control mice received solvent only. After 24 hours, hepatic
tissues from both sorafenib co-treated mice groups showed sig-
nificantly lower ERK phosphorylation compared with mice that
received only irinotecan (figure 6D). Furthermore, IL-1α, IL-1β
and ICAM-1 expression were significantly lower in mice pre-
treated with the high (20 mg/kg) sorafenib dose (figure 6E).
Also, mice pretreated with the low (10 mg/kg) sorafenib dose
revealed reduced pro-inflammatory gene expression but in this
group only for ICAM-1 differences reached the level of signifi-
cance compared with control mice (figure 6E). Moreover, sora-
fenib treatment caused a dose-dependent reduction of
irinotecan-induced hepatic immune cell infiltration (figure 6F).
In contrast, not even the high sorafenib dose (20 mg/kg) signifi-
cantly affected irinotecan-mediated changes of hepatic p38 acti-
vation (figure 6D), LC3-II/LC3-I ratio, p62 protein levels and
lipid levels (see online supplementary figure S6B–D). In
summary, these results indicate that a combination of irinotecan

and sorafenib does not only exert a chemosensitising effect on
cancer cells but also a protective effect on irinotecan-induced
inflammation in non-cancerous liver tissue.

DISCUSSION
The aim of this study was to investigate the molecular mechan-
isms by which irinotecan induces hepatic steatosis and inflam-
mation. Previous studies demonstrated that irinotecan is toxic to
hepatocytes in a dose-dependent manner.22 Hepatocyte destruc-
tion may be responsible for acute hepatic drug toxicity;
however, it cannot explain the typical findings of steatohepatitis.
Therefore, we applied irinotecan in doses not leading to signifi-
cant hepatocellular injury. Under these experimental conditions,
irinotecan induced oxidative stress-mediated MAPK activation
and pro-inflammatory gene expression in hepatocytes and
murine livers. As likely reason for the irinotecan-induced oxida-
tive stress response, we identified an impairment of mitochon-
drial function. Irinotecan is a precursor of the lipophilic
metabolite SN-38, and it has been shown for other drugs that
cause steatohepatitis, such as amiodarone and tamoxifen, that
agents with lipophilic moieties cross the mitochondrial mem-
brane and inhibit mitochondrial oxidation and electron transfer
along the respiratory chain, resulting in production of ROS.23 A
further consequence of impaired mitochondrial β-oxidation is a

Figure 7 Model of molecular mechanism of irinotecan-induced steatohepatitis. Irinotecan-induced hepatocellular lipid accumulation and
inflammation are mediated via impairment of different cellular organelles and mechanisms, respectively. ① Irinotecan alkalises the lysosomal pH and
herewith impairs the autophagic flux, which causes cellular lipid accumulation and steatosis. ② Irinotecan impairs the mitochondrial function and
herewith causes a shift from mitochondrial towards peroxisomal β-oxidation. This causes an enhanced formation of reactive oxygen species (ROS)
and subsequently an activation of mitogen-activated protein kinases extracellular signal-regulated kinase (ERK) and p38. ERK activation causes
pro-inflammatory gene expression and inflammation. Although not analysed in more detail in this study, induction of p38 is known as inhibitor of
autophagosome formation, and thus, possibly further contributes to irinotecan-induced lipid accumulation. LC3, light chain 3.
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shift to extra-mitochondrial pathways. In line with this, we
observed a significant upregulation of ACOX1, the initial
enzyme for peroxisomal β-oxidation, in irinotecan-treated hepa-
tocytes and in murine and human liver tissues. This form of
fatty acid combustion causes increased hydrogen peroxide gen-
eration and thus contributes to harmful ROS production in add-
ition to an impaired respiratory chain.

While ROS scavenging almost completely inhibited
irinotecan-induced ERK and p38 activation and pro-inflamma-
tory gene expression, it did not affect hepatocellular steatosis.
Instead, we identified an impairment of the autophagic flux as
the cause of lipid accumulation in hepatocytes. As underlying
mechanisms, we discovered lysosomal alkalising effects of irino-
tecan. The structure of irinotecan contains four nitrogen atoms,
which makes its solution alkaline. Weak bases can be protonated
and can accumulate in lysosomes, resulting in the deacidification
of their lumen.24 25 The lumen of the lysosome contains
approximately 60 types of soluble hydrolases.18 These enzymes
are active in acidic environments and, as such, are responsible
for the lysosomal hydrolysis of different substrates, including
the cargo of autophagosomes.18 The MAPK p38 inhibits autop-
hagy already at the level of autophagosome growth by compet-
ing with transmembrane protein mAtg9 for binding to p38
interacting protein.26 This explains why inhibition of
irinotecan-induced p38 activation did not affect hepatocellular
steatosis. Also, ERK inhibition did not affect irinotecan-induced
steatosis but appeared to be the critical mediator of
irinotecan-induced pro-inflammatory gene expression in hepato-
cytes. Figure 7 provides a diagrammatic sketch depicting the
molecular mechanism of irinotecan causing hepatic lipid accu-
mulation and pro-inflammatory gene expression.

Similarly to the specific ERK inhibitor U0126, sorafenib sig-
nificantly reduced irinotecan-induced ERK activation and
pro-inflammatory gene expression in hepatocytes in vitro and
murine livers in vivo. Previous experimental studies indicated
the potential of this multityrosine kinase inhibitor to augment
the antitumour efficacy of irinotecan in hepatocellular carcin-
oma cells20 21 and to overcome irinotecan resistance in colorec-
tal cancer cells in mice.27 Furthermore, the Web-based register
ClinicalTrials.gov (https://clinicaltrials.gov) specifies ongoing and
recently closed studies, respectively, analysing the safety and effi-
cacy of a combined therapy with irinotecan and sorafenib versus
irinotecan or sorafenib monotherapy in patients with colorectal
neoplasms or paediatric solid tumours. Until now it is mainly
thought that the combinatory therapy with sorafenib and irino-
tecan can augment antitumour efficacy and overcome irinotecan
resistance. Our study newly indicates that a combined applica-
tion of sorafenib and irinotecan is also a promising option for
the prevention of irinotecan-induced (steato)hepatitis and here-
with discovers a potential new medical indication for this multi-
tyrosine kinase inhibitor. Still, future studies are warranted to
confirm this sorafenib effect in irinotecan-treated patients and
to investigate the optimal doses of the sorafenib-irinotecan com-
bination in the therapeutic management of patients with colo-
rectal cancer and other tumour entities. Indeed, previous studies
have shown that sorafenib can exhibit (hepato)toxic effect in
higher doses in mice28 and men.29 Furthermore, the potential
of targeting lysosomal pH for the prevention and treatment of
irinotecan-induced steatohepatitis needs to be explored. In this
study, we developed valid in vitro and in vivo models that can
be the basis for further preclinical investigations.
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