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Abstract

Background: Liver injury associated with oxaliplatin (L-OHP)-based chemo-
therapy can significantly impact the treatment outcomes of patients with colorec-
tal cancer liver metastases, especially when combined with surgery. To date, no
definitive biomarker that can predict the risk of liver injury has been identified.
This study aimed to investigate whether organoids can be used as tools to predict
the risk of liver injury.

Methods: We examined the relationship between the clinical signs of L-OHP-
induced liver injury and the responses of patient-derived liver organoids in vitro.
Organoids were established from noncancerous liver tissues obtained from 10
patients who underwent L-OHP-based chemotherapy and hepatectomy for colo-
rectal cancer.

Results: Organoids cultured in a galactose differentiation medium, which can
activate the mitochondria of organoids, showed sensitivity to L-OHP cytotoxicity,
which was significantly related to clinical liver toxicity induced by L-OHP treat-
ment. Organoids from patients who presented with a high-grade liver injury to
the L-OHP regimen showed an obvious increase in mitochondrial superoxide lev-
els and a significant decrease in mitochondrial membrane potential with L-OHP
exposure. L-OHP-induced mitochondrial oxidative stress was not observed in the
organoids from patients with low-grade liver injury.

Conclusions: These results suggested that L-OHP-induced liver injury may be
caused by mitochondrial oxidative damage. Furthermore, patient-derived liver
organoids may be used to assess susceptibility to L-OHP-induced liver injury in
individual patients.
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1 | INTRODUCTION

Oxaliplatin (L-OHP)-based regimens are the current
standard chemotherapy for metastatic colorectal cancer.
Pharmacotherapy with cancer drugs, including L-OHP,
prolongs the overall survival of patients diagnosed with
unresectable advanced metastatic colorectal cancer and
may also allow curative resection for metastatic lesions.'
For resectable liver metastases, L-OHP may be adminis-
tered as perioperative chemotherapy for patients at high
risk of recurrence or incomplete resection. Despite its
therapeutic efficacy, liver injury associated with an L-
OHP-based regimen may lead to morbidity or liver failure
following liver resection.>* Furthermore, precautions for
such injury often lead to compromised dosing with an in-
creased risk of early recurrence.’ Thus, regimens have to
be carefully determined and administered to each patient
according to the individual risk of liver injury. However,
the management of liver injury has been problematic be-
cause of the lack of accurate and reliable biomarkers for
predicting the risk of liver injury.

Several biomarkers have been reported to be useful
for predicting chemotherapy-associated side effects in pa-
tients with colorectal cancer. Laboratory testing to deter-
mine the UGTIAI polymorphism helps in predicting the
severe side effects such as severe leukopenia or diarrhea
by irinotecan.®® The European Medicines Agency rec-
ommends the test for dihydropyrimidine dehydrogenase
enzyme deficiency, which is related to serious side effects,
before starting cancer treatment with the 5-fluorouracil
series.”!® For L-OHP, Glutathione S-transferase M1
(GSTM1)-null genotype is reported as an independent
risk factor for liver injury caused by sinusoidal obstruc-
tion syndrome (SOS) in patients with metastatic colorectal
cancer.!! However, to date, the accuracy of this biomarker
remains debated and thus has not been applied in clinical
practice. Therefore, new strategies are needed to identify
biomarkers, particularly for L-OHP-induced liver injury.

Recently, patient-derived cancer organoids have been
considered useful tools to answer clinical questions.’
Results of drug sensitivity tests using patient-derived or-
ganoids have been shown to have a significant correlation
with the therapeutic outcomes of patients in some mod-
els, including L-OHP,"*** suggesting that patient-derived
cancer organoids may be useful in predicting the thera-
peutic effectiveness of cancer drugs in individual patients.
Thus, if patient-derived liver organoids could also be used
to predict L-OHP-induced liver injury in treated patients,
the risks and benefits of chemotherapy could be assessed
before initiating treatment.

Huch et al. reported that liver stem cell-derived organ-
oids (liver organoids) can be effectively established from
a limited amount of liver tissue in the short term. They

demonstrated the ability to expand these organoids over
an extended period while maintaining genetic stability.
Additionally, the liver organoids were successfully induced
to undergo functional maturation.'® Taking advantage of
these characteristics, liver organoids have emerged as valu-
able tools in the study of hereditary liver diseases, such as
o-1 antitrypsin deficiency.'” Nevertheless, the potential
utility of patient-derived liver organoids as predictive mod-
els for assessing liver injury caused by chemotherapeutic
drugs, including L-OHP, in actual patients remains largely
unexplored.” Liver injury linked to L-OHP-based regi-
mens does not manifest uniformly among all patients but
rather in certain individuals with varying degrees of sever-
ity.'*?° This observation implies the presence of individual
variations in response to L-OHP. Therefore, it would be
beneficial if patient-derived liver organoids could be used
to predict liver injury caused by L-OHP. In this study, we
found that liver organoids established using our method
from non-cancerous liver tissue of patients could be used
to predict L-OHP-induced liver injury.

2 | MATERIALS AND METHODS

2.1 | Clinical information and specimens
In this study, we enrolled 10 patients who were treated
with L-OHP-based neoadjuvant chemotherapy and hepa-
tectomy for colorectal cancer liver metastasis at the Osaka
International Cancer Institute between April 2019 and
February 2020. Clinical information and non-cancerous
liver tissue samples were collected from subjects who pro-
vided written informed consent. This study was approved
by the ethics committee of Osaka International Cancer
Institute (IRB protocol number 18231). The tissue sam-
ples were stored in ice-cold Dulbecco’'s Modified Eagle's
medium/nutrient Mixture F12 (DMEM/F12; Gibco) until
processing.

2.2 | Assessment of liver injury
associated with L-OHP-based
chemotherapy

Liver injury associated with L-OHP-based chemotherapy
was assessed based on the serum aspartate transaminase
(AST), alanine transaminase (ALT), total bilirubin (T-Bil),
and alkaline phosphatase (ALP). The severity of the liver
injury was estimated using the Common Terminology
Criteria for Adverse Events (CTCAE) v5.0.2! The patients
were divided into two groups: the high-grade group, char-
acterized by a grade 1 or higher elevation in both AST
and ALT, and the low-grade group.*** The L-OHP-related

85US017 SUOWILLIOD SAERID 3ot dde 8y} Aq peuAoh 318 S3o1e YO ‘8SN JO S3IN 10} Afeiq 1 BUIIUO AB]IA UO (SUOTIPUOD-PLIE-SWLSHALI0D" 3| 1M Afe.q U1 |UO//SANY) SUO IPUOD PUe swia | 84} 835 *[7202/20/y2] Uo Areiqi auuo Ao ‘teder sUeIyo0D AQ Zi0L 7Ur.d/200T OT/I0p/W0d A3 1M Afeid 1 puluo// sty wouy papeojumoq ‘€ ‘¥202 ‘¥E€9.5702



TATSUMI ET AL.

injury was defined by changes in the spleen size*® and
histopathological findings.** Details are provided in
Appendix S1.

2.3 | Liver organoid culture

Liver organoids were established and differentiated into
hepatocytes, as described in Appendix S1. Differentiated
liver organoids were cultured in a glucose-based hepato-
cyte differentiation medium (standard differentiation
medium) or galactose-based hepatocyte differentiation
medium (galactose differentiation medium) for in vitro
assays. N-acetyl-L-cysteine (NAC) was absent during L-
OHP treatment.

2.4 | Lactate dehydrogenase (LDH)
leakage assay

Cytotoxicity was assessed by measuring LDH released
from the cytoplasm into the culture medium upon loss of
cytoplasmic membrane integrity.*> Cells were seeded at a
density of 1500 cells into a 96-well plate in triplicate, cul-
tured in expansion medium supplemented with 25ng/mL
human BMP-7 (R&D Systems, 354-BP-010) for 3-5days,
and then cultured with differentiation medium until the
LDH leakage assay. After hepatocyte differentiation, the
organoids were cultured in a differentiation medium
(NAC-free) containing rotenone (TCl, R0090) or L-OHP
(TCl, 00372). For the rotenone treatment, the supernatant
was collected 24 h later. For the L-OHP treatment, the su-
pernatant was collected and replaced with a fresh drug-
containing medium every 24 h for up to 72h. The L-OHP
doses were set from the maximum plasma concentration
(Cpay) during clinical administration to doses of up to
four times higher than C,,,. LDH activity was measured
using an LDH Cytotoxicity Assay Kit (Nacalai Tesque)
according to the manufacturer's protocol. Absorbance
was measured at 490nm using a Multimode Microplate
Reader Infinite M200 Plex (Tecan). LDH release and the
cytotoxicity index were calculated according to the follow-
ing formula®:

experimental release
X 100

LDH release (%) = -
maximum release

(experimental release — spontaneous release)

Cytotoxicity index= -
(maximum release — spontaneous release)

X100

Spontaneous release represents LDH released from
untreated cells, and maximum release represents LDH
released from cells treated with lysis buffer. Additional
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information for in vitro experiments is described in
Appendix S1.

2.5 | Statistical analyses

Statistical differences for single comparisons were evalu-
ated using a two-sided Welch's t-test or the non-parametric
Mann-Whitney U test. Statistical differences for multiple
comparisons were evaluated using a one-way ANOVA
with Dunnett's test. All statistical tests were performed
using GraphPad PRISM 8. p <0.05 was considered statisti-
cally significant.

3 | RESULTS

3.1 | Assessment of liver injury
in patients receiving L-OHP-based
chemotherapy

To investigate individual differences in their susceptibil-
ity to L-OHP-induced liver injury, 10 patients who under-
went liver resection after receiving L-OHP chemotherapy
were recruited for analysis. The clinical information of the
10 patients is presented in Table 1. Among the 10 patients,
three patients (LM24, LM14, and LM10) who developed
grade 1 or higher elevation of both AST and ALT in the
blood test data were classified into the high-grade liver
injury group. The remaining seven patients (LM7, LM19,
LM1, LM11, LM15, LM16, and LM23) who developed
grade 1 elevation in either AST or ALT or no elevation
in both AST and ALT levels were classified into the low-
grade liver injury group.

We examined the increase in spleen size which is a
clinical characteristic of L-OHP-induced hepatotoxicity.*®
An increase in spleen size following L-OHP-based che-
motherapy was observed in the high-grade group, while
such an increase was not prominently observed in the
low-grade group (Table 1). Furthermore, a histopatho-
logical examination was performed to estimate the pres-
ence of L-OHP-related liver injury. In the liver tissues of
three patients in the high-grade group, sinusoidal dilation,
centrilobular/venular fibrosis (except for LM14), nodular
transformation, and hepatocellular damage were observed
(Figure 1A,B,C, Table S1). These pathological findings are
compatible with the characteristics of the liver with L-
OHP-induced hepatotoxicity.** In contrast, in the liver tis-
sues of seven patients in the low-grade group, histological
changes were relatively mild (Figure S1, Table S1). Thus,
the histopathological changes observed in the liver tissues
were consistent with the grade of liver injury in the blood
test data (Table 1).
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TABLE 1 Clinical information of subjects including chemotherapy regimens and liver injury.

L-OHP based

chemotherapy CTCAE grade
Liver Injury PatientLD. Age Sex Regimen Cycles AST ALT T-Bil ALP Spleen size (post/pre)
High LM24 49 Male XELOX 8 3 3 1 2 1.6
High LM14 77 Female mFOLFOX6 6 1 1 — — 1.3
High LM10 37 Male XELOX 5 1 1 - - 2.3
Low LM7 61 Male XELOX 3 1 - - - 0.9
Low LM19 58 Male FOLFOXIRI 10 - 1 - 1 1.0
Low LM1 67 Male mFOLFOX6 8 - - - - 1.0
Low LM11 38 Female = mFOLFOX6 5 - - - - 0.9
Low LM15 58 Male XELOX 8 = = = = 1.0
Low LM16 70 Female XELOX 4 - - - - 1.1
Low LM23 70 Male mFOLFOX6 8 - - - - 1.0

Note: Spleen size (post/pre)=spleen volume after chemotherapy/spleen volume before chemotherapy. Spleen volume was calculated by multiplying the length,

thickness, and width.

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; FOLFOXIRI, leucovorin, 5-fluorouracil,
irinotecan, and L-OHP; T-Bil, total bilirubin; XELOX, capecitabine and L-OHP; mFOLFOX®6, leucovorin, 5-fluorouracil, and L-OHP.

3.2 | Liver organoids cultured in
standard differentiation medium

do not show cytotoxic reactions with
L-OHP treatment

In all 10 patients, organoids were successfully estab-
lished from non-cancerous liver tissues within 2weeks.
Organoids cultured in an expansion medium consisted of
a single-layered epithelium, whereas those cultured in a
differentiation medium changed to a stratified polygonal
epithelium (Figure S2A,B). Compared to the organoids in
the expansion medium, the organoids in the differentia-
tion medium expressed the adult stem cell marker (LGRS5)
at a lower level and the mature hepatocyte markers
(HNF4A, ALB, and CYP3A4) at higher levels (Figure S2C).
These characteristics were similar to those reported for
liver organoids by Huch et al.'®

To develop an in vitro assay to predict the likelihood
of liver injury related to L-OHP in patients, we examined
the cytotoxic effects of L-OHP on liver organoids cultured
in a standard differentiation medium. Even with repeated
doses of 40 uM L-OHP, which is a quadruple dose of C,,,,
during clinical administration, the average levels of LDH
release in the high- and low-grade groups were 6.9+1.9%
and 6.5+3.2%, respectively (Figure S3A). Furthermore,
the levels of L-OHP-induced cytotoxicity were not signifi-
cantly different between the two groups at any concen-
tration of L-OHP (Figure S3B). These results suggest that
in vitro assays under these culture conditions may not be
sensitive enough to predict the likelihood of liver injury re-
lated to L-OHP in these patients.

It has been reported that L-OHP leads to the generation
of reactive oxygen species (ROS) from the mitochondria and
can result in liver injury.”’~*° Therefore, it was considered
that the cytotoxic effects of L-OHP cannot be fully observed
in cells with insufficient mitochondrial activity. Thus, we
performed a JC-1 assay to detect mitochondrial membrane
potential as a parameter of mitochondrial condition. Red
fluorescence represents JC-1 aggregates appearing at high
membrane potentials, indicating healthy mitochondria.
As shown in Figures S3C and S4, liver organoids from all
10 patients showed green fluorescence (JC-1 monomers),
whereas red fluorescence (JC-1 aggregates) was not ob-
served. These results suggest that the mitochondria were
inactive under these culture conditions. Therefore, the cy-
totoxic effects of L-OHP could not be accurately estimated
using the assay conditions described above.

3.3 | Liver organoids cultured in
galactose differentiation medium

show sensitivity to L-OHP cytotoxicity
correlating with the grade of L-OHP liver
injury in patients

In a previous study, it was shown that isolated primary
mature hepatocytes switch energy production from mi-
tochondrial oxidative phosphorylation to glycolysis in a
high glucose medium.*® Given that the standard differ-
entiation medium contains high glucose, liver organoids
in such conditions may also rely on glycolysis as their
major source of energy production. We hypothesized that
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FIGURE 1 Histology of liver tissues in the high-grade liver injury group. (A-C) Representative Victoria-Blue (VB)-H&E staining images
of non-cancerous liver tissues treated with L-OHP-based chemotherapy. Low- and high-power fields are shown in the left and right panels,
respectively. (A) Panel of LM10. Sinusoidal congestion (black asterisks) was observed (left panel). Moderate sinusoidal dilatation around

the central vein, hepatocyte atrophy, hepatocyte degeneration (arrowheads), and congestion were observed (right panel). (B) Panel of
LM24. Sinusoidal dilatation and hepatocyte atrophy (white asterisks), and hepatocyte degeneration (arrowhead) were observed (left panel).
Mild sinusoidal dilatation around the central vein and hepatocyte degeneration (arrowhead) were observed (right panel). (C) Panel of
LM14. Lobular lesions with sinusoidal dilatation are observed (left panel). Moderate to severe sinusoidal dilatation around the central vein,
disordered hepatocyte arrangement, and hepatocyte degeneration (arrowheads) were observed (right panel).

this might be the reason why mitochondria-related tox-
icity was not observed, as described above. HepG2 cells,
which are widely used for mitochondrial toxicity studies,
grown in the presence of galactose instead of glucose, are
reportedly forced to shift most of their energy production
to mitochondrial oxidative phosphorylation and exhibit
sensitivity to mitochondrial toxins.*! In this study, we in-
vestigated whether the medium in which glucose was re-
placed with galactose could be applied to liver organoids
and used for cytotoxicity assays.

Among the 10 patients, LM24 developed the high-
est elevation in AST, ALT, T-Bil, and ALP, whereas LM1

developed no elevation in these blood test items associated
with liver damage (Table 1). LM24 and LM1 were used as
representatives of the high- and low-grade groups, respec-
tively. LM24 and LM1 cultured in galactose differentiation
medium maintained similar shapes and produced similar
amounts of ATP as those cultured in standard differentia-
tion medium (Figure 2A,B). Unlike in the standard differ-
entiation medium, the mitochondria of the organoids were
active in the galactose differentiation medium (Figure S3C,
S4, 2C). Since there was no apparent difference in the basal
mitochondrial activity between the high- and low-grade
groups, we proceeded with further analysis.
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FIGURE 2 Differences in mitochondrial activity of liver organoids between standard differentiation medium and galactose
differentiation medium. (A-F) Liver organoids of LM24 (high-grade group) and LM1 (low-grade group) were cultured in standard (glucose)
or galactose differentiation medium for 8-11 days. (A) Representative brightfield images of liver organoids. (B) Cell viability was evaluated

by measuring intracellular ATP levels. (C) Mitochondrial condition was evaluated with a JC-1 probe. Representative images of JC-1-stained

liver organoids are shown. Red, JC-1 aggregates; green, JC-1 monomers; blue, Hoechst 33342 (nuclei). Scale bar, 20 pm. (D) Intracellular
ATP levels of liver organoids cultured with vehicle (0.3% DMSO) or 5pM oligomycin A for 2h. (E) The amount of lactate in the medium
after 24 h culture. (F) LDH release from liver organoids treated with rotenone at the indicated concentrations. These assays were performed

in duplicate and representative data were shown. Bars indicate mean + SD. Statical significance was determined with a two-sided Welch's
t-test (D, E) or ANOVA followed by Dunnett's test (compared with 0uM of rotenone) (F). *p <0.05, **p <0.01, ***p <0.001, **** p <0.0001.
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Next, we examined the dependence of liver organoids
on mitochondrial oxidative phosphorylation during en-
ergy production. Intracellular ATP levels were measured
in the presence of oligomycin A, an inhibitor of mitochon-
drial ATP synthase.*” In the standard differentiation me-
dium, oligomycin A had no effect, whereas oligomycin A
resulted in a dramatic decrease of ATP content in the ga-
lactose differentiation medium (Figure 2D). In addition,
LM?24 and LM1 organoids cultured in galactose differen-
tiation medium produced significantly less lactic acid, a
glycolysis metabolite, than those cultured in standard dif-
ferentiation medium (Figure 2E). These results strongly
suggest that the galactose differentiation medium enables
energy production in liver organoids through mitochon-
drial oxidative phosphorylation instead of glycolysis.
Furthermore, to confirm the sensitivity to mitochondrial
toxins, we treated LM24 and LM1 organoids with rote-
none. Rotenone is an inhibitor of mitochondrial electron
transport chain complex I and leads to the restriction of
ATP synthesis.*® Both LM24 and LM1 exhibited no sig-
nificant increase in LDH leakage when cultured in the
standard differentiation medium. However, when ex-
posed to a galactose differentiation medium, both organ-
oids demonstrated a concentration-dependent elevation
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in LDH leakage (Figure 2F). These results indicated that
mitochondrial injury-induced cytotoxicity could be exam-
ined if the galactose differentiation medium was used for
the culture of liver organoids.

Liver organoids from each patient were cultured in a
galactose differentiation medium and tested for L-OHP
cytotoxicity. With a repeated maximum dose of 40 pM L-
OHP, LDH release levels for the high- and low-grade
groups were 13.4+2.1% and 6.5+2.3%, respectively
(Figure 3A). Organoids in the high-grade group showed
significantly higher levels of LDH release, which were not
observed in cultures in the standard differentiation me-
dium (Figure S3A, 3A). Moreover, the organoids in the
high-grade group showed significantly higher cytotoxicity
indices after L-OHP treatment than those in the low-grade
group (Figure 3B).

3.4 | L-OHP-induced liver toxicity is
caused by mitochondrial oxidative damage

Mitochondrial conditions were evaluated using the JC-1
assay. The liver organoids showed a decrease in red fluores-
cence with treatment of CCCP, a mitochondrial oxidative

L-OHP 20 uM L-OHP 40 uM
(Crax x 2) (Crmax x 4)
20- * 30- *
151 -
. 20*
10+
o 10+ °
5- R ’l‘
0 T T O T T
High Low High Low

FIGURE 3 L-OHP-induced cytotoxicity in liver organoids cultured in galactose differentiation medium. (A and B) Liver organoids
cultured for 5days in standard differentiation medium followed by 3 days in galactose differentiation medium were subjected to repeated
doses of L-OHP. (A) LDH release from liver organoids on day 3 of repeated doses of L-OHP. (B) Cytotoxicity index of liver organoids treated
with repeated doses of L-OHP at the indicated concentrations for 72 h. Each dot indicates independent patients in the high- or low-grade
groups. Bars indicate mean + SD. Statical significance was determined with a two-sided Welch's ¢-test (A) or two-sided Mann-Whitney U test

(B). *p<0.05, **p <0.01. NS, Not Significant.
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phosphorylation uncoupler, indicating that the JC-1 assay
was working (Figure 4A). The liver organoids of the low-
grade group showed no significant changes in the fluores-
cence intensity ratio (red [JC-1 aggregates]/green [JC-1
monomers|) with L-OHP treatment compared to vehicle
treatment. However, liver organoids of the high-grade
group showed a significant decrease in the fluorescence
intensity ratio (Figure 4A,C). To investigate the generation
of mitochondrial ROS by L-OHP treatment, mitochon-
drial superoxide (0,®) after 2h of L-OHP treatment was
examined using a mtSOX Deep Red probe emitting red
fluorescence. In liver organoids from multiple patients, red
fluorescence was significantly increased with L-OHP treat-
ment compared to vehicle treatment, exhibiting spontane-
ous generation. Importantly, the high-grade group showed
an obvious increase in red fluorescence compared with the
low-grade group (Figure 4B,D). In the high-grade group,
the decreased mitochondrial activity was consistent with
increased superoxide generation. Moreover, within the
high-grade group, there was an observed increase in the
total intracellular glutathione (GSH) levels 24 h following
L-OHP treatment. However, these levels subsequently de-
creased over time. LM1, which was used as a representa-
tive for the low-grade group, showed increasing GSH levels
with the repeated administration of L-OHP when com-
pared to the high-grade group (Figure 4E). GSH is a well-
recognized direct antioxidant that is widely involved in the
cellular removal of H,0, and other hydroperoxides.***’
When cells are under oxidative stress, GSH biosynthesis is
promoted by free radicals.* Our results suggest that GSH is
transiently biosynthetically increased by L-OHP treatment
and then consumed. NAC acts as a direct and indirect an-
tioxidant by upregulating antioxidant enzymes such as
Mn-SOD, Cu/Zn-SOD, glutathione peroxidase (GSH-Px),
and catalase (CAT), or by acting as a GSH precursor.*>*’
Cytotoxicity was suppressed by the concomitant use of
high-dose NAC (Figure 4F). Thus, L-OHP-induced cyto-
toxicity in the liver organoids may be attributed to mito-
chondrial oxidative damage.

Finally, to develop a simple and clinically applicable
test method for the assessment of mitochondrial oxidative

damage in patients, we examined the intracellular ATP lev-
els in liver organoids cultured under different conditions.
Liver organoids from each patient were cultured in stan-
dard or galactose differentiation media and treated with a
single dose of L-OHP for 72h. Intracellular ATP levels in
organoids from the high-grade group showed significant
differences between the two types of media in the range of
20-160 tM L-OHP at multiple points. At an L-OHP concen-
tration of 80pM, the liver organoids from the high-grade
group showed significantly higher ATP ratios than those of
liver organoids from the low-grade group (Figure 5A,B).

4 | DISCUSSION

While surgical resection of colorectal cancer liver metas-
tasis can prolong survival time,*® it is important to note
that the recurrence of liver metastasis is a common oc-
currence, with rates ranging between 45% and 70%.>>*
In such situations, the majority of these patients are typi-
cally treated with chernotherapy.z’39 We have proposed an
in vitro examination method to assess the susceptibility
of L-OHP-induced liver injury using patient-derived liver
organoids. This assessment could prove highly beneficial
for selecting appropriate treatment options, such as chem-
otherapy with or without L-OHP or treatment prior to
surgical resection in the event of recurrence. The advan-
tage of this approach is that the assessment can be com-
pleted within approximately 1 month after liver resection.
This timeframe allows for an ample window to assess the
susceptibility of L-OHP-induced liver injury and devise a
treatment strategy before recurrence is confirmed.

Multiple investigators have examined the usefulness
of patient-derived liver organoids for evaluating drug po-
tency in vitro. However, we found that the mitochondrial
functions of liver organoids could not be fully examined if
the liver organoids were cultured in commonly used mat-
uration media. To improve this status, we developed an
appropriate culture condition and examined the mecha-
nism of L-OHP toxicity, which has been implicated in ox-
idative stress in mouse models.*®

FIGURE 4 L-OHP-induced mitochondrial oxidative stress in liver organoids in each patient. (A-F) Liver organoids cultured for 5days
in standard differentiation medium followed by 3 days in galactose differentiation medium were subjected to a single dose or repeated doses
of L-OHP. (A) Mitochondrial condition was evaluated with a JC-1 probe after the repeated doses of L-OHP for 48 h or CCCP treatment for
1.5h. Representative images of JC-1-stained liver organoids are shown. Red, JC-1 aggregates; green, JC-1 monomers. Scale bar, 500 pm.

(B) Mitochondrial superoxide (02®°) generation was visualized with mtSOX Deep Red probe after 0 and 40 uM L-OHP treatment for 2h.
Representative images of the liver organoids are shown. Red, 02®". BF, brightfield. Scale bar, 200 um. (C) Fluorescence intensity ratio
(red/green) of (A). Each dot indicates an organoid. (D) Fluorescence intensity per area of (B). Each dot indicates an organoid. (E) The
amount of intracellular total GSH at each time point of repeated doses administered every 24 h, extending up to either 72h or 120h. (F)
Cytotoxicity index of liver organoid with repeated doses of 40 uM L-OHP +2mM NAC for 72 h. These assays were performed in duplicates
and representative data were shown. Bars indicate mean + SD. Statical significance was determined with a two-sided Welch's t-test (C, D, F)
or ANOVA followed by Dunnett's test (compared with t=0h) (E). *p <0.05, **p <0.01, ***p <0.001, ***p < 0.0001.
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FIGURE 5 A simple test method to assess the risk of hepatic mitochondrial oxidative damage. (A) Intracellular ATP levels in liver

organoids cultured in standard (glucose) or galactose differentiation medium with a single dose of L-OHP at the indicated concentrations

for 72h. (B) The ratio of intracellular ATP (glucose/galactose) in liver organoids at 80 uM L-OHP is presented in (A). Each dot indicates

independent patients in the high-grade group or the low-grade group. Bars indicate mean + SD. Statical significance was determined with a
two-sided Welch's t-test (A) or two-sided Mann-Whitney U test (B). *p <0.05. **p <0.01. ****p < 0.0001.

In our study, the patients categorized into the high-
grade liver injury group presented clinical symptoms
characteristic of L-OHP-induced liver injury with rela-
tively mild elevations in AST and ALT, which suggests the
possibility of severe L-OHP-induced liver injury.*** The
patients categorized in the low-grade liver injury group
appeared to have no or undetectable L-OHP-induced liver
injury since they presented no clinical symptoms charac-
teristic of L-OHP. Thus, the examination of liver organ-
oids derived from these patients would provide us with
good opportunities to examine the differences in the char-
acteristics of patient-derived liver organoids by utilizing
their clinical information.

The mechanisms underlying L-OHP-induced liver
toxicity have been previously studied in animal models
by multiple researchers. Robinson et al. showed a re-
duction in total liver GSH with FOLFOX-induced SOS
and upregulation of genes implicated in oxidative stress
in a mouse model.”® Lin et al. and Lu et al. also studied
L-OHP-induced liver toxicity using mouse models and

found increased levels of malondialdehyde and GSH or
ROS and decreased levels of SOD and GSH-Px in the liver
with L-OHP treatment.*"** These reports demonstrated
that oxidative stress plays an important role in L-OHP-
induced liver toxicity in vivo. Additionally, in a study by
Tabassum et al., liver mitochondria extracted from rats
were utilized, revealing that treatment with L-OHP led
to heightened oxidative stress markers as well as elevated
mitochondrial Mn-SOD activities. Furthermore, the
study observed a decrease in GSH levels, suggesting that
mitochondria are susceptible targets for L-OHP-induced
toxicity.”’ These reports collectively suggest that the
toxic response to L-OHP may be caused by the oxidative
stress on mitochondria.

L-OHP treatment may damage liver sinusoidal ep-
ithelial cells (LSECs) and disrupt the hepatocyte plate,
resulting in sinusoidal injury and impaired hepatic circu-
lation.”**** Thus, in vitro assays using primary LSECs or
primary hepatocytes from individual patients may provide
useful information on liver toxicity if the mitochondrial
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oxidative stress induced by L-OHP is properly examined.
However, both primary cell types obtained from individ-
ual patients cannot be used since they already have mito-
chondrial membrane damage due to cryopreservation.***’
In contrast, the mitochondrial membrane and functions
of liver organoids were found to be preserved, as shown in
our current study. And they were able to survive in a galac-
tose medium which would force the cultured cells to shift
their major source of energy production from glycolysis to
mitochondrial oxidative phosphorylation. Changes in the
energy metabolism of liver organoids due to different sugar
sources have not been previously studied. Galactose un-
dergoes conversion into glucose-1-phosphate through the
Leloir pathway, subsequently entering both glycolysis and
oxidative phosphorylation.*® In situations where the sole
sugar source is galactose, this conversion process consumes
ATP, leading to a reduction in the net ATP production from
glycolysis. Consequently, cells must rely more heavily on
oxidative phosphorylation than glycolysis to generate the
ATP required for survival.*’~* L-OHP-induced cytotoxicity
can probably only be reliably assessable under conditions
where the energy metabolism of cells resembles that of
in vivo liver cells, which predominantly rely on oxidative
phosphorylation for ATP production.

A novel finding in our study was the correlation ob-
served between L-OHP-induced cytotoxicity in patient-
derived liver organoids, attributed to mitochondrial
oxidative damage, and the clinical severity of L-OHP-
induced liver injury. The factors that modulate suscep-
tibility to L-OHP-induced oxidative damage in the liver
remain unclear. Based on our results, we discuss the
possibility of these underlying factors. In our study, liver
organoids derived from the high-grade group showed an
obvious increase in 0,® levels early after L-OHP treat-
ment. 0,® forms peroxynitrite (ONOO™) and hydroxyl
radicals (|OH), which are the most reactive oxygen species
that interact with lipids, DNA, and proteins, causing the
loss of mitochondrial membrane integrity.”®*! Therefore,
enzyme activities involved in regulating 0,® levels and
subsequent antioxidant processes may play an important
role in mitochondrial oxidative stress management. For
instance, genetic polymorphisms of Mn-SOD, an enzyme
that eliminates 02.', and GSH-Px, have been reported to
affect their enzymatic activities and are involved in drug-
induced liver injury susceptibility.>>* Intracellular con-
centrations of L-OHP may also vary among individuals.
For instance, the glutathione-S-transferase (GST) enzyme
mediates the conjugation of GSH with L-OHP, and this
conjugate is subsequently excreted from the cell**; how-
ever, it has been reported that the GSTM1/GSTTI-null
genotype loses GST activity.”® Organic cationic trans-
porter 1 plays an important role in L-OHP uptake,”® and
these variants are known to reduce transport activity.’’
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Further examination of these possibilities will enhance
our understanding about the individual susceptibilities to
L-OHP-induced liver injury.

The compounds of interest can be categorized into
mitochondrial and non-mitochondrial toxicants using
the assay supplied with two types of sugar, glucose, and
galactose.58 Herein, we show the usefulness of a simple
and clinically applicable test method using liver organoids
cultured in two types of medium and their ATP ratios to
assess the risk of hepatic mitochondrial oxidative damage.
Using this method, the ATP ratios in the 80 pM L-OHP
treatment were clearly different between the high- and
low-grade groups. We examined liver organoids derived
from resected liver tissues of patients who underwent
L-OHP-based chemotherapy. While our observations
revealed preserved mitochondrial membrane integrity
and functions in the liver organoids across all patients, it
is important to note that we cannot definitively exclude
the possibility of our results being influenced by preced-
ing mitochondrial damage caused by L-OHP. Therefore,
prospective studies using liver organoids derived from
chemotherapy-naive patients are required to confirm our
findings. Our results warrant further examination with a
larger number of patients.

In conclusion, our results suggest that L-OHP-induced
liver injury is caused by mitochondrial oxidative damage.
Furthermore, we provided evidence that individual sus-
ceptibility to L-OHP-induced liver injury can be assessed
using patient-derived liver organoids to provide useful in-
formation for planning chemotherapy. This in vitro test
method might also be useful for predicting liver toxicities
in individual patients receiving other cancer drugs that
cause liver mitochondrial damage, including sorafenib
and regorafenib,59 used for hepatocellular carcinoma.
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Supporting Information

Appendix S1. Supplementary Materials and Methods

Change in spleen size

The spleen size was determined by measuring computed tomography (CT) images using
Centricity Enterprise Web software (version 3.0; GE Medical Systems, USA). According
to a report by Prassopoulos et al.,! the maximum width (W) of the spleen, splenic height
or length (L), and thickness at the hilum (Th) were measured, and the spleen volume was
calculated using the following formula:

Spleen volume (cm?®) = 30 + 0.58 (W x L x Th)
Changes in splenic size were determined by comparing the splenic volumes before and

after L-OHP-based chemotherapy.

Histopathologic examination

Archival slides stained with Victoria Blue (VB)-H&E were available for all patients.
Slides for evaluation were selected from non-neoplastic liver parenchymal sites at least
20 mm from the tumor. Histological evaluation was performed by a pathologist (S.N.)

who was blinded to the patient’s clinical and laboratory findings. The pathological
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findings of sinusoidal dilatation and, depending on severity, hepatocellular damage,
centrilobular/venular fibrosis, nodular transformation, and peliosis have been reported in
L-OHP-induced hepatotoxicity.>> Histopathological features were classified and graded
according to the criteria of Rubbia-Brandt et al.> Based on the criteria, sinusoidal dilation
was classified into the following four grades: absent, mild (centrilobular involvement
limited to one-third of the lobular area), moderate (centrilobular involvement extending
in two-thirds of the lobular area), and severe (complete lobular involvement or
centrilobular involvement extending to adjacent lobules with bridging congestion).
Centrilobular or venular fibrosis was classified into the following three grades: absent,
mild (<50% of veins and sinusoids evaluated in 20 fields at x200 magnification), and
moderate (>50% of veins and sinusoids evaluated in 20 fields at x200 magnification).
Nodular transformation was classified into the following four grades: absent, mild (focal
occasionally distinct nodular hyperplasia), moderate (focal distinct nodular hyperplasia),
and severe (diffuse nodular hyperplasia corresponding to nodular regenerative
hyperplasia [NRH]). Steatosis was classified into the following four grades: absent, mild
(steatosis in 10-30% of hepatocytes), moderate (steatosis in 30—60% of hepatocytes), and
severe (steatosis in >60% of hepatocytes). Peliosis and hepatocellular damage were

described as present or absent.
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Establishment and maintenance of patient-derived liver organoids

Fresh tissue samples obtained as residual tissue during the surgery were minced fresh into
small pieces, at less than 0.5 mm in diameter, washed three times with ice-cold wash
solution (HBSS supplemented with 1% FBS and 1% penicillin/streptomycin [P/S]), and
subsequently digested with 2.5 mg/mL Liberase (Merck, 05401160001) and 10 pg/mL
DNase I (Merck, DN25) for 60 to 90 min at 37°C. After pipetting, the fragments were
passed through a 100 um strainer (pluriSelect Life Science) and collected. When the
fragments were observed to be larger than 100 um, they were additionally treated with 5
mL of TrypLE Express (Thermo Fisher Scientific, 12604013) containing 10 pg/mL
DNase I at 37°C for 10 to 15 min. The digests were collected and centrifuged at 400xg
for 5 min at 4°C. The resulting pellets were washed with 1 mL of wash solution,
centrifuged at 400xg for 5 min at 4°C, suspended in Matrigel (Corning, 356231), seeded
in 24-well culture plates at 30 uL each, and cultured as described by Huch ez al.® and
Broutier ef al.” In brief explanation, expansion medium was Advanced DMEM/F-12
(Thermo Fisher Scientific, 12634028) supplemented with 1% P/S (Thermo Fisher
Scientific, 15140122), 1% GlutaMAX (Thermo Fisher Scientific, 12604013), 10 mM
HEPES (Thermo Fisher Scientific, 15630080), 1:50 B27 supplement (Thermo Fisher

Scientific, 12587010) and 1:100 N2 supplement (Thermo Fisher Scientific, 17502048), 1
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mM N-Acetyl-L-cysteine (NAC, FUJIFILM Wako Pure Chemical, 015-05132), 10 nM

human gastrin I (Merck, G9145) and the growth factors: 50 ng/mL human EGF

(Peprotech, AF-100-15), 10% (vol/vol) Rspol-conditioned medium (homemade prepared

from 3710-001-01; R&D systems), 100 ng/mL human FGF10 (Peprotech, AF-100-26),

25 ng/mL human HGF (Peprotech, 100-39), 10 mM Nicotinamide (Sigma-Aldrich,

N0636), 5 uM A83-01 (Tocris Bioscience, 2939), and 10 uM Forskolin (FUJIFILM Wako

Pure Chemical, 067-02191). For the first 3—-7 days of culture, the medium was

supplemented with 25 ng/mL human Noggin (Peprotech, 120-10C), 30% (v/v) Wnt3a-

conditioned medium (homemade prepared from CRL-2647; ATCC), and 10 uM Y-27632

(FUJIFILM Wako Pure Chemical, 036-24023). After 7-14 days, liver organoids were

harvested and seeded for the next passage in Matrigel or Basement Membrane Extract,

Type 2 (R&D Systems, 3533-010-02).

For the morphological evaluation, liver organoids were fixed in a 10% formalin

neutral buffer solution (FUJIFILM Wako Pure Chemical), embedded in paraffin, and

sectioned at 2 um for H&E staining.

Hepatocyte differentiation culture

To obtain liver organoids that differentiated into hepatocytes, established organoids were
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maintained in an expansion medium supplemented with 25 ng/mL human BMP-7 (R&D
Systems, 354-BP-010) for 3—5 days after the last passage and then cultured for 5-9 days
in glucose-based hepatocyte differentiation medium (standard differentiation medium).
To examine the effects of galactose in the culture medium, liver organoids were
additionally cultured for 3 days in a galactose-based hepatocyte differentiation medium
(galactose differentiation medium) or standard differentiation medium. Hepatocyte
differentiation medium contains glucose-free DMEM/Ham’s F-12 (Nacalai Tesque,
09893-05) supplemented with 17 mM glucose (FUJIFILM Wako Pure Chemical, 049-
31165) or 17 mM galactose (Nacalai Tesque, 16511-62), 1% P/S, 10 mM HEPES, 0.5
mM sodium pyruvate solution (Merck, S8636), 400 mg/L. AlbuMAX II (Thermo Fisher
Scientific, 11021029), 7.5 mg/L Human transferrin (Nacalai Tesque, 34443-44), 10 mg/L
human insulin (Nacalai Tesque, 12878-86), 1.52 mg/L L-Ascorbic Acid (Merck, A92902)
and the supplementals described in Huch et al.® and Broutier e al.’; 1:50 B27 supplement,
1:100 N2 supplement, 1 mM NAC, 10 nM human gastrin I, 50 ng/mL human EGF, 25
ng/mL human HGF, 100 ng/mL human FGF19 (Peprotech, 100-32), 10 uM DAPT
(Merck, D5942), 3 uM dexamethasone (FUJIFILM Wako Pure Chemical, 041-18861),

0.5 uM A83-01, and 25 ng/mL human BMP7.
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RNA isolation and quantitative Real-time PCR (qPCR) Analysis

RNA was isolated from freshly resected liver tissue or liver organoids using the RNeasy

Mini Kit (QIAGEN) or RNeasy Micro Kit (QIAGEN), respectively, according to the

manufacturer’s protocol. cDNA was generated using the harvested RNA as the template

with Super Script IV VILO Master Mix (Thermo Fisher Scientific). For each sample, the

PCR reaction mix was prepared in a total volume of 20 puL containing 2X TaqPath qPCR

Master Mix, CG (Thermo Fisher Scientific), 20X TaqgMan Expression Assay probes

(Thermo Fisher Scientific), and cDNA template. TagMan Expression Assay probes used

the following genes: GAPDH (4326317E), ALB (Hs00609411 ml), CYP344

(Hs00604506_m1), LGR5 (Hs00969422 ml), and HNF4A (Hs00230853 ml). qPCR

was performed in three wells of a StepOne Real-Time PCR System (Thermo Fisher

Scientific) or a QuantStudio3 Real-Time PCR System (Thermo Fisher Scientific). The

results were expressed as the average fold change in gene expression calculated using the

2-04Ct method using GAPDH as the internal control.

Mitochondrial membrane potential assay

Differentiated liver organoids were cultured with or without L-OHP treatment to

determine the mitochondrial membrane potential. For the L-OHP treatment, the culture
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medium was replaced with fresh L-OHP-containing medium (NAC-free) every 24 h for

up to 48 h. For the CCCP treatment, liver organoids were cultured in galactose

differentiation medium (NAC-free) containing 100 uM CCCP (abcam, ab141229) for

1.5 h. Liver organoids were collected from the embedded gel by gently pipetting up and

down using ice-cold wash buffer (HBSS supplemented with 0.25% BSA and 1% P/S) and

incubated at 37°C in a fully humidified 5% CO; atmosphere for 30 min. The

mitochondrial membrane potential was determined using the JC-1 MitoMP Detection Kit

(Dojindo) according to the manufacturer’s protocol. Fluorescence images of liver

organoids were acquired using a ZEISS LSM900 system with ZEISS ZEN3 (blue edition)

software. The fluorescence intensity was measured using a BZ-X810 microscope with

BZ-H4C (Keyence).

Mitochondrial oxidative stress assay

Differentiated liver organoids were collected from the embedded gel by gently pipetting

up and down using ice-cold wash buffer (HBSS supplemented with 0.25% BSA and 1%

P/S) and then cultured in galactose differentiation medium (NAC-free) containing L-OHP.

After 2 h of culture, liver organoids were incubated at 37°C in a fully humidified 5% CO>

atmosphere for 10 min with mtSOX Deep Red (Dojindo) 10 uM working solution, and
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the working solution was then replaced with HBSS. Bright-field and fluorescence images

were acquired using a BZ-X810 microscope to identify cells emitting red fluorescence

with mitochondrial superoxide (O2°*). The cross-sectional area and fluorescence intensity

were measured using the BZ-H4C application.

ATP content assay

Liver organoids were differentiated into hepatocytes in 96-well plates, as described for

the LDH leakage assay. The assay was performed in triplicate. For oligomycin A

treatment, liver organoids were cultured with 5 puM oligomycin A (AdipoGen Life

Sciences, AG-CN2-0517) for 2 h. For L-OHP treatment, liver organoids were cultured in

a galactose differentiation medium containing L-OHP at concentrations of 0, 20, 40, 80,

160, and 320 uM for 72 h. Intracellular ATP content was measured by luminescence using

the CellTiter-Glo Luminescent Cell Viability Assay (Promega). Luminescence was

measured using a Multimode Microplate Reader Infinite M200 Plex (Tecan).

Lactate production assay

Lactate production by the differentiated liver organoids was determined in triplicate. The

culture medium was replaced with fresh medium and the cells were collected within 24 h
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for analysis. Lactate production was determined by measuring the amount of lactate in

the supernatant, using a lactate assay kit (Dojindo). Absorbance was measured at 450 nm

using a Multimode Microplate Reader Infinite M200 Plex.

Glutathione (GSH) Assay

Liver organoids were differentiated and treated with L-OHP in triplicate, as described for

the LDH leakage assay. Total GSH was measured using the GSH-Glo Glutathione assay

(Promega). Luminescence was measured using a Multimode Microplate Reader Infinite

M200 Plex.
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Figure S1. Histology of liver tissue of LM23 in the low-grade liver injury group.
Representative Victoria Blue (VB)-H&E staining images of non-cancerous liver tissue treated
with L-OHP-based chemotherapy. A low-power field is shown in the left panel. A high-power
field is shown in the right panel.
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Figure S2. Characterization of liver organoids established from non-cancerous liver
tissues.

(A, B) Representative bright-field and H&E staining images of a liver organoid cultured in
expansion medium (EM) (A) and in differentiation medium (DM) (B). (C) Fold changes in the
expression levels of the indicated genes in liver organoids cultured in conditioned media (EM
and DM) and in non-cancerous liver tissues (Tissue). Each dot indicates independent
patients in the high- or low-grade groups. Bars indicate mean = SD.
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Figure S3. Assessment of cytotoxicity in liver organoids cultured in standard
differentiation medium.

(A-C) Liver organoids were cultured in a standard differentiation medium for 8-11 days. (A)
LDH release from liver organoids on day 3 of repeated doses of L-OHP. (B) Cytotoxicity
index of liver organoids treated with repeated doses of L-OHP at the indicated
concentrations for 72 h. (C) Mitochondrial condition was evaluated with a JC-1 probe.
Representative images of JC-1-stained liver organoids are shown. Red, JC-1 aggregates;
green, JC-1 monomers; blue, Hoechst 33342 (nuclei). Scale bar, 20 um. For all bar graphs,
each dot indicates independent patients in the high- or low-grade groups. Bars indicate
mean = SD. Statical significance was determined with a two-sided Welch’s t-test (A) or two-

sided Mann—-Whitney U test (B). NS, Not Significant.
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Figure S4. Representative images of JC-1-stained liver organoids cultured in standard
differentiation medium.

The mitochondrial condition of liver organoids from each patient was evaluated using a JC-1
probe. Representative images of the JC-1-stained liver organoids. Red, JC-1 aggregates;
green, JC-1 monomers; blue, Hoechst 33342 (nuclei). Scale bar, 20 um.



Supplementary Table S1 Histopathological findings of liver tissues of the patients

High-grade group

Low-grade group

LM24 LM14 LM10 LM7 LM19 LM1 LM11 LM15 LM16 LM23
Sinusoidal Moderate

Mild Moderate Mild Mild Absent Moderate Absent Moderate Absent
dilatation to severe
Centrilobular/

Mild Absent Mild Absent Mild Absent Absent Absent Mild Absent
venular fibrosis
Nodular

Mild Mild Moderate Absent Absent Absent Mild Absent Mild Absent
transformation
Peliosis Absent Absent Absent Absent Absent Absent Absent Absent Absent Absent
Hepatocellular

Present Present Present Absent Absent Absent Absent Absent Absent Absent

damage
Steatosis Absent Absent Moderate Mild Moderate Mild Absent Mild Severe Absent
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