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1. Introduction
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Hepatocellular carcinoma (HCC) is a tumor with minimal chance of cure due to underlying liver diseases,
late diagnosis, and inefficient treatments. Thus, HCC treatment warrants the development of additional
strategies. Lactoferrin (Lf) is a mammalian multifunctional iron-binding glycoprotein of the innate
immune response and can be found as either a native low iron form (native-Lf) or a high iron form (holo-
Lf). Bovine Lf (bLf), which shares many functions with human Lf (hLf), is safe for humans and has several
anticancer activities, including chemotherapy boost in cancer. We found endogenous hLf is downregu-
lated in HCC tumors compared with normal liver, and decreased hLf levels in HCC tumors are associated
with shorter survival of HCC patients. However, the chemoprotective effect of 100% iron saturated holo-
bLf on experimental hepatocarcinogenesis has not yet been determined. We aimed to evaluate the che-
mopreventive effects of holo-bLf in different HCC models. Remarkably, a single dose (200 mg kg™?) of
holo-bLf was effective in preventing early carcinogenic events in a diethylnitrosamine induced HCC
in vivo model, such as necrosis, ROS production, and the surge of facultative liver stem cells, and even-
tually, holo-bLf reduced the number of preneoplastic lesions. For an established HCC model, holo-bLf
treatment significantly reduced HepG2 tumor burden in xenotransplanted mice. Finally, holo-bLf in com-
bination with sorafenib, the advanced HCC first-line treatment, synergistically decreased HepG2 viability
by arresting cells in the GO/G1 phase of the cell cycle. Our findings provide the first evidence suggesting
that holo-bLf has the potential to prevent HCC or to be used in combination with treatments for estab-
lished HCC.

worldwide." Hepatocellular carcinoma (HCC) accounts for
more than 80% of primary liver cancers.” Major risk factors for
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potential curative treatment, such as local ablation, surgical

“Departamento de Biologia Celular, Centro de Investigacion y de Estudios Avanzados ~ Tesection and liver transplantation; unfortunately, only 20 to
del IPN (CINVESTAV-IPN), CDMX, Mexico. E-mail: svilla@cinvestav.mx, 30% of patients are eligible for such interventions since most

carolina.pina@cinvestav.mx

bCancer Research UK Manchester Institute, The University of Manchester, Alderley

Park, SK10 4TG Macclesfield, UK

of them have already reached an advanced cancer stage at the
first HCC diagnosis.® Of note, despite its side effect profile
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strategies due to underlying liver diseases, late diagnosis and
inefficient treatments.
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Thus, as with most human malignancies, HCC progression
needs to be challenged using different strategies. Cancer

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/food-function
http://orcid.org/0000-0001-7363-4870
http://orcid.org/0000-0001-5972-8547
https://doi.org/10.1039/d3fo05184f
https://doi.org/10.1039/d3fo05184f
https://doi.org/10.1039/d3fo05184f
http://crossmark.crossref.org/dialog/?doi=10.1039/d3fo05184f&domain=pdf&date_stamp=2024-04-17
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo05184f
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO015008

Open Access Article. Published on 01 April 2024. Downloaded on 2/14/2026 2:06:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Food & Function

chemoprevention, defined as the use of pharmacological
agents, either natural or synthetic, is a strategy to delay,
reverse, suppress or prevent disease pathogenesis, such as
cancer.’ Lactoferrin (Lf) is an 80 kDa iron-binding multifunc-
tional glycoprotein of the innate immune response that is
mainly found in milk and other mammalian exocrine
secretions. It can be iron free, containing either less than 5%
(apo-Lf) or 100% of iron (holo-Lf), the saturated form. Native
Lf, which is secreted under physiological conditions, contains
10 to 20% iron saturation; however, in inflammatory or
infected microenvironments, holo-Lf prevails because of the
high iron concentration.®

Bovine lactoferrin (bLf) has been classified as a human Lf
(hLf) bioequivalent because of the high sequence homology
that shares many functions. It has been involved in several pro-
tective activities, such as antioxidant, immunomodulatory,
antimicrobial and anticancer activities.® Several studies have
demonstrated that bLf is tolerated and has no toxicity in
humans; moreover, it has been approved by both the USA
Food and Drug Administration (FDA) and the European Food
Safety Authority (EFSA) as a dietary supplement in food
products.”® Interestingly, the chemopreventive effects of bLf
have been demonstrated in several animal models bearing
different tumor types, including lung, tongue, esophagus, and
colorectal cancer, showing that bLf has been effective in inhi-
biting growth, metastasis, and tumor-associated angiogenesis,
as well as potentiating chemotherapy.® Clinical trials in
patients with colorectal polyps revealed that native-bLf has
chemopreventive potential.”’® bLf binds specifically to the
asialoglycoprotein receptor (ASGPR), which is expressed in the
hepatocyte membrane and has been found to be conserved in
HCC biopsies."* Therefore, it is feasible to propose that HCC
might be an attractive target of the antitumoral effects of bLf.
For instance, native-bLf has been shown to have chemopreven-
tive effects when it is simultaneously and daily administered
either for several weeks or two weeks before a hepatocarcino-
genic agent."”> ™

Most research on the anticancer capabilities of bLf has
been performed by using native-bLf, and it has been proposed
that iron saturation in Lf is irrelevant for its anticancer
effects.’® In contrast, other studies have demonstrated that
iron saturation does affect the anticancer capabilities of bLf. In
vitro studies have shown divergent results in breast cancer cell
lines. MDA-MB-231 and MCF-7 cells showed more sensitivity
to the cytotoxic effects of native-bLf than holo-bLf,'® or
MDA-MB-231, MCF-7, T-47D and Hs578T cells were more sen-
sitive to holo-bLf, followed by native-bLf and apo-bLf.'” In
human glioblastoma cells, holo-bLf was found to be more
effective in inducing anti-migratory activity than the native
one, both at the cellular and molecular levels.'® Furthermore,
in vivo experiments have shown that holo-bLf is effective in
inhibiting tumorigenesis and increasing the chemotherapy
capability to eliminate EL-4 lymphoma, while bLf saturated
with lower levels of iron failed to synergize with chemotherapy
to eradicate tumors.'® Although the exact mechanism by
which holo-bLf surpasses the less saturated bLf form in vivo is
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unknown, the above data strongly suggest that holo-bLf has
potential as a therapeutic agent.'®

Based on the anticancer capability of native-bLf, some
studies have shown its chemopreventive effects on rodent
models of diethylnitrosamine (DEN)-induced hepatocarcino-
genesis;'> however, the chemopreventive effects of holo-bLf on
hepatocarcinogenesis have not yet been investigated.
Therefore, it is plausible to determine whether the anticancer
capability of holo-bLf is more effective than that of native-bLf.
The aim of this investigation was to evaluate the chemopreven-
tive effects of holo-bLf on HCC progression at multiple levels
by challenging both in vivo and in vitro HCC models.
Additionally, the simultaneous effect of holo-bLf and sorafenib
on an in vitro HCC model was also investigated. The present
study introduces the first exploration of holo-bLF as a chemo-
preventive agent in HCC, advancing our understanding of bLf
anticancer effect, and providing a novel avenue for advanced
HCC treatment research.

2. Materials and methods
2.1 Design of this work

Our study is organized in three phases, utilizing both in vivo
and in vitro methodologies. In the initial phase, we evaluated
the effectiveness of two forms of bLf (native and holo) as che-
mopreventive agents during the early stages of hepatocarcino-
genesis (from 2 to 30 days) using an in vivo model of chemical
hepatocarcinogenesis in Fischer-344 rats. bLf was adminis-
tered as a single dose prior to exposure to the first carcinogen
DEN. The analytical assessments included the quantification
of necrosis, ROS lipid peroxidation, stem cell markers onset,
and preneoplastic lesions. The second phase focused on the
effect of holo-bLf on established HCC. First, we used an
in vitro model with HCC cell lines (HepG2 and Hep3B) and
determined the cell viability after treatment with holo-bLf.
Subsequently, a xenotransplantation model with hepG2 cells
was used to test the effect of holo-bLf on in vivo tumor growth.
The third phase of the study investigated the in vitro combi-
nation effect of holo-bLf with sorafenib: first-line treatment vs.
advanced HCC treatment. Viability assays were also conducted
for that purpose, and alterations in the cell cycle were evalu-
ated. This comprehensive and integrated approach ensures a
thorough understanding of the effects of holo-bLf as a chemo-
preventive agent for HCC at multiple levels: early hepatocarci-
nogenesis, established HCC and as a combinational approach
with first-line therapy for HCC.

2.2 Reagents and antibodies

Bovine lactoferrin (97.01% purity) in the iron-poor form
native-bLf, 20% iron-saturated, was purchased from
NutriScience (Trumbull, USA). Reagents including DEN
(N0756, St Louis, Missouri USA), 2-acetylaminofluorene (2-AAF,
A7015, St Louis, Missouri USA), and 2',7'-dichlorodihydrofluor-
escein diacetate (DCFH-DA, D6883, St Louis, Missouri, USA)
were purchased from Sigma Chemical Co. (St Louis, Missouri,
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USA). The AldeRed ALDH Detection Assay kit (01700,
Vancouver, British Columbia, Canada) and anti-CD44v6
(AB2080 Temecula, CA, USA) were purchased from Millipore.
Antibodies against CD90 (202508, San Diego CA, USA) and
CD45 (202205 San Diego, CA, USA) were from BioLegend; anti-
CD133 was from GeneTex (GTX12295, San Antonio, TX, USA);
and anti-CD24 was from BD Pharmingen (562104, Franklin
Lakes, NJ, USA).

2.3 hLf gene (LTF) expression analysis in HCC patient
cohorts from public databases

The UCSC Xena browser tool (https:/xenabrowser.net/) was
used to download hLf gene (LTF) expression in the HCC
cohort of The Cancer Genome Atlas (TCGA) based upon data
generated by Research Network: https:/www.cancer.gov/tcga
(TCGA-LIHC) and in the normal liver tissue cohort of The
Genotype Tissue Expression (GTEx) database (https:/www.gtex-
portal.org/home/). The Mann-Whitney test was used to
compare both expression levels. The GSE136247>° and
GSE113996  (https:/www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE113996) cohorts were downloaded from the Gene
Expression Omnibus (GEO) at (https:/www.ncbi.nlm.nih.gov/
geo/) and analyzed using paired t tests. Kaplan-Meier plots
were generated for the TCGA-LIHC cohort using KM plot
(https:/kmplot.com/analysis/index.php?p=background) to cal-
culate the cutoff value and for data download. The log-rank
(Mantel-Cox) test was used to compare the differences in survi-
val curves.

2.4 Preparation of iron-binding protein

Holo-bLf was produced by dissolving native-bLf in 40 mM Tris/
20 mM sodium bicarbonate buffer (pH 7.4) to have a final
protein concentration of 200 pM. It was saturated with iron by
adding 400 pM ferric chloride and incubated at 4 °C overnight
with agitation. Unbound iron was removed by dialysis using
SnakeSkin™ Dialysis Tubing (pore size was 12000 Da)
(Thermo Scientific Cat. 68100, Rockford Illinois, USA), with
water as the dialysis buffer, with six changes for 36 h.”>' The
protein was concentrated by ultrafiltration in an Amicon®
ultra centrifugal filter 30 kDa (Millipore, Cat. UFC903008,
Tullagreen, Carrigtwohill, Co Cork Ireland) and stored at
—20 °C. Protein concentrations were determined by the
Bradford micromethod.>” The iron concentration was deter-
mined by the IRON-TPTZ colorimetric method (Spinreact).
Holo-bLf resulted in an Fe saturation <90%.

2.5 Animal procedures

All experiments were performed under the Institutional
Animal Care and Use Committee Guidelines and according to
protocol No. 0168-15, approved by the Committee for the Care
and Use of Laboratory Animals (CICUAL) of CINVESTAV-IPN.
Animals were obtained from the Unit for Production of
Experimental Laboratory Animals (UPEAL CINVESTAV, Mexico
City, Mexico). Animals had free access to food, standard diet
(PMI Feeds Inc., Laboratory Diet) and water. They were main-
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tained in a holding room under controlled conditions of a
12 h light/dark cycle, 50% relative humidity and 21 °C.

2.6 Hepatocarcinogenesis model and bLf administration

A modified version of the resistant hepatocyte protocol for
inducing hepatocarcinogenesis was used. Briefly, male
Fischer-344 rats weighing ~200 g were intragastrically adminis-
tered 200 mg kg™' DEN once, followed by intragastric adminis-
tration of 20 mg kg™ " 2-AAF on days 3, 4, and 5, as previously
reported (manuscript in preparation).® The bLf was intragastri-
cally administered once 24 h before DEN (Fig. 2A). Rats were
euthanized by isoflurane anesthesia and exsanguination, and
pieces of liver were frozen in liquid nitrogen for cryopreserva-
tion and stored at —75 °C for further analysis. Other pieces
were fixed in 4% formalin and embedded in paraffin for histo-
logical analysis.

2.7 Necrosis quantification

The liver tissue was treated as previously described by Macias-
Perez et al. 2013.>> The extent of necrosis was quantified in 10
fields/rat at 100X using an Olympus IX70 microscope with the
AnalySIS Opty Soft Imaging System GmbH 3.00 (Olympus
Europa GmbH, Hamburg, Germany). Necrotic areas were
defined as acellular regions adjacent to cells with pale pink
cytoplasm, nuclear dissolution (karyolysis), and/or nuclear
fragmentation (karyorrhexis), cellular debris and inflammatory
infiltrates.>* Using this definition, the necrotic areas were cal-
culated by quantifying the normal area (not necrotic nor acel-
lular) and subtracting it from the total area in the microscopic
field.>*?®

2.8 Lipid peroxidation determination

Fifty milligrams of frozen liver were processed as previously
described.*® Briefly, tissue was homogenized in 1 ml of a
buffer containing 100 mM Tris, 150 mM NaCl and 1 mM
Phenylmethylsulfonyl fluoride (PMSF) at pH 7.4. Subsequently,
50 pl of the total homogenate was combined with 30 pl of a
solution comprising 150 mM Tris pH 7.4 and 300 pl of 0.4%
thiobarbituric acid (TBA) dissolved in 20% acetic acid at pH 3.
The mixture was homogenized and was incubated at 100 °C
for 1 hour until complete evaporation of the liquid. Following
this, the samples were placed on ice for 10 min, and 200 pl of
a solution containing 1.2% KCI and 500 pl of pyridine/butanol
(1:15) was added. Tubes were the centrifugated at 6000g for
15 min at 4 °C. Duplicate transfers of 200 pl of the resulting
supernatant were made to a 96-well plate, and absorbance
measurements were conducted at a wavelength of 532 nm
using a plate reader Thermo Scientific Additionally, a 1:10
dilution of the initial homogenate was performed to determine
protein concentration using the Bradford method. The results
were expressed with respect to malondialdehyde (MDA) by
using the MDA extinction coefficient (E = 1.56 x 10°) as nmol
of MDA per mg of total protein.

This journal is © The Royal Society of Chemistry 2024
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2.9 ROS quantification

Fifty milligrams of frozen liver were treated as previously
described.”” Breafly, tissue was homogenized in 1 ml of a
buffer comprising 100 mM Tris, 150 mM NaCl and 1 mM
PMSF at pH 7.4 buffer. Subsequently, 40 pl of the homogenate
were added into a 96 well plate, and mixed with 10 pl of
100 pM 2',7"-dichlorofluorescin diacetate (DCFH-DA) and 50 pl
of 150 mM TRIS at pH 7.4. The plate was protected from light
and incubated 1 h at room temperature, after that, fluo-
rescence was read at 480 nm excitation/515 nm emission using
a TECAN GENious plate reader. Fluorescence was corrected by
subtracting blanks in each experiment and autofluorescence of
each lysate.

2.10 Flow cytometry analysis

On day six after cancer induction, rats were anesthetized under
isoflurane and perfused using a modified two-step collagenase
perfusion procedure, and then, liver nonparenchymal cells
were separated by centrifugation cycles.?® Then, isolated cells
were incubated at 4 °C for 20 min either with the primary anti-
bodies anti-CD133 (GeneTex Cat. GTX12295), anti-CD44v6
(Millipore Cat. AB2080), anti-CD90 Alexa Fluor® 647
(BioLegend Cat. 202508), anti-CD24 PE (BD Pharmingen Cat.
562104), or anti-CD45 FITC (BioLegend Cat. 202205). Cells
incubated with anti-CD133 and anti-CD44v6 were then washed
with 2% FBS in PBS and incubated with secondary FITC-
labeled anti-rabbit (goat anti-rabbit IgG FITC, Jackson, Cat.
111-095-045, Baltimore Pike, West Grove, PA, USA) for 20 min
at 4 °C. Cells were washed once, resuspended in 2% fetal
bovine serum (FBS) in PBS and then analyzed. Dead cells were
stained either with propidium iodine or blue trypan according
to fluorochrome compatibility. To detect aldehyde dehydrogen-
ase-positive cells (ALDH'), an AldeRed ALDH detection assay
kit was used (Millipore cat. SCR150, Temecula, CA USA)
according to the manufacturer’s instructions. Cells were ana-
lyzed using the BD LSRFortessa™ X-20 cell analyzer, and data
were analyzed using BD ModFITT LT v2.0 software.

2.11 y-Glutamyl transpeptidase (GGT) staining and
preneoplastic lesion quantification

Liver preneoplastic lesions were stained to detect the activity of
the GGT enzyme, a well-known HCC and altered hepatic foci
marker, in 20 pm-thick frozen tissue sections, as previously
described.>*?° Then, GGT-positive (GGT+) foci were captured
and quantified using AnalySIS Opty Soft Imaging System
GmbH 3.00 software (Olympus Europa GmbH, Hamburg,
Germany).

2.12 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay

HepG2 and Hep3B cells were obtained from ATCC, genotyped
for authentication and tested for mycoplasma contamination
using MycoAlert™ PLUS (Cat. LT07-701, Lonza, Rockland, ME,
USA). Cells from passages 20 to 30 were used for the experi-
ments. Cells were maintained in Dulbecco’s modified Eagle’s

This journal is © The Royal Society of Chemistry 2024
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medium (DMEM) supplemented with 10% FBS in 5% CO, at
37 °C.

Cell viability was determined by MTT assay (Cat. M6494
Invitrogen, Willow Creek Road, CA, USA). Briefly, cells at the
exponential growth phase were subcultured and seeded in a
96-well plate (5 x 10° per well). After 48 h of incubation, the
culture medium was replaced with fresh medium containing
holo-bLF and/or sorafenib (5-8502, LC Laboratories, Woburn,
MA, USA). Doses of both holo-bLf and sorafenib were selected
based on previous reports.*°> For the combination experi-
ments, the sorafenib concentration was 3 or 5 pM, and that of
holo-bLf was 50 puM. After 24, 48 or 72 h, cell viability was
determined following the manufacturer’s protocol. The combi-
nation index of sorafenib plus holo-bLf treatment was calcu-
lated by CompuSyn software (https:/www.combosyn.com/
index.html), as previously reported.*?

2.13 Holo-bLf treatment of the xenograft mouse model

HCC xenografts were established in six-week-old female NOD-
scid IL2Rynull (NSG™) mice by the subcutaneous inoculation
of 5 x 10° HepG2 cell suspension in 200 ul of 10% FBS in
DMEM in the flank region. After two weeks, the tumors
reached 0.5 cm®, and the mice were randomly assigned to two
groups (n = 7 mice per group). Using a cannula, animals were
orally administered vehicle (MQ water) or 200 mg kg™' holo-
bLf every other day for 20 days. At the end of the experiment,
the mice were euthanized by an anesthesia overdose of keta-
mine/xylazine; then, the tumors were collected, weighed and
stored at —75 °C for further analysis.

2.14 Cell cycle assay

HepG2 cells (1 x 10°) were treated with either holo-bLf and/or
sorafenib for 24 h, following the protocol described in the pre-
vious section. Then, the cells were detached with PBS-EDTA
(0.48 mM) and fixed with 70% ethanol at —20 °C for 24 h.
After that, the cells were washed twice and processed with a
BD Cycletest™ Plus DNA Kit according to the manufacturer’s
protocol. Samples were read in a BD FACSCanto II cytometer
with FACSDiva v.1.1 software. Data were analyzed using BD
ModFITT LT v2.0 software.

2.15 Statistical analysis

Data were analyzed using GraphPad Prism software 6.01. All
experiments were performed in triplicate. The results are pre-
sented as the mean + standard deviation (SD) or standard
error of the mean (SEM). Statistical significance was deter-
mined by analysis of variance (ANOVA), Tukey’s multiple com-
parisons test and Student’s ¢ test with p < 0.05.

3. Results

3.1 hLf gene (LTF) expression is downregulated in HCC
tissue

To explore whether Lf has a natural effect on patients HCC pro-
gression, we first analyzed the hLf gene (LTF) expression
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Fig. 1 LTF expression in normal and HCC tissues LTF expression is compared between normal liver tissue and HCC biopsies from the GTEx and
TCGA LIHC databases with unpaired t test with Mann-Whitney test (a). LTF expression was compared between HCC-adjacent and tumor tissues
from two HCC patient GEO cohorts: GSE136247 (b) and GSE113996 (c) with unpaired t test with Welch's correction. Kaplan—Meier curve of the
TCGA LIHC cohort showing overall survival probability in LTF-low patients (n = 90) and patients with high expression of LTF (n = 274), log-rank

(Mantel-Cox) test (d).

profile in HCC patients by comparing LTF gene expression in
normal liver tissue with HCC biopsies from the Genotype-
Tissue Expression (GTEx) database and from The Cancer
Genome Atlas database (TCGA-LIHC), respectively. LTF
expression was significantly (p < 0.0001) higher in normal liver
than in HCC biopsies (Fig. 1A). We also compared LTF gene
expression in HCC adjacent tissues versus tumor tissue of two
GEO cohorts (GSE136247 and GSE113996), confirming that

4590 | Food Funct., 2024, 15, 4586-4602

LTF expression was also higher in adjacent tissue than in
tumor samples (Fig. 1B and C). To evaluate the prognostic
value of tumoral LTF expression in HCC patients, we generated
Kaplan-Meier curves of LTF gene expression using data from
the TCGA-LIHC cohort. We found a difference in the overall
survival probability. Samples with lower LTF expression exhibi-
ted significantly (p = 0.0017) shorter survival than those with
higher LTF expression (Fig. 1D). This evidence suggests that

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo05184f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 01 April 2024. Downloaded on 2/14/2026 2:06:07 AM.

[{ec

View Article Online

Food & Function Paper

A

o

©
)
& 30 -e- holo-bLf
o T )
= -& native-bLf
bLf DEN 8
S 20-
)
c
. u *%
> () _
Day 0 1 3 o 10
)
c
S o
g 0 20 40 60

Dose (mg/Kg of weight)

Fig. 2 Effect of bLf on the liver necrotic area induced by DEN. (a) Working scheme, rats were subjected to a single dose of either holo-bLf or
native-bLf 24 h before the onset of the carcinogenic treatment. On day 1, DEN was administered, and groups of 4 rats were euthanized (eu) at 48 h
after DEN administration. Liver sections were processed with H&E staining, and then, the necrotic area was quantified (b—k). (b) Quantification of the
necrotic area. The mean + SEM (n = 3) was plotted, and ANOVA and Tukey's multiple comparisons tests were performed. **p < 0.01. Micrographs of:
nontreated group (c). Necrosis observed in the livers of animals subjected to DEN alone was considered 100% damage (d). Groups treated with
holo-bLf at (e) 5 mg kg™, (f) 25 mg kg™, and (g) 50 mg kg™*. Groups treated with native-bLf at (h) 5 mg kg2, (i) 25 mg kg™, and (j) 50 mg kg™

endogenous Lf has a protective effect against HCC pro- hLf serum concentration in patients.'® Thus, it is not unrea-
gression. Furthermore, it has been reported that bLf is a bioe- sonable to determine the potential of bLf as a chemopreven-
quivalent of hLf,® and the consumption of bLf increases the tive agent in HCC in vivo models.
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Fig. 3 Effect of bLf on DEN-induced ROS and lipid peroxidation to determine the effect of holo-bLf and native-bLf on lipid peroxidation, rats were
euthanized 48 h after DEN administration. Lipid peroxidation levels are expressed in nmol of mda per mg of protein (a). ROS levels are expressed in
arbitrary units per mg of protein (b). The mean + SEM (n = 3) was plotted, and ANOVA and Sidak’s multiple comparisons tests were performed. *p <

0.05.

3.2 Holo-bLf is more efficient than native-bLf in preventing
DEN-induced damage and ROS production during the early
stages of rat hepatocarcinogenesis

Then, we determined the effectiveness of the two forms of bLf,
namely, holo-bLf and native-bLf, to prevent the early hepato-
carcinogenesis stages. For this purpose, we used a modified
experimental model of hepatocarcinogenesis,**> as shown in
Fig. 4A. After a single dose of either holo-bLf or native-bLf was
administered to animals before cancer initiation with DEN
(Fig. 2A), two variables were evaluated. The first is liver cell
necrosis, a phenomenon that plays a key role in promoting
early changes associated with liver carcinogenesis induced by
DEN.?® Thus, necrosis was evaluated 48 h after DEN adminis-
tration either with or without pretreatment with a single dose
of holo-bLf or native-bLf (Fig. 2B-]). Holo-bLf was able to sig-
nificantly (p = 0.0086) prevent DEN-produced necrosis better
than native-bLf (Fig. 2B). The dose of 25 mg kg™ " was selected
for further experiments.

Since DEN metabolism increases reactive oxygen species
(ROS) production and elevated oxidative stress correlates with
increased malignancy,>”*® we determined oxidative stress by
measuring two parameters, namely, lipid peroxidation and
ROS production, 48 h after DEN administration either with or
without pretreatment with holo-bLf or native-bLf (Fig. 3). The
effect of bLf on lipid peroxidation was evaluated by measuring
malondialdehyde (MDA), the main metabolite of lipid peroxi-
dation.”® Holo-bLf pretreatment significantly (p = 0.0294)
reduced lipid peroxidation more than native-bLf (Fig. 3A). ROS
measurement showed no significant difference between holo-
bLf and native-bLf pretreatments; however, there was a ten-
dency for holo-bLf pretreatment to perform moderately better
in reducing ROS levels (Fig. 3B). This result showed that pre-
treatment with a single dose of holo-bLf was more efficient
than that of native-bLf in preventing DEN-induced necrosis

4592 | Food Funct., 2024, 15, 4586-4602

and ROS production. Based on this evidence, we decided to
use only holo-bLf hereinafter.

3.3 Holo-bLf decreases the surge in stem cell markers during
hepatocarcinogenesis

Carcinogenic schemes based on DEN and 2-acetylaminofluor-
ene (2AAF) are proposed to rely on their capability to induce
local tissue damage and proliferative repair that expand the
cell population susceptible to undergo malignant transform-
ation.>® Such populations are nonparenchymal cells known as
facultative liver stem or progenitor cells (LSPCs), which drive
liver compensatory regeneration.*® Importantly, inhibition of
LSPC proliferation in chronically injured mouse livers signifi-
cantly reduces HCC development in several models.*™*?
Therefore, we determined the effect of holo-bLf on some of the
cells that emerge after carcinogenic induction using well-
known stem cell markers, such as CD133, ALDH, CD90, CD24,
and CD44v6.** One day after the last carcinogenic insult
(Fig. 4A), positive cells increased, but pretreatment with bLf
prevented this phenomenon by reducing the percentage of
ALDH'-, CD133-, and CD24-positive cells to normal levels,
except for CD90, which diminished significantly more than
the control (p = 0.001133) (Fig. 4B).

3.4 A single dose of holo-bLf before cancer initiation
prevents the appearance of preneoplastic lesions

To determine whether holo-bLf has the capability to prevent
the appearance of preneoplastic lesions, we administered a
single oral dose of holo-bLf before liver cancer initiation. Rats
then received the carcinogenic treatment and were sacrificed
30 days after initiation (Fig. 4C). GGT histochemistry analysis
was performed to detect preneoplastic lesions in liver tissue
(Fig. 4D-F). The results showed a significant (p = 0.0444)
reduction in the number of preneoplastic lesions (Fig. 4G). A

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Effect of pretreatment with a single dose of holo-bLf on the surge in stem cells and preneoplastic lesion appearance. (a) Working scheme,
rats were given a single dose of holo-bLf 24 h before cancer initiation. Animals were euthanized (eu) 1 day after the last 2-AAF dose. (b) Plots rep-
resent nonparenchymal cells positive for CD133, CD44v6, CD24, CD45, CD90 and ALDH™*. The percentage of positive cells was determined by flow
cytometry. Mean + SD was plotted, ANOVA and Tukey's multiple comparisons tests were performed (n = 3), and significances were calculated as
compared with carcinogenic treatment (CT) are shown: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (c) Working scheme, rats were subjected
to a single dose of holo-bLf 24 h before cancer initiation. Animals rats were euthanized (eu) 30 days after the last 2-AAF dose. Liver frozen sections
were stained to detect preneoplastic lesions by GGT activity. (d) Untreated animals (NT); (e) animals subjected to complete carcinogenic treatment
(CT); (f) animals subjected to holo-bLf treatment before cancer initiation. (g) Number of GGT-positive foci. (h) Percentage of GGT-positive area. The
mean + SEM was plotted, unpaired student’s t test was performed, and significant differences were calculated compared with the CT group: *p <
0.05. n = 3 per group.
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Fig. 5 Effect of holo-bLf on xenografted HCC tumors. HepG2 or Hep3B cells were incubated with different concentrations of either holo-bLf for

the indicated times, followed by an MTT assay. Viability plots are shown

(a) HepG2 or (b) Hep3B cells were treated with holo-bLf at 50, 100 and

200 pm or 50, 75 and 100 um, respectively, for 24, 48, 72 and 96 h (n = 9), two-way ANOVA Tukey's multiple comparisons test. Xenografted tumors
were established for 15 days in the flanks of NSG mice using HepG2 cells. Then, the oral administration of either vehicle (n = 7) or holo-bLf (200 mg
kg%, n = 6) every other day for 20 days was performed. (c) Plot of tumor weight at the end of the experiment (day 35). Plot showing the mean +
SEM. Significant differences were calculated by unpaired student’s t test and compared with the untreated group. *p < 0.05. (d) Representative

images showing excised tumors.

no significant tendency toward a reduction in the percentage
of preneoplastic area was observed (Fig. 4H). This result
suggests that holo-bLf has a chemopreventive effect on early
HCC stages.

3.5 Holo-bLf reduces tumor burden in a xenograft mouse
model

To determine the effect of holo-bLf on an established HCC
tumor, its effect on two HCC cell lines, HepG2 and Hep3B,
was evaluated. Holo-bLf was able to decrease the viability of
HepG2 cells by 68% during the first 24 h and by 82% after
72 h of treatment with the higher dose of 200 uM (Fig. 5A),
while Hep3B viability was decreased by 75% within 24 h and
up to 90% after 72 h with the higher dose of 100 pM (Fig. 5B).
Next, we xenotransplanted 5 x 10° HepG2 cells in NSG immu-
nodeficient mice. Fifteen days later, when tumors reached
0.5 cm?, holo-bLf was orally administered every other day for
20 days. 200 mg kg ™" dose of holo-bLf was chosen based on Li
et al. report (Li, Li et al. 2017).*” Mice were sacrificed, and
tumor weights were recorded (Fig. 5C and D). The results

4594 | Food Funct, 2024,15, 4586-4602

showed that holo-bLf alone was able to reduce the
tumor burden in xenotransplanted mice by 26.7% compared
with the vehicle group (p = 0.0301) (Fig. 5C). This result pro-
poses that holo-bLf has the ability to decrease established
HCC tumors.

3.6 Holo-bLf and sorafenib synergistically inhibit the
viability of HepGz2 cells in vitro

Lactoferrin has been used in combination with several che-
motherapeutics and has been shown to improve their antitu-
moral effects in different cancers,***® while sorafenib is the
first-line treatment for advanced HCC, despite its modest
increase in OS and considerable side effects.* Here, we aimed
to test the effect of different doses of sorafenib and holo-bLf
and to determine either their synergistic or additive effect
using their lowest antitumoral doses on the viability of HepG2
and Hep3B cells. The combination of a sublethal dose of holo-
bLf (Fig. 5A) and sorafenib (Fig. 6A), namely, 50 uM and 3 pM,
respectively,*® decreased HepG2 cell viability by 33% at 24 h,
91.4% at 48 h and 98.8% at 72 h. The combination index (CI)

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Synergistic cytotoxic effect of holo-bLf and sorafenib on the arrest of HepG2 cells in GO/G1 phase of the cell cycle. HepG2 or Hep3B cells
were incubated with different concentrations of either holo-bLf and/or sorafenib for the indicated times, followed by an MTT assay. Viability plots
are shown. (a) HepG2 (n = 6) or (b) Hep3B cells (n = 9) were treated with sorafenib at 3, 5 and 7 ym for 24, 48 and 72 h. (c) HepG2 (n = 6) or (d)
Hep3B cells (n = 9) were treated with 3 or 5 um sorafenib, respectively, in combination with 50 pm holo-bLf for 24, 48 and 72. For cell cycle analysis,
HepG2 cells were treated with 50 uym holo-bLf and/or 3 or 5 pm sorafenib for 24 h, and then the cells were fixed and stained as described in the
materials and methods. Cells were analyzed by flow cytometry. (e—h) Representative histograms of the DNA content of (e) control cells treated with
(f) holo-bLf, (g) sorafenib, and (h) the combination. (i) Percentage of cells in each cell cycle phase. Data represent the mean + SD, n = 3. ANOVA and
Tukey’'s multiple comparisons tests were performed, and significant differences were calculated compared with either the control group or specific

comparisons. *p < 0.05, **p < 0.005, ****p < 0.0001.

for 48 and 72 h was 0.54 and 0.41, respectively (Fig. 6C). This
evidence showed that a synergistic interaction between both
compounds induced a cytotoxic effect that decreased the viabi-
lity of HepG2 cells.”” The Hep3B cells exhibited a comparable

This journal is © The Royal Society of Chemistry 2024

trend, demonstrating a statistically significant difference
between the combined effect and the individual compound
effects, albeit without reaching additive or synergistic inter-
actions (Fig. 6B and D).
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3.7 Holo-bLf in combination with sorafenib induces the
arrest of HepG2 cells in GO/G1 phase of the cell cycle

bLf has been previously shown to induce cell cycle arrest in
different cancer cell types.® To investigate a possible mecha-
nism involved in the decrease in cell viability induced by the
synergistic effect of holo-bLf and sorafenib, we investigated
whether the cell cycle was affected. HepG2 cells were incubated
with holo-bLf and/or sorafenib for 24 h, and then the cells
were analyzed by flow cytometry to determine cell cycle pro-
gression. HepG2 cells treated with holo-bLf showed a higher
percentage of cells in G0/G1 (113% =+ 0.82) and a lower percen-
tage of cells in S phase (74% + 1.80) when compared with con-
trols. Sorafenib treatment increased the percentage of cells in
GO0/G1 (124.87% =+ 0.78) and decreased that in S phase (54.42%
+ 3.20), alongside an increase in G2 phase (126.93% = 3.50)
when compared with controls. The combination of both com-
pounds increased the number of cells in GO/G1 by 143.99% =+
2.63, while the number of cells in S phase decreased to 42.41%
+ 2.85 when compared with controls (Fig. 6E-H). This result
clearly shows that both holo-bLf and sorafenib induce the
arrest of HepG2 cells in the G0/G1 phase of the cell cycle when
they are separately administered. Importantly, the combined
administration induced a stronger increase in cell arrest in G0/
G1 phase (Fig. 6I). Thus, these results provide evidence sup-
porting the synergistic action of holo-bLf and sorafenib in
reducing the viability of HepG2 cells, indicating that holo-bLf
contributes to cell cycle arrest, thereby enhancing the cyto-
toxicity beyond that achieved by sorafenib alone.

4. Discussion and conclusions

We performed an in silico analysis of tumor samples from
three HCC patient cohorts, showing that the human LTF gene
is downregulated in tumor tissue compared to healthy individ-
ual liver samples or adjacent tissue. This finding is consistent
with the fact that Lf is highly expressed in noncancerous cell
lines compared to cancer cell lines.** We also found that
TCGA-LIHC HCC patients with higher LFT expression had sig-
nificantly better survival than those with low LFT expression,
which strongly suggests that hLf might protect against liver
cancer in humans. It has been reported that bLf is bioequiva-
lent to hLf;® moreover, bLf consumption increases the hLf
serum concentration in patients.'® This evidence, along with
our in silico, in vivo and in vitro findings, points to a prospec-
tive chemopreventive role of bLf in humans and as a potential
compound for combinational therapy for HCC patients.

bLf has been previously proven to be a chemopreventive
agent in experimental HCC models; however, for the first time,
we evaluated the chemopreventive effectiveness of a different
iron-saturated form of bLf on HCC progression. The capability
of holo-bLf and native-bLf to lessen the early alterations
induced by the carcinogen DEN was evaluated, showing that
holo-bLf was more effective than native-bLf in reducing DEN-
induced necrosis. A plausible explanation for this phenom-
enon is its greater digestive stability, resulting in higher bio-
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availability of holo-bLf than that of either native-bLf or apo-
bLf.* Another possibility is that the molecular conformation
caused by iron binding might result in differential receptor
recognition and possibly in the activation of different signaling
pathways downstream, such as that of the immune response.*®
Further research is needed to validate these proposals.

Resistant hepatocyte models have been used for decades for
the study of HCC progression.** This model uses DEN, a well-
known hepatocarcinogen, and one of the byproducts of DEN
metabolism is reactive oxygen species (ROS), which cause a
procarcinogenic increase in oxidative stress.’® Additionally, it
has been proposed that necrosis induced by DEN plays a key
role in the early stages of experimental hepatocarcinogenesis,
probably by stimulating compensatory cell proliferation.*® Cell
proliferation is required for the induction of resistant hepato-
cytes (referred to as initiated hepatocytes resistant to the mito-
static 2AAF effect) during initiation by carcinogens such as
DEN.?® DEN is a procarcinogen that needs to be activated by
cytochrome P450 isoforms, such as CYP1A1/2, CYP2B1/2, and
CYP2E1, in the rat liver.’”®' Native bLf has the ability to
reduce MelQx-induced CYP1A2 levels,"* 7,12-dimethylbenz[a]
anthracene (DMBA)-induced CYP1A1 levels,”” and able to sup-
press alcohol-induced liver injury-induced overexpression of
cytochrome P450 2E1 (CYP2E1).>® Therefore, based on the tem-
porality of holo-bLf exposure in this study, it is not unreason-
able to propose that holo-bLf might inhibit cytochrome P450
isoforms that activate DEN metabolism and, as a result, reduce
DEN activation. Previous studies suggest that reducing hepato-
cyte cell death and compensatory proliferation, as long as oxi-
dative stress has a pronounced beneficial effect, protects
against carcinogenesis.>* Thus, holo-bLf might work as a che-
mopreventive agent that blocks DEN activation, inhibiting
cancer initiation, granting this would need experimental
confirmation.

Another mechanism might be associated with the anti-
oxidant role of bLf. During carcinogenesis, ROS might activate
protumorigenic signaling, enhance cell survival and prolifer-
ation, and drive DNA damage and genetic instability.”> We
have previously reported a close correlation between the induc-
tion of ROS-derived liver lipoperoxidation and the appearance
of preneoplastic lesions.*® On the other hand, the antioxidant
potential of bLf has been widely documented;****>” however,
it has been mostly attributed to the iron sequestering capa-
bility of native- or apo-bLf, since iron is a well-known pro-
oxidant that induces ROS production through the Fenton reac-
tion.>® Therefore, we verified that iron-saturated bLf did not
increase ROS production beyond the increase produced by
DEN. Notably, we found that holo-bLf decreased ROS pro-
duction and has a tendency to reduce lipid peroxidation
beyond the effect induced by native-bLf. Thus, iron content
does not appear to affect the antioxidant effect of bLf in our
experimental model. Supporting this evidence, it has been
reported that bLF has ROS-scavenging capability and protects
DNA from direct oxidative damage in vitro, independently of
its iron saturation degree.”® In a hamster buccal pouch car-
cinogenesis model, native-bLF increases its antioxidant capa-

This journal is © The Royal Society of Chemistry 2024
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bility by elevating the GSH/GSSG ratio and GPx activity in the
liver.®® Such antioxidant mechanisms could be unrelated to Lf
iron content and therefore contribute to the antioxidant
activity of holo-bLf observed in our model, an intriguing
phenomenon that needs further confirmation.

In our in vivo model, holo-bLf reduced the number of pre-
neoplastic lesions but did not modify their total area, the
hypothesis is that holo-bLf pretreatment was able to reduce
the number of initiated hepatocytes but did not significantly
affect their proliferation. This phenomenon might be due to
the unique dose of holo-bLf that animals received 24 h before
DEN administration, which was only able to block cancer
initiation, but by the time that subsequent alterations
appeared, such as increased proliferation of initiated cells, the
active form of holo-bLf was either decreased or absent. Further
studies using repeated doses of holo-bLf during and after
cancer initiation might reveal the potential of holo-bLf to
block the proliferation of initiated cells and, as a consequence,
reduce the total area of preneoplastic lesions. This hypothesis
is supported by the evidence that holo-bLf was able to reduce
the proliferation of established HCC both in vitro and in vivo.
Additionally, the effect of holo-bLf on initiated cells could be
explained based on the HCC model used. The original model
of the resistant hepatocyte relies on the proliferative stimuli
given by a partial hepatectomy after the promoter carcinogen
2AAF.*** The model used in this study is a modified version,
where 2AAF is administered 48 h after DEN. Closing the time
frame between DEN and 2AAF apparently replaces the need for
an extra proliferative stimulus, since such stimulus is most
likely given exclusively by DEN-associated necrosis.*® Thus, it
is plausible to propose that by reducing DEN-associated necro-
sis, holo-bLf was able to lessen liver-initiated cells.

This above proposal is also supported by the evidence that
bLf diminished the emergence of a subpopulation of liver
stem cells early in the carcinogenesis process. The role of
cancer stem cells in established cancers has been extensively
documented, but their presence during the early carcinogen-
esis stages has barely been investigated. Rats subjected to
severe liver damage and a blockade of hepatocyte proliferation,
such as those subjected to the resistant hepatocyte model,
present short-lived and highly proliferating cells expressing
both cholangiocyte- and hepatocyte-specific markers, as well
as the embryonic liver marker AFP.°’ This phenomenon is
called a ductular reaction, and the cells are named oval cells.
Recently, by lineage tracing experiments in mice, it was con-
firmed that such cells are derived from biliary epithelial cells
and act as facultative liver stem/progenitor cells (LSPCs),
which promote compensatory proliferation.®>®* LSPCs consti-
tute a cell subpopulation susceptible to malignant transform-
ation, and it has been demonstrated that they give rise to HCC
tumors.>>®* However, how early these cells have a definitive
commitment toward malignant transformation has not yet
been clarified, with the earliest time reported being
5 months.* In our investigation, we analyzed the LSPC sub-
population very early, i.e., one day postcarcinogenic treatment,
using a wide panel of CSC markers and discovered that holo-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

bLf was able to significantly reduce LSPCs by identifying
CD133 and one CD44 isoform (CD44v6). Although we did not
investigate their commitment degree toward malignant trans-
formation at the early carcinogenesis stage, it is probable that
some of those LSPCs have already started their transformation
since all carcinogenic insults have already acted, to eventually,
namely, several months, progress toward HCC. The relevance
of this subpopulation during carcinogenesis has been evi-
denced by some recent studies showing that by diminishing
the LSPC surge, carcinogenesis might be prevented.*!**%>

Our investigation represents the first report showing that Lf
inhibits established HCC tumors in vivo. The dose of bLf
chosen was within the low range of in vivo doses used by other
authors;'*®® specifically, a 200 mg kg™ dose of holo-bLf was
chosen based on the findings of Li et al.®” Previous studies
have reported that bLf doses up to 4 g kg™ are safe by demon-
strating no to cause any toxicological lesions in male F344 rat
organs.®® In fact, for infants aged 0-6 months, bLF intake is
set by the EFSA at 200 mg per kg body weight and 1.2 g
day ".*° Of note, in our investigation, the tumors were reduced
by 26.7%; similarly, a previous report showed that holo-bLf
diminished the tumor burden by 37% in a mouse model of
4T1 breast cancer cells.** Immunomodulation is considered to
play a major role in Lf tumor suppression activity, mainly
through stimulation of NK cells and CD4+ and CD8+ T cells.®
We used an extremely immunodeficient mouse strain named
NOD-scid IL2Rynull (NSG™), which lacks mature T cells, B
cells, and NK cells; they are “nonleaky” and produce defective
DCs.”® Therefore, our results also demonstrate an immune
independence of T cells, B cells, and NK cells for holo-bLf
in vivo antitumoral activity against HCC cells.

Sorafenib is the first-line treatment for advanced HCC
patients, despite its modest impact on survival and toxicity.
Because of its adverse effects, it has been necessary to
combine sorafenib with other drugs to lower its dose and to
improve tolerability without losing effectiveness® To determine
whether the combination of holo-bLf and sorafenib has an
additive or synergistic effect on HCC cell viability, we deter-
mined the combination index (CI) using the software
CompuSyn (https:/www.combosyn.com). This calculation is
based on the Chou-Talalay theory used to assess the statistical
significance of combination experiments,”" and this method is
currently accepted for calculating synergy and additivity.*”””
CI < 1 indicates synergism, CI = 1 indicates an additive effect,
and CI > 1 indicates antagonism. The combination indices we
obtained for HepG2 cells were CI = 0.54 after 48 h and CI =
0.41 after 72 h (Fig. 6C); therefore, we concluded that the effect
of the combination of holo-bLf and sorafenib on in vitro
HepG2 cell viability was synergistic. Such a combined effect on
Hep3B cells was moderated with the tested doses, although
significantly different from holo-bLf or sorafenib alone.
Sorafenib is a multikinase inhibitor, and one of its targets is
the Ras-Raf-MAPK axis; however, it has been reported that its
inhibitory activity prompts the compensatory activation of
PI3K-Akt-mTOR signaling. On the other hand, bLf decreases
the phosphorylation of Akt and mTOR in several models.'”"”?
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Therefore, we can hypothesize that the combination of holo-
bLf and sorafenib acts synergistically because they simul-
taneously inhibit the Ras-Raf-MAPK and PI3K-Akt-mTOR axes.

Here, we also found that holo-bLf and sorafenib either indi-
vidually or in combination induced G0/G1 cell cycle arrest. The
effect of holo-bLf on the arrest of cancer cell lines in G0/G1
phase is in line with its effect shown in other cancers.”*’>
Sorafenib is reported to cause cell cycle arrest in several cancer
cell lines, including HepGz2; coincidentally, our investigation
showed that it arrested the cell cycle in G0/G1 phase.”®””

In conclusion, to our knowledge, this is the first investi-
gation reporting the chemopreventive effect of holo-bLf on
HCC. The results suggest that Holo-bLf outperforms native-bLf
as a chemopreventive agent in the early stage of an in vivo
HCC model. Holo-bLf moderately diminishes the tumor
burden in established HCC models, whereas in vitro, it has a
synergic effect when used in combination with sorafenib.
Therefore, our investigation suggests that holo-bLf is a promis-
ing molecule to prevent HCC and to challenge advanced HCC
in combination with sorafenib. Finally, our investigation
encourages deeper mechanistic studies of the chemopreventive
action of holo-bLf on HCC progression.
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