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Abstract

We utilized Fas21, a resveratrol analog, to modulate the function of hepatic stellate cells (HSCs) and liver sinusoidal endothelial
cells (LSECs) during the angiogenic phase of murine liver metastasis by B16 melanoma and 51b colorectal carcinoma. Prean-
giogenic micrometastases were treated with Fas21 (1 mg/kg/day) or vehicle during the development of intra-angiogenic tracts.
Mice treated with Fas21 showed reduced liver tumor foci in both liver metastasis models. Micrometastases were classified im-
munohistochemically, as well as according to their position coordinates and connection to local microvasculature. The volume
of liver occupied by sinusoidal-type foci, containing infiltrating angiogenic capillaries, decreased by ~50% in Fas21-treated mice
compared to vehicle-treated ones in both tumor metastasis models. The volume of portal foci, containing peripheral neoangiogen-
esis within a discontinuous layer of myofibroblasts, was similar in all experimental groups in both tumor metastasis models, but
displayed enhanced necrotic central areas devoid of angiogenesis following Fas21 treatment. As a result, sinusoidal tumors from
mice treated with Fas21 showed a 50% reduction in desmin(+)/asma(+) HSCs and CD31(+) vessel density, and a 45% reduction
in intrametastatic VEGF mRNA compared with sinusoidal tumors from vehicle-treated mice. Necrotic portal metastases increased
2-4-fold in treated mice. In vitro, Fas21 reduced VEGF secretion by HSCs and 51b cells dose-dependently. Additionally, HSCs
migration in response to tumor soluble factors was dose-dependently diminished by Fas21, as was LSEC migration in response
to HSCs and tumor soluble factors. Resveratrol analog Fas21 inhibits the proangiogenic response of HSCs and LSECs during the
development of murine liver metastasis.
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INTRODUCTION liferative factors for the tumor cells (Olaso et al., 1997) and
soluble mediators such as VEGF, which elicit a proangiogenic
Stromal myofibroblasts associated with epithelial tumors response in the liver sinusoidal endothelium (Olaso et al.,
contribute substantially to the progression of cancer and 2003). Both aspects are partially regulated by inducible cyclo-
constitute a promising new target for anticancer therapies oxygenase 2 (Herrero et al., 2021).
(Mezawa and Orino, 2016). In the liver, tumor-activated he- Resveratrol is a nutraceutical compound with several anti-
patic stellate cells (HSCs) constitute a major element of the inflammatory and anti-oxidative effects. Mechanistic and pre-
myofibroblastic component of the tumor stroma in primary clinical studies indicate that resveratrol prevents and delays
(Makino et al., 2018) and metastatic (Shimizu et al., 2000) liver malignant growth in experimental in vitro and in vivo assays
cancer. Moreover, the analysis of peritumoral myofibroblasts (Kundu and Surh, 2004; Delmas et al., 2006) at relatively
has prognostic relevance in human hepatocellular carcinoma non-toxic doses. The pleiotropic activities of resveratrol are
(Barry et al., 2020). Activated HSCs contribute to liver metas- based on its ability to modulate multiple cell signaling mol-
tasis via inflammatory and proangiogenic response-related ecules. In the liver, resveratrol inhibits experimental hepatic
mechanisms (Gulubova, 2004). Mechanistically, soluble fac- fibrosis, showing reduced collagen type | and lower density
tors derived from tumor cells induce HSCs’ synthesis of pro- of a-smooth muscle actin-expressing myofibroblasts (Lee et
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al., 2010). We previously used B16-F10 melanoma (B16M)
cells to study the effects of resveratrol treatment on the ini-
tial inflammatory step of hepatic metastasis. In this situation,
resveratrol causes its effect primarily through the inhibition of
IL18-dependent tumor cell adhesion to the hepatic endothe-
lium (Salado et al., 2011).

Using resveratrol as a prototype, we synthesized (E)-5-(((4-
hydroxyphenyl)imino)methyl)benzene-1,3-diol, an unnatural
resveratrol analog (Fas21) obtained in high yield by conden-
sation between readily available reagents 4-aminophenol
and 3,5-dihydroxybenzaldehyde (Cossio et al., 2006; Lu et
al., 2012). We found that Fas21 interferes with metastases
growth and with tumor neovessel formation during the angio-
genic switch of the hepatic metastasis of murine B16M (Olaso
et al., 2003) and 51b-Lim9 colon carcinoma (51bCC) (Solaun
et al., 2002). Moreover, Fas21 downregulated the expression
of intratumoral VEGF mRNA, which is intimately involved in
angiogenesis. We also utilized an in vitro model composed of
B16M or 51bCC murine tumor cells, in conjunction with sinu-
soidal hepatic stellate cells (HSCs) and liver sinusoidal endo-
thelial cells (LSECs), to study the dialogue between the tumor
and the stroma microenvironment, along with the angiogenic
development in murine metastasis formation in the liver. Our
results showed that Fas21 remarkably inhibited metastasis of
B16M and 51bCC in the liver and reduced VEGF in situ. In
vitro, Fas21 abrogated HSCs’ and LSECs’ chemotactic migra-
tion in response to soluble factors produced by the tumor mi-
croenvironment.

MATERIALS AND METHODS

Chemical composition and computational analysis of
Fas21 and resveratrol

Fas21 was obtained as (E)-5-(((4-hydroxyphenyl)imino)
methyl)benzene-1,3-diol in high yield by condensation be-
tween readily available reagents 4-aminophenol and 3,5-di-
hydroxybenzaldehyde. According to NMR analyses, the pu-
rity of the molecule was >97% (Cushman et al., 2014). The
structures of resveratrol and Fas21 were fully optimized within
Density Functional Theory (DFT). The hybrid DFT functional
used was B3LYP (Becke, 1993; Stephens et al., 1994) with a
Grimme—Becke—Johnson (D3BJ) treatment of dispersion forc-
es (Grimme et al., 2011). The split-valence 6-31G(d) basis set
was used to describe hydrogen, carbon, and nitrogen atoms
(Hehre et al., 1986). Partial charges were calculated within a
natural bonding orbital (NBO) methodology (Weinhold, 2012).

Hepatic metastasis

Syngeneic C57BL/6J mice (male, 6-8 weeks old) were
obtained from Charles River (Saint-Germain-sur-I'Arbresle,
France). Housing, care, and experimental treatments were
conducted following Directive 2010/63/EU and according to
other institutional, national, and international guidelines re-
garding the protection and care of animals used for scientific
purposes. Hepatic metastases were produced by intrasplenic
injection into anesthetized C57 BL/6J mice (n=30) of 3x10°
viable B16 melanoma (B16M) cells or 3x10° viable 51b co-
lon carcinoma (51bCC) cells. Five days after tumor cells in-
jection, mice were divided into groups of five individuals that
received 1 mg/kg/day Fas21 or vehicle via intragastric tube.
In one experiment, another group of mice was treated with
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resveratrol (1 mg/kg/day) via an intragastric tube. Mice were
killed by cervical dislocation on the 12th day after the injec-
tion of tumor cells. Liver metastasis volume was calculated as
the number of metastases per 100 mm? of liver, based on the
mean number of foci detected in three 10%x10 mm sections per
liver (Solaun et al., 2002). Each experiment was carried out
three times.

Histochemistry

Hematoxylin—eosin staining and a-smooth muscle actin
(SMA) expression analysis were performed on 4 pm-thick
paraffin sections from zinc-fixed livers. In brief, slides were
incubated for 1 h with a 1:50 dilution of SMA monoclonal an-
tibody (DakoCytomation, Barcelona, Spain). Immunolabeled
cells were detected with an avidin-biotin-peroxidase kit (Vec-
statin ABC-AP kit; Vector Laboratories, CA, USA) according
to the manufacturer’s instructions. Sections (n=10 per group)
were sorted under microscopy observation according to their
average diameter with a reference calibration scale, and the
percentage of necrotic metastasis surface was determined.
CD31/desmin double staining was performed on 14 um-
thick cryostat sections kept briefly in cold acetone (n=10, per
group). Sections were sequentially incubated with anti-CD31
polyclonal antibody (BD Pharmigen, San Diego, CA, USA;
overnight, 1:100 dilution), F(ab")2 rabbit anti-rat IgG-FITC (Se-
rotec Ltd, Oxford, UK), 5% normal rat serum, 3% AffiniPure
Fab rabbit anti-mouse 1gG (1 h, 1:400, Jackson Labs, ME,
USA), anti-human Desmin monoclonal antibody (2 h, 1:200
dilution, DakoCytomation), and rabbit anti-mouse IgG-Texas
Red conjugate. All measurements were computer-assisted
and performed at 20x magnification.

Cell lines

Murine B16M (B16-F10 subline) and murine 51bCC were
obtained from the American Tissue Culture Collection (ATCC,
LGC Standards S.L.U., Barcelona, Spain). The murine 51bCC
subline Lim9 is a metastatic derivative from the parental cell
line 51bPT. This cell line was a kind gift from Dr. Robert S.
Bresalier, who established it (Bresalier et al., 1987). Cells
were maintained in DMEM supplemented with 10% FCS and
were discarded after 10 passages.

Isolation and primary culture of hepatic stellate cells and
liver sinusoidal endothelial cells

Mouse HSCs and LSECs were obtained as described else-
where, with minor modifications (Smedsrgd and Pertoft, 1985;
Olaso et al., 2003; Arteta et al., 2010). Briefly, livers were per-
fused by a collagenase solution followed by a Percoll gradi-
ent. Cells were cultured in non-coated wells (0.5x10* cells/
cm?) in DMEM with 10% FCS, unless otherwise stated. All the
cell cultures were at least 95% pure, as demonstrated by im-
munocytochemical analysis and Western blotting (Romayor et
al., 2020).

Generation of conditioned media

Tumor cell-conditioned media was obtained from sub-
confluent cultures maintained overnight in serum-free DMEM.
Then, the media was changed to serum-free DMEM for 24
h. HSC-conditioned media was obtained from sub-confluent
cultures maintained for 8 h in DMEM. Tumor-activated HSC-
conditioned media was obtained from sub-confluent cultures
maintained for 8 h in tumor cell-conditioned media diluted 1:1
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in DMEM. Cells were then pretreated, or not, for 30 min with
Fas21; media was changed at least twice and maintained
overnight in serum-free DMEM. All cell debris was removed by
centrifugation and supernatants were stored at —80°C. All con-
ditioned media was diluted 1:1 with fresh DMEM before use.

Laser microdissection

Laser microdissection was performed using an Arcturus®
LCM system (Applied Biosystems Thermofisher, Pittsburg,
PA, USA) on formalin-fixed, paraffin-embedded (FFPE) tissue
samples. Tumor foci with an average 700 um diameter were
collected and their RNA was amplified for standard quantita-
tive real-time polymerase chain reaction (n=20).

Quantitative real-time polymerase chain reaction

Quantitative real-time polymerase chain reaction (PCR)
was performed in triplicate in 25 pL with a SYBER Green PCR
Core Reagent kit and a Gene Amp 5700 sequence detection
system (all from PE Applied Biosystems, CA, USA), as pre-
viously described (Olaso et al., 2003). The following primers
were used for murine VEGF: 5’"GAGACCCTGGTGGACATC3’
and 5’TTTCTTT- GGTCTGCATTC3’ (this set of primers am-
plified the conserved region of all VEGF splicing forms); for
murine b-actin, 5’GCCTTCCTTCTTGGGTATGG3" and 5'-
ACGCAGCTCAGTAACAGTCC3" were used. Each PCR run
included 5 points of the standard curve (titrated dilutions of
plasmid containing the specific fragment to evaluate). The tar-
get messenger was analyzed by measuring Ct.

VEGF measurement

VEGF in non-concentrated cell culture supernatants was
analyzed with a commercial enzyme-linked immunosorbent
assay (ELISA) (R&D Systems, Madrid, Spain) following the
manufacturer’s instructions.

Cell migration assay

HSCs (3.5x10%) or LSECs (3x10°) were seeded onto
0.001% type | collagen-coated inserts with 8 um pores and
placed on top of 2 cm? wells (BD Biosciences, San Jose, CA,
USA) containing DMEM supplemented with 0.2% serum albu-
min, and were allowed to attach overnight. Then, media was
replaced by DMEM containing 0.2% serum albumin in the up-
per compartment. The lower compartments were filled with
either DMEM and 0.2% serum albumin (basal condition) or
tumor-conditioned media in DMEM and 0.2% serum albumin.
Some cells were pretreated with 10 uM of Fas21 or 10 uM res-
veratrol 30 min before the addition of the chemoattractant to
the lower compartment. After 8-24 h, non-migrated cells were
removed and migrated cells were fixed, stained with hema-
toxylin-eosin, and counted using a light microscope (20x) in 5
random fields per well.

Statistics

Results refer to mean + SD. Individual comparisons were
made with Student’s two-tailed, unpaired t-test. The criterion
for significance was p<0.05 for all comparisons. In vivo ex-
periments were repeated twice. In vitro experiments were per-
formed at least in duplicate with two independent samples.
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RESULTS

Fas 21 is a geometric and stereo-electronic analog of
resveratrol

Fully optimized structures of resveratrol and Fas21 (Fig.
1) show similar structures for both compounds. The lowest
conformation of resveratrol shows a coplanar structure, as
is shown by the ca. 180 deg. dihedral angles formed by the
central trans HC=CH moiety and both A and B phenyl groups.
The lowest energy conformation of Fas21 showed a slightly
distorted structure, with a departure from the coplanarity of
dihedral HC=N-B angle. However, the low energy profile as-
sociated with the rotation of both aryl groups shows a similar
average structure. This is shown by the distances among the
three hydroxyl groups, which are very similar for resveratrol
and Fas21. The solvent accessible surface areas (SASA)
computed for both compounds are also very similar, though
Fas21 is more polar than resveratrol, as is shown by the
slightly higher polar surface area (PSA) computed for Fas21.
This slightly higher polarity is induced by the negative par-
tial charge of the sp?-hybridized nitrogen atom of this latter
compound. In summary, the substitution of CH moiety in res-
veratrol by an N(sp?) atom in Fas21 results in a very similar
compound whose chemical synthesis is simpler. Therefore,
this synthetic molecule is suitable for further biological studies.

Fas21 reduces metastatic growth of intrasplenically
injected B16 Melanoma and 51b Colon Carcinoma cells

Mice were injected intrasplenically with syngenic B16M or
51bCC cells. After five days, small avascular tumor foci (less
than 250 um in diameter) were evident in the liver (Olaso et
al., 1997). At that time, mice received 1 mg/kg/day Fas21 or
vehicle intragastrically, and their livers were analyzed seven
days afterward. All treatments were well tolerated, and treat-
ed mice did not suffer body weight loss or any apparent life-
threatening toxicity compared to control mice receiving the
same volume of vehicle.

Treatment with Fas21 reduced the overall volume of liver
metastasis, independent of the tumor cell line used. Small
avascular foci with a diameter below 0.4 mm were not affect-
ed by the treatment, while differences between treated and
untreated mice were significant for neoangiogenic tumor foci
larger than 0.4 mm in diameter, where the average reduction
was ~50% compared to the respective untreated control mice
(Fig. 2). The largest inhibition took place in the panlobular
micrometastasis group of B16M-metastasized mice, where
Fas21 reduced tumor foci diameter by up to five-fold (Fig. 2A).
A similar effect was observed in 51bCC. Fas21 reduced by
~two-fold the number of micrometastases larger than 0.4 mm
in diameter (Fig. 2B).

Fas21 inhibits B16 Melanoma and 51b Colon Carcinoma
hepatic metastases of Sinusoidal Type

Liver sections were stained for smooth alpha-actin (SMA)
expression to analyze the effect of Fas21 on the angiogenic
pattern of B16M and 51bCC micrometastases, according to
their myofibroblastic support (Olaso et al., 2003, Solaun et al.,
2002). As shown in Fig. 3, 55-61% of vehicle-treated metas-
tases larger than 250 um belonged to the sinusoidal-type—or
intratumoral containing a network of sinusoidal-like capillar-
ies—while 28-36% of metastases were of portal- or peritumor-
al-type located in the vicinity of portal tracts and surrounded
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Fig. 1. Structural and electronic features of Fas21. Geometric parameters, partial charges, and solvent accessible surfaces of (A) resvera-
trol and (B) Fas21. Bond distances are given in A. Dihedral angles of the central moieties (HC=CH and HC=N, respectively) with phenyl
groups A and B are given in absolute value and deg. Solvent accessible surface areas (SASA) and polar surface areas (PSA) have been
calculated with a probe radius of 1.4 A (associated with water) and are given in A% Partial charges in the hydroxyl groups (in red) and the

sp’-hybridized nitrogen atom (in blue) are given in atomic units.
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Fig. 2. Effect of Fas21 administration on avascular micrometasta-
ses from B16M and 51bCC cells. Five days after cancer cell injec-
tion, Fas21 (1 mg/kg/day) or vehicles were administered via an in-
tragastric tube for the following 7 days. Then, livers were
processed for histological analyses. Metastatic foci were arbitrarily
subdivided into groups attending to their average diameter, and the
average density of each group was calculated in liver sections from
Fas21-treated or vehicle-treated (untreated) animals. (A) B16M, (B)
51bCC. Histograms represent the average values of two indepen-
dent experiments (n=30). *p<0.01 with respect to vehicle-injected
mice. F21: Fas21.

by a discontinuous layer of SMA-positive myofibroblasts. The
remaining 7-11% foci were avascular ones and did not contain
SMA. Fas21 reduced sinusoidal-type metastasis density by
~54% in the B16M model (Fig. 3E), and by -62% in the 51b-
CC model (Fig. 3F). The density of portal-type metastases
was not significantly modified, but their average size was larg-
er in Fas21-treated B16M foci tumors than in their respective
controls (data not shown). In both models, Fas21 promoted
central necrosis (Supplementary Fig. 1). In the B16M model,
the portal metastasis necrosis was two-fold higher in treated
mice than untreated ones (Supplementary Fig. 1A). In the
51bCC model, which was less prone to necrosis, the effect of
Fas21 was more intense and reached a four-fold increase in
metastases of a portal-type larger than 0.8 mm in diameter of
treated mice compared to untreated ones (Fig. 3D).

Fas21 Inhibits angiogenic vessel formation in sinusoidal-
type metastasis of B16M and reduces in vitro migration
of Hepatic Stellate Cells and Liver Sinusoidal Endothelial
Cells

The recruitment of CD31-expressing angiogenic endothe-
lial cells, associated with SMA/desmin-expressing tumor-acti-
vated HSCs in the development of avascular metastases, is a
key step for tumor angiogenesis in hepatic micrometastases
(Olaso et al., 2003). Moreover, tumor-derived factors promote
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Fig. 3. Effect of Fas21 on the occurrence of B16M or 51bCC mi-
crometastasis types regarding their position coordinates in liver tis-
sue and their connection to local microvasculature. Metastatic foci
in their angiogenic stage, larger than 250 um in diameter and
stained with H/E or anti-SMA antibodies, were separated according
to their sinusoidal-type or portal-type character, were counted un-
der microscopy, and are expressed as foci per 100 mm®: (A) Sinu-
soidal-type 51bCC micrometastasis from untreated mouse associ-
ated with infiltrating capillaries. (B) Portal-type 51bCC
micrometastasis from untreated mouse containing blood-filled ca-
veoli. (C) Sinusoidal-type B16M micrometastasis from Fas21
mouse containing SMA-positive myofibroblasts (blue staining) as-
sociated with infiltrating angiogenic capillaries. (D) Portal-type
B16M micrometastasis from Fas21-treated mice surrounded by a
discontinuous layer of SMA-positive myofibroblasts (red staining)
containing blood-filled caveoli. (E, F) Histograms on the number of
sinusoidal and portal foci in B16M and 51bCC metastasized livers.
P: portal-type metastatic foci; S: sinusoidal-type metastatic foci;
AV: avascular metastatic foci; F21: Fas21. Scale bar: 100 um. Yel-
low arrows: blood-filled caveoli. *p<0.05 versus untreated mice.

HSCs migration in the hepatic metastasis microenvironment.
In turn, tumor-activated HSCs induce LSEC proangiogenic
migration (Olaso et al., 2003, Herrero et al., 2021). Immu-
nohistological analyses of intratumoral cellular composition
in B16M metastatic foci showed angiogenic vessels formed
by CD31-expressing cells in close contact with SMA/desmin-
expressing cells (Fig. 4A-4D). Fas21 significantly reduced the
density of CD31-expressing angiogenic vessels by 55% and
desmin-expressing HSCs by 50% (Fig. 4E, 4F) compared to
untreated mice. Moreover, Fas21 administration caused the
impaired formation of vessels longer than 120 pm compared
to those observed in metastases of untreated mice (Fig. 4G).

In vitro, B16M-conditioned media induced untreated HSCs
migration compared to basal media. Such activation was in-
hibited dose-dependently by increasing concentrations of
Fas21 (Fig. 5A). B16M-derived factors and HSCs-derived fac-
tors are two main promotors of LSECs’ migration in the he-
patic metastasis microenvironment. In vitro, freshly isolated
LSECs pretreated with 10 uM of Fas21 migrated significantly
less than LSECs maintained in the presence of vehicle, in re-
sponse to both B16M- and HSCs-conditioned media (Fig. 5B).
Under those experimental conditions, there was no observed
apoptosis or cell toxicity, while Fas21 higher than 25 uM pro-
moted cell detachment (data not shown).
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Fig. 4. Effect of Fas21 in intratumoral desmin expression and an-
giogenesis of B16M micrometastasis. Cryostat sections from
B16M-bearing livers stained with anti-desmin (in red) and/or anti-
CD31 (in green) antibodies: (A, B) desmin-expressing cells (A) or
CD-31-expressing cells in non-necrotic tumor foci. (C, D) Intratu-
moral neoangiogenic tracts composed of CD31-expressing endo-
thelial cells and associated desmin-expressing pericytes are con-
nected to liver sinusoidal capillaries. (E-G) Density and length of
desmin- or CD31-expressing vessel tracts in non-necrotic micro-
metastasis. F21: Fas21. T: tumor foci. S: hepatic sinusoids. White
arrows: representative microvessel inside the tumor foci. Scale
bar: 100 pm. *p<0.05 versus untreated mice.
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Fig. 5. Effect of Fas21 on LSECs’ chemotactic migration induced
by B16M cells and by tumor-activated HSCs: (A) HSCs were cul-
tured on collagen-coated inserts in the presence of increasing con-
centrations of Fas21. Then, media was replaced by DMEM in the
cell compartment and supernatants from B16M in the lower com-
partment. Migrated cells were stained with H/E and counted under
the microscope. *p<0.05 versus control cells in basal medium
number of migrated HSCs in basal medium: 15 + 8 and *p<0.05
versus control cells in B16M-CM. (B) LSECs were cultured on col-
lagen-coated inserts and either 10 uM of Fas21 or vehicle. Then,
media was changed and replaced by basal media in the upper cell
compartment and supernatants from B16M-treated HSCs in the
lower compartment. Migrated cells were stained with H/E and
counted under the microscope. *p<0.05, **p<0.01 and ***p<0.005
versus control LSECs in basal medium (10 £+ 2 LSECs) and
#p<0.05 versus control cells in B16M-CM. F21: Fas21.

Fas21 reduces intratumoral VEGF mRNA levels in 51b
Colon Carcinoma hepatic metastasis and VEGF secretion
by cultured 51b Colon Carcinoma cells and tumor-
activated Hepatic Stellate Cells

VEGEF is the main angiogenic factor in liver metastasis. Tu-
mor cells and activated HSCs are major cellular sources of



VEGF in the metastasized liver. Laser microdisectates from
angiogenic, non-necrotic, 51bCC tumor foci (Fig. 3A) con-
tained an average of two-fold more VEGF than close tissue
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Fig. 6. Fas21 reduces VEGF in the tumor microenvironment: (A)
Quantitative RT-PCR analysis of VEGF mRNA in laser microdis-
sected foci from murine liver metastasis by 51bCC. =VEGFCt/
Bactin Ct=35,71/34,70. (B) In vitro ELISA measurement of VEGF in
51bCC- and HSC-conditioned media after treatment or not with 10
uM of Fas21. *p<0.05 versus non-tumoral tissue. **p<0.05 versus
micrometastases of 51bCC-bearing mice treated with Fas21.
#p<0.05 versus untreated 51bCC cells. #p<0.05 versus untreated
basal HSCs. #p<0.05 versus untreated tumor-activated HSCs.
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that was unaffected by the tumor (Fig. 6A). Hepatic metasta-
ses of mice treated with Fas21 contained ~45% less VEGF
mRNA than those from untreated mice. Interestingly, Fas21
did not affect VEGF mRNA levels in non-tumoral liver tissue.
Finally, ELISA showed that Fas21 dose-dependently reduced
the amount of VEGF secreted by cultured 51bCC (Fig. 6B).
Moreover, 10 uM of Fas21 inhibited 50% of VEGF secreted by
freshly isolated, quiescent HSCs and the induction of VEGF
production generated by HSC activation through exposure to
51bCC supernatants (Fig. 6B). Similar results were obtained
at the mRNA level (Supplementary Fig. 2). Semiquantitative
RTPCR showed that treatment with 10 uM of Fas21 signifi-
cantly reduced the amount of VEGF mRNA synthesized by
HSCs activated by either B16M- or 51bCC-conditioned media.

On the whole, these data demonstrate the possible role of
Fas21 in relation to metastasis on at least at two levels: first,
on the tumor cells, and second, on the generation of a promet-
astatic milieu that impairs proangiogenic stromal cell reaction.

Fas21 efficiency as a liver metastasis inhibitor compared
to resveratrol

We previously demonstrated that resveratrol inhibits experi-
mental hepatic metastasis by intrasplenic injection of B16M
(Salado et al., 2011). To compare the inhibitory ability of Fas21
with that of resveratrol against the metastatic development of
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Fig. 7. Comparison of the antimetastatic effects on B16M between Fas21 and resveratrol: (A) Mice were injected intrasplenically with B16M
cells. Animals were treated intragastrically with 1 mg/kg/day of Fas21, resveratrol, or vehicle. On day 12, livers were analyzed immunohisto-
chemically. (B) Comparison of the effects of Fas21 and resveratrol on the proliferative potential of HSC on B16 cells. Tumor cells were cul-
ture in the presence of HSCs soluble factors pre-treated with either resveratrol or Fas 21. Viability was measured after 48 h by Presto Blue.
*p<0.01 with respect to B16 viability cultured in the presence of untreated HSCs.
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B16M in the liver, mice received Fas21, resveratrol (both intra-
gastrically at a dose of 1 mg/kg/day), or vehicle. Fig. 7A shows
that the inhibition of metastatic development, measured us-
ing immunohistochemical parameters, was similar using both
compounds. Additionally, growing concentrations ranging from
5 to 25 puM of either compound produced a similar inhibitory
effect on B16 proliferation in response to HSCs soluble factors
(Fig. 7B). Moreover, a concentration of 10 uM of either com-
pound inhibited HSCs migration in response to B16 soluble
factors (Fig. 7C).

DISCUSSION

In the present work, we used an experimental model of liver
metastasis where tumor growth and the development of an
intratumoral angiogenic stroma depended on the reciprocal
interaction between host cells and tumor cells, and the result-
ing angiogenic response is partly regulated by VEGF. In this
model, we analyzed the effect of Fas21, a resveratrol ana-
log, on the angiogenic response of liver sinusoidal endothelial
cells and hepatic stellate cells to metastasis development by
B16 melanoma and 51b colon carcinoma.

Livers from mice treated with Fas21 contained significantly
fewer metastasis foci than untreated ones. This was evident in
the small set of foci, which may indicate that micrometastasis
regression was taking place on a fraction of the metastases
that were developed before drug administration. Additionally,
sinusoidal-type growth was highly inhibited by Fas21, but not
portal-type growth. These may suggest that, in this model,
Fas21 exerts its effects at two levels: one, directly to the tumor
cells, and two, on the tumor-associated stroma, being largely
more effective on sinusoidal-type metastasis. This hypothesis
is supported by our in vitro results, where Fas21 prevented the
migratory response of HSCs and LSEC exerted by tumor cells
and HSCs supernatants, respectively. As previously reported
by us and others, HSCs and LSECs conform the cellular sup-
ply for neoangiogenesis in experimental murine metastasis
to the liver (Olaso et al., 2003). Once activated by the tumor
microenvironment, HSCs/LSECs dialogue results in the syn-
thesis of a proangiogenic stroma that favors metastatic growth
(Vidal-Vanaclocha, 2008). Our results show that Fas21 re-
duces HSCs and LSECs’ proangiogenic, invasive, and secre-
tory responses by an average of 50%, indicating that Fas21
deserves further analysis as a coadjuvant candidate in meta-
static treatment.

We previously found that resveratrol alters the inflamma-
tion phase that occurs during B16M colonization of the liver
through inhibition of IL-18-dependent expression of VCAM-1
by tumor-activated LSECs and adhesion- and proliferation-
stimulating effects of IL-18 on metastatic B16 cells through
hydrogen peroxide-dependent NF-kB translocation blockade
(Salado et al., 2011). In this work, we analyze the angiogenic
phase that occurs once tumor cells have initiated the forma-
tion of micrometastases. Our findings indicate that the resve-
ratrol analog Fas21 reduces VEGF production in the tumor
microenvironment at this metastatic stage produced by both
B16 and 51bCC cells. Our work corroborates previous studies
that demonstrate how resveratrol suppresses the growth of
new blood vessels in developing embryos (Brakenhielm et al.,
2001) and blunts subcutaneous C26 colon carcinoma vascu-
larization (Walter et al., 2008).

https://doi.org/10.4062/biomolther.2021.062

Our findings suggest that the antitumor effects of Fas21
could be explained by its indirect anti-stromal activities as an
inhibitor of the proangiogenic milieu generated by tumor infil-
tration of the hepatic sinusoids, as well as by its direct effect
on tumor cell growth.
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