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A Screening of Native (Poly)phenols and Gut-Related
Metabolites on 3D HCT116 Spheroids Reveals Gut Health
Benefits of a Flavan-3-ol Metabolite
Josep Rubert,* Pamela Gatto, Michael Pancher, Viktoryia Sidarovich, Claudio Curti,
Pedro Mena, Daniele Del Rio, Alessandro Quattrone, and Fulvio Mattivi

Scope: Epidemiological evidence suggests that a reduced risk of colorectal
cancer (CRC) is correlated with high consumption of fruits and vegetables,
which are major sources of fiber and phytochemicals, such as flavan-3-ols.
However, it remains unknown how these phytochemicals and their specific
gut-related metabolites may alter cancer cell behavior.
Methods and results: A focused screening using native (poly)phenols and gut
microbial metabolites (GMMs) on 3D HCT116 spheroids is carried out using
a high-throughput imaging approach. Dose–responses, IC50, and long-term
exposure are calculated for the most promising native (poly)phenols and
GMMs. As a result, this research shows that (poly)phenol catabolites may
play a key role in preventing cancer propagation. Indeed, μM concentration
levels of (4R)-5-(3ʹ,4ʹ-dihydroxyphenyl)-𝜸-valerolactone significantly decrease
spheroid size at early stages of spheroid aggregation and gene expression of
matrix metalloproteinases.
Conclusion: A chronic exposure to (4R)-5-(3ʹ,4ʹ-dihydroxyphenyl)-𝜸-
valerolactone may lead to a reduced CRC risk. Daily intake of monomeric,
oligomeric, and polymeric flavan-3-ols may increase the colonic
concentrations of this metabolite, and, in turn, this compound may act locally
interacting with intestinal epithelial cells, precancerous and cancer cells.
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1. Introduction

Diet-gut microbiota interactions exhibit a
substantial impact on intestinal epithe-
lial cells (IECs).[1] Apart from the host
genetics, environmental factors, dietary
patterns, and microbiome dysbiosis, gut
microbial metabolites (GMMs) play a piv-
otal role in the homeostasis[2] of IECs
and progression of diseases, such as col-
orectal cancer (CRC).[3] CRC is one of
the most commonly diagnosed malig-
nancies and one of the most common
causes of cancer death in Europe.[4,5] It
is estimated that the global burden of
CRC will increase by 60%, with over
2.2 million new cases by 2030,[4] due
to an aging population and Western di-
etary patterns. Dietary patterns modulate
the gut microbiota community and influ-
ence its function,[6] leading to changes in
metabolite production.[7–11] Then, GMMs
can quickly reach the gut epithelium,
promoting gut health[12] or triggering
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gastrointestinal (GI) diseases.[13] The scientific literature has
brilliantly explained the essential function of short-chain fatty
acids (SCFAs) released from the fermentation of dietary fibers.
Acetic acid, propionic acid, and butyric acid have been linked
to bacteria producers and their key roles in regulating host
metabolism, immune system, cell proliferation, mucus produc-
tion, and secretion.[14] By contrast, how gut microbiota inter-
acts with bioactive phytochemicals, such as (poly)phenols,[15]

species involved in the breakdown of (poly)phenols,[16] and spe-
cific GMMs thatmay alter cancer cell behavior have been scarcely
studied.[17,18]

Evidence suggests that a reduced risk of CRC[19–21] is asso-
ciated with high consumption of fruit and vegetables, which
are major sources of fiber and phytochemicals, such as
(poly)phenols.[22–24] After the digestion of fruit and vegetables,
up to 90–95% of oligomeric (poly)phenols, mainly proantho-
cyanidins (PACs), are not absorbed by the small intestine[8,25]

and, together with nondigestible polysaccharides, reach the colon
almost intact,[26] where they interact with gut microbiota.[7,8]

Firstly, PACs, among other (poly)phenols, and fiber undergo
extensive microbial bioconversion, producing hydroxyphenyl-𝛾-
valerolactones (PVLs), their derived hydroxyphenylvaleric acids
(PVAs), other phenolic acids, and SCFAs.[26,27] Lastly, these
GMMs may then act locally interacting with IECs,[28] but these
catabolites can also either modulate the gut microbiota[15] or be
absorbed and released into the bloodstream.[8,29,30] Dietary pat-
terns are associated with health outcomes, however beneficial ef-
fects of GMMs, particularly those derived from flavan-3-ols, are
often difficult to demonstrate in epidemiological and interven-
tional studies targeting gut health because the gutmicrobiota un-
derlies interindividual variability,[31] and then, metabolites occur
locally and are rapidly absorbed.[28]

The intestinal epithelium is rapidly renewed. The continu-
ous cellular turnover of the intestinal epithelium is conserved
by Lgr5+ intestinal stem cells, which generate transit-amplifying
cells, and then differentiate into various IECs.[32] Intestinal stem
cells have been linked with the origin of CRC,[33] a multistage
process that progresses from normal cells to neoplastic transfor-
mation and tissue invasion.[34] Throughout this process, the ex-
tracellular matrix plays a pivotal role in CRC. The extracellular
matrix provides an essential physical scaffolding and regulates
important biochemical processes, mediating cell adhesion and
cell signaling, thereby regulating processes as diverse as prolifer-
ation, differentiation, migration, and apoptosis.[35] This special-
ized niche is maintained by degrading enzymes released to reha-
bilitate the extracellular matrix and to reinstate tissue homeosta-
sis. However, in cancer progression remodeling is seized control,
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and extracellular components and enzymes lead toward tumori-
genesis. One important step in CRC invasion is the disassembly
of the extracellular matrix and its constituents through enzymes
such as matrix metalloproteinases (MMPs).[36] Dietary phenolic
compounds have been shown to act at multiple key steps in car-
cinogenesis and inflammation, modulating key signal transduc-
tion pathways, as those mediated by NF-𝜅B and STAT, PI3K and
COX9,[22,37] but also other linked to cancer propagation, such as
MPPs.[38] However, the role of specific GMMs, such as PVLs,
PVAs, and small phenolic acids in modulating these pathways
and preventing GI diseases is limited.
Several strategies have been proposed to determine the local ef-

fects of native phytochemicals or GMMs on cancer cells of the GI
tract. Immortalized human cancer cell lines grown as monolay-
ers (2D) is themost popularmodel to study the bioactivity of food-
related compounds.[22,31,39–42] However, 2D cell models have seri-
ous drawbacks. For instance, they do not recapitulate the tumor
cell microenvironment, lack dimensionality, and differ metabol-
ically, genetically, and phenotypically from in vivo cells.[43] As an
alternative, animal models have been used to translate and con-
firm hypotheses observed by 2D in vitro models.[44,45] Although
animal models represent a powerful approach for bioactive as-
sessment, they still present several limitations. First, the gut en-
vironment including the gut architecture, animal diet, and gut
microbiota is nonhuman.[46] Secondly, there are high-costs re-
lated to animal care and breeding, and ethical concerns to be
considered.[41] During the last decade, 3D models have emerged
as an alternative to animal models and 2D cell lines.[12,41] Tu-
mor spheroids mitigate the disadvantages of the 2D cell mod-
els, gaining intrinsic properties and better mimicking the in
vivo scenario, for instance, cell-to-cell and cell-extracellular ma-
trix interactions.[47] At the same time, protocols are simple, repro-
ducible, and cost-effective to reveal the role and dose–response of
food-related compounds in preventing CRC.
In this research work, we developed a high-throughput imag-

ing strategy to investigate the responses of 3DHCT116 spheroids
to native (poly)phenols, such as flavan-3-ols, flavonols, flavones,
dihydrochalcones, isoflavones, stilbenes, phenolic acids, and
GMMs like PVLs, PVAs and small phenolic acids, as well as other
bioactive compounds. As a first step, a focused screeningwas per-
formed to investigate the ability of those compounds to affect
3D spheroid integrity (SI). Afterward, dose–response relation-
shipwas determined for themost promising native (poly)phenols
and GMMs, and lastly, we investigated in depth the role of one
PVL. This research shows that specific (poly)phenol catabolites
may play a role in promoting gut health, and provides vital infor-
mation for the future design of in vivo studies.

2. Results and Discussion

2.1. The Impact of Native (Poly)phenols and GMMs on Spheroid
Integrity

2.1.1. Optimization of a High-Throughput Imaging Workflow

Firstly, native phytochemicals, as they occur in plants, and re-
leased GMMs were selected. A detailed Table S1, it can be found
in the Supporting Information. These native (poly)phenols were
chosen because they can be found in many fruits that humans
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consume daily, such as apples, pears, stone fruits, cranberries,
blueberries, grapes, and foodstuffs such as wine, tea, sorghum,
lentils, nuts, and dark chocolate, among others.[26,30] Afterwards,
as mentioned above, (poly)phenols are the substrate needed by
the gut microbiota to release specific GMMs, such as PVLs,
PVAs, and small phenolic acids. Secondly, a cell model closely
recapitulating an in vivo tumor environment was used. To visu-
alize cellmorphology and quantify efficiently phenotypic changes
by imaging techniques, this line was genetically modified to ex-
press an EGFP protein (HTC116 EGFP).[48] Then, cell adhesion,
cell proliferation, and the capacity of spheroid formation were
compared. Both 2D and 3D HCT116 WT and HCT116 EGFP re-
sponded equally to 5-FU (Figure S1, Supporting Information).
Lastly, the Z’ factor was determined to quantify the suitability of
the high-throughput screening. 3D HTC116 EGFP spheroids (n
= 27/condition) were treated with 5-FU (50 μM), chemotherapeu-
tic agent used for colon cancer carcinoma, which was used as a
positive control, and with a negative control, DMSO 0.05%, for
72 h to measure the Z’ factor parameter.[49] Considering that this
parameter ranges from one (excellent assay) to below zero values
(unworkable assay), a Z’ factor of 0.4 indicates a feasible assay
to study 3D spheroid responses to (poly)phenols and gut-related
metabolites (Figure S2, Supporting Information).

2.1.2. A Screening of Phytochemicals and GMMs

At this point, the screening assay was performed evaluating the
role of native phytochemicals and GMMs. As several studies
claimed, the colonic concentration of (poly)phenols and GMMs
may range from μM to mM.[28,31] However, it is difficult to
quantify accurately in vivo the colonic concentration of these
compounds since the gut microbiota leads concurrent biotrans-
formations and the metabolized forms may rapidly be absorbed
by enterocytes. Note that physiological concentrations ranging
from 10 to 100 μM of various compounds studied in the research
work exerted limited cytotoxicity on normal human colon cell
lines.[50,51] The SI was evaluated on 3DHCT116 EGFP spheroids,
which were immediately treated (50 mM), after seeding, for a
period of 72 h from at least four independent experiments.
Spheroids were then imaged, and the SI was calculated (Table
S2, Supporting Information). 3D spheroids were initially treated
at an early time point,[52,53] because we hypothesized that native
(poly)phenols and GMMs play a role in prevention, modulating
cancer cell growth, and propagation that occur early in spheroid
formation. Only those native (poly)phenols and GMMs that were
able to alter the SI more than 20% (SI inferior to 80%) were fur-
ther evaluated (Table 1 and Figure S3, Supporting Information).
The screening revealed that (+)-catechin and (−)-epicatechin did
not alter the SI (Table S2, Supporting Information). By contrast,
ursolic acid, pyrogallol, gallic acid, and flavan-3-ol monomers
with three hydroxyl groups ((+)-gallocatechin) and esterified
forms with gallic acid ((+)-gallocatechin-3-gallate (GCG) and (−)-
epigallocatechin-3-gallate (EGCG)) significantly affected the SI
(Table 1). Various of these natural products exhibit cancer chemo-
preventive and chemotherapeutic activities. For example, ursolic
acid has been used as natural product-based nanoformulations
targeting cancer cells,[54] and has also inhibited proliferation on
cancer HCT116 cells.[55] A recent study has proven the EGCG

Table 1. Spheroid integrity (SI) was calculated as the average value and
standard deviations (SD) for each polyphenol and gut-related metabolite.

Compound SI SD

(+)-Gallocatechin-3-gallate (GCG) 1.0 1.1

Benzene-1,2,3-triol (pyrogallol) 1.5 1.6

(−)-Epigallocatechin-3-gallate (EGCG) 1.6 0.6

Ursolic acid 1.9 2.5

(+)-Gallocatechin 9.7 4.9

3,4,5-Trihydroxybenzoic acid (gallic acid) 34.0 19.1

5-Fluorouracil 39.0 10.8

(4R)-5-(3ʹ,4ʹ-dihydroxyphenyl)-𝛾-valerolactone 44.7 22.3

Benzene-1,2-diol (catechol or pyrocatechol) 50.7 16.3

Naringenin 54.7 6.3

Resveratrol 55.6 27.7

Luteolin 58.9 28.2

2ʹ-Hydroxycinnamic acid (o-coumaric acid) 63.8 36.5

3-(3ʹ,4ʹ-Dihydroxyphenyl)propanoic acid (dihydrocaffeic acid) 65.2 14.7

3ʹ,4ʹ-Dihydroxyphenylacetic acid 67.6 18.8

5-(3ʹ,4ʹ-Dihydroxyphenyl)valeric acid 68.7 7.9

Glycitein 7-O-glucoside (glycitin) 76.1 10.1

4ʹ-Hydroxy-3ʹ-methoxycinnamic acid (ferulic acid) 80.1 13.4

3D HTC116 spheroids were treated at 50 μM from at least four independent exper-
iments. After 72 h of exposure, the SI parameter was calculated as a percentage of
the control (DMSO 0.05%).

mechanism of action on cancer cells. This green tea flavan-3-ol
shields the murine double minute 2 (MDM2) binding site
of p53-N-terminal domain, thus stabilizing p53 by inhibiting
p53 ubiquitination and degradation, and, in turn, promotes
apoptosis.[56] Besides, the gallic acid portion of the EGCG may
interact with the cytosine active site on the DNA methyltrans-
ferase enzyme, which may be one of the reasons EGCG can also
be an effective DNA methyltransferase inhibitor.[57] Although
these phenolics and monomeric flavan-3-ols disturbed the SI
and 3D spheroid propagation and, in a real-life scenario, a
small fraction of the ingested amount is rapidly absorbed in the
upper GI tract,[58,59] the bulk of phenolics, (epi)(gallo)catechins,
and (epi)(gallo)catechin-3-gallates arrive unmetabolized at the
colonic region, where they are rapidly biotransformed by the gut
microbiota.[60,61] Therefore, the expected low concentrations and
the rapid biotransformation in the colonic region suggest that
flavan-3-ol monomers do not directly play a key role in prevent-
ing CRC, as described elsewhere.[21] The same applies to PACs,
such as, procyanidins B1 and B2, that arrive nearly intact at the
distal GI tract and, in this study, did not influence the SI (Table
S2, Supporting Information). Even if the direct repercussion
on IECs of monomeric and oligomeric flavan-3-ols may be con-
sidered marginal, in a real-life scenario, indirectly, they may be
crucial in promoting GI health. Because the gut microbiota uses
monomeric, dimeric, and oligomeric flavan-3-ols as substrate to
produce PVLs, PVAs, and small phenolic acids.[28,62,63] The SI was
notably affected by one PVL, (4R)-5-(3ʹ,4ʹ-dihydroxyphenyl)-𝛾-
valerolactone (44.7%), one PVA, 5-(3ʹ,4ʹ-dihydroxyphenyl)valeric
acid (68.7%), and several small phenolic acids, such as benzene-
1,2-diol (50.7%), 3ʹ,4ʹ-dihydroxyphenylacetic acid (67.6%), and
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4ʹ-hydroxy-3ʹ-methoxycinnamic acid (also named ferulic acid)
(80.1%), as it can be seen in Table 1. PVLs belong to an important
class of flavan-3-ol microbial metabolites characterized by their
high concentrations in different compartments. The nutrikinet-
ics pattern of PVLs is defined by a steady concentration in plasma,
and a delayed appearance in urine caused by a prolonged break-
down of PACs, (epi)(gallo)catechins, and (epi)(gallo)catechin-3-
gallates in the colonic region.[8] For example, Brindani et al.[64]

reported urinary concentrations of PVLs reaching 132 μM after
1 week of green tea supplementation. In another study, after a
single intake of 400 g of Elstar apple the cumulative excretion
of PVLs and PVAs resulted on 524 μM.[31] Taken all together,
this evidence suggests that i) the gut microbiota plays a pivotal
role shaping the chemical structure of flavan-3-ols, and ii) μM
concentrations in the colonic region may affect cancer cell
behavior.

2.2. Zooming in the Potential of PVLs and Small Phenolic Acids
as Inhibitors of 3D HTC116 Spheroid Aggregation

The first broad screening demonstrated that low molecular
phenolic compounds released by the colonic microbiota sub-
stantially affected 3D SI. This morphological parameter was
remarkably affected by one PVL, 5-(3ʹ,4ʹ-dihydroxyphenyl)-
𝛾-valerolactone. For this reason, we decided to further eval-
uate the influence of the chemical structure. 3D HCT116
spheroids were treated with 50 μM of PVLs ((4R)-5-(3ʹ-
hydroxyphenyl)-𝛾-valerolactone, (4S)-5-(4ʹ-hydroxyphenyl)-𝛾-
valerolactone, (4R)-5-(3ʹ,4ʹ-dihydroxyphenyl)-𝛾-valerolactone,
and (4R)-5-(3ʹ,5ʹ-dihydroxyphenyl)-𝛾-valerolactone), one phase
II conjugate ((4R)-5-(3ʹ-hydroxyphenyl)-𝛾-valerolactone-4ʹ-
sulfate), and small phenolic acids (3-hydroxybenzoic acid,
3ʹ-hydroxyphenylacetic acid, 4ʹ-hydroxyphenylacetic acid, and
3-(3ʹ-hydroxy-4ʹ-methoxyphenyl)propanoic acid (also named
dihydro-isoferulic acid)) (Figure 1).
Following the proposed biotransformation pathway,[61]

PACs and (epi)catechins are biotransformed releasing 5-(3ʹ,4ʹ-
dihydroxyphenyl)-𝛾-valerolactone.[28,30] As it can be seen in Fig-
ure 1, this GMM significantly affected SI (adjusted p < 0.0001),
likewise the positive control 5-FU, a drug commonly used in
CRC treatments. Afterward, this GMM may be dehydroxylated
to yield the analogous 5-(3ʹ-hydroxyphenyl)-𝛾-valerolactone and
5-(4ʹ-hydroxyphenyl)-𝛾-valerolactone derivatives. In this study,
these colonic metabolites did not alter SI. Neither the sulfate
conjugate 5-(3ʹ-hydroxyphenyl)-𝛾-valerolactone-4ʹ-sulfate did it
(Figure 1). On the other hand, (epi)gallocatechins are colonic pre-
cursors of 5-(3ʹ,4ʹ,5ʹ-trihydroxyphenyl)-𝛾-valerolactone, which is
consecutively dehydroxylated to generate the analogous 5-(3ʹ,4ʹ-
dihydroxyphenyl)-𝛾-valerolactone and 5-(3ʹ,5ʹ-dihydroxyphenyl)-
𝛾-valerolactone. The hydroxyl groups at the C3ʹ and C4ʹ positions
of ring B highlighted a superior bioactivity (adjusted p < 0.0001)
compared to C3ʹ and C5ʹ positions (Figure 1). Lastly, the small
phenolic acids tested, end-products of the proposed biotransfor-
mation pathway of PACs, did not modify the SI. However, if we
compared these results with the previous screening (Table S2,
Supporting Information), 3-(3ʹ,4ʹ-dihydroxyphenyl)propanoic
acid and 3ʹ,4ʹ-dihydroxyphenylacetic acid, containing two hy-
droxyl groups, were more effective lowering the SI than those

Figure 1. The impact of hydroxy-phenyl-𝛾-valerolactones and small pheno-
lic acids on 3DHCT116 EGFP spheroid integrity. Data are themean± SEM
from at least four independent experiments. One-way ANOVA followed by
Holm–Sidak test (**** Adjusted p < 0.0001).

small phenolics having exclusively one hydroxyl group (Figure 1
and Table S2, Supporting Information). These metabolites
bearing the ortho-dihydroxy substitution, are reported among
the major circulating metabolites, deriving from the dietary
intake of catechin, epicatechin and procyanidins, and flavan-3-ol
oligomers.[28]

2.2.1. Native (Poly)phenols and GMMs: Half-Maximal Inhibitory
Concentrations (IC50)

Eleven compounds were further validated using the IC50. The
IC50 calculates efficacy and indicates how much compound is
needed to inhibit SI by half. Spheroid treatments were performed
at early stages of aggregation (t = 0 h), and when spheroids were
fully formed (t = 72 h). Phytochemical and GMM concentrations
ranged from 0 to 100 μM, as these concentrations are in line with
the expected amount of phenolic compounds in the intestinal lu-
men upon dietary (poly)phenol consumption.[65,66]

To further validate our research, butyric acid was first used as
a positive control. Butyric acid is a SCFA present in a high con-
centration in the gut lumen. This GMM is produced by the fer-
mentation of dietary fiber via the gut microbiota. Butyric acid is
used by healthy colonocytes as an energy source and promotes
proliferation.[14] However, this metabolite also inhibits cell prolif-
eration and induces apoptosis on cancer cells.[9,67] Several studies
have reported that butyric acid inhibited cell proliferation (250–
10 000 μM) on different 2D immortalized cancer cell lines.[68,69]

At this point, we investigated how much butyric acid was needed
to inhibit SI by half on formed-spheroids (IC50 = 670 μM) and on
early stages of spheroid formation (IC50 = 712 μM), (Figure S4,
Supporting Information). These responses were similar to those
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Figure 2. Seven-point dose-response curve of EGCG A), gallocatechin B), gallic acid C), and epicatechin gallate D) on HCT116 EGFP spheroids in
aggregation and epicatechin gallate on formed spheroids E). Spheroids were exposed to increasing concentrations from 3 to 100 μM for 72 h. Spheroid
integrity was quantified by the High Content Imaging System Operetta (Perkin Elmer) and expressed as a percentage of SI of vehicle-treated controls
(DMSO 0.05%). IC50 was calculated applying dose–response-inhibition nonlinear regression analysis. Data are expressed as mean ± SEM, and all
experiments were performed from at least four independent experiments. Spheroids were imaged on High Content Imaging System Operetta (Perkin
Elmer) with 10XLWD objective in brightfield and green fluorescent channels (merged images) at different concentrations. Scale bars, 200 μm.

obtained from the 2D-cultured HCT116 cells.[62,68] However, we
noticed that higher concentrations of butyric acid were needed
to effectively inhibit proliferation on HCT116 spheroids.[47] As
expected, butyric acid was able to spill into the nucleus and act
as a histone deacetylase inhibitor, increasing differentiation and
apoptosis, and suppressing proliferation on spheroids in forma-
tion and formed spheroids.
At this stage, the IC50 was first calculated for flavan-3-ol

monomers with three hydroxyl groups ((+)-gallocatechin), ester-
ified forms with gallic acid (EGCG and (−)-epicatechin-3-gallate)
and 3,4,5-trihydroxybenzoic acid (aka gallic acid) on early stages
of aggregation (t = 0 h) (Figure 2). (−)-Epicatechin-3-gallate (IC50
= 70.3 μM), (+)-gallocatechin (IC50 = 74.6 μM), and gallic acid
(IC50 = 68.1 μM) as single agents highlighted similar efficacies
to reduce SI by half. However, the gallic acid esterification with
(−)-epigallocatechin, EGCG (IC50 = 35.2 μM), showed a supe-
rior efficacy. Indeed, the effect was amplified two fold. When
spheroids were fully formed (t = 72 h), we noticed that SI was to
some extent altered, but fully formed spheroids tolerated higher
concentration (Figure 2). GIC cells were also used to study how
native (poly)phenols could alter SI and viability in other cell
lines (Figure S5, Supporting Information). This experiment il-
lustrated that the SI on 3D HCT116 (IC50 = 35.2 μM) and 3D
GIC (IC50 = 22.6 μM) spheroids in aggregation was uniformly af-
fected by EGCG. Lastly, 3D GICs spheroids were also employed
to study whether quercetin, isorhamnetin, and a type II metabo-

lite, quercetin-3-glucuronide, could alter SI since no effects of
these compounds on 3D HTC116 were observed. In this sense,
quercetin did not alter SI onGIC cells, while 100 μMof quercetin-
3-glucuronide showed an inhibition by half of SI on GIC cells
(Figure S6, Supporting Information). Several studies have inves-
tigated quercetin and luteolin claiming several cancer relevant
phenotypes in GBM cells, GICs, and tumor-organoids.[70,71]

As a last step, we compared the efficacy of 5-(3ʹ,4ʹ-
dihydroxyphenyl)-𝛾-valerolactone and 5-(3ʹ,4ʹ-dihydroxy-
phenyl)valeric acid on formed spheroids and at the early
stage of spheroid formation in reducing SI (Figure 3).
The effectiveness of these GMMs was associated with pre-
vention, since 3D SI was substantially affected at early
stages. For example, a concentration of 78.2 μM of 5-(3ʹ,4ʹ-
dihydroxyphenyl)valeric acid was needed to inhibit SI by half. By
contrast, 5-(3ʹ,4ʹ-dihydroxyphenyl)-𝛾-valerolactone showed 50%
efficacy at 51 μM. When spheroids were fully formed, 5-(3ʹ,4ʹ-
dihydroxyphenyl)valeric acid could alter SI at the highest concen-
tration points, while 5-(3ʹ,4ʹ-dihydroxyphenyl)-𝛾-valerolactone
did not affect SI at the concentrations studied. Cells in the ag-
gregation were sensitive to 5-(3ʹ,4ʹ-dihydroxyphenyl)valeric acid
and 5-(3ʹ,4ʹ-dihydroxyphenyl)-𝛾-valerolactone, the latter being
more significant. Whereas the cells in compact spheroids were
resistant to the range of physiological concentration studied.
This evidence suggests the role of flavan-3-ol metabolites as
preventive agents.
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Figure 3. Dose–response curves of 5-(3’,4’-dihydroxyphenyl)valeric acid (PVA) A) and 5-(3’,4’- dihydroxyphenyl)-𝛾-valerolactone (PVL) B) on 3D HCT116
EGFP spheroids in aggregation and on formed spheroids C and D). The concentration tested for (3’,4’-dihydroxyphenyl)-𝛾-valerolactone on spheroids
in aggregation ranged from 30 to 100 μM for 72 h, while the remaining experiments ranged from 3 to 100 μM for 72 h. Spheroid integrity was quantified
by High Content Imaging System Operetta (Perkin Elmer) and expressed as a percentage of the vehicle-treated controls (DMSO 0.05%). IC50 was
calculated applying dose–response-inhibition nonlinear regression analysis. The data were calculated as the mean ± SEM from at least four independent
experiments. Spheroids were imaged on the High Content Imaging System Operetta (Perkin Elmer) with 10XLWD objective in brightfield and green
fluorescent channels (merged images) at different concentrations. Scale bars, 200 μm.

2.3. A Long Exposure to
(4R)-5-(3ʹ,4ʹ4ʹ4ʹ-dihydroxyphenyl)-𝜸-Valerolactone Affects Matrix
Metalloproteinase Expression Levels on 3D HCT116 Spheroid

2.3.1. A Long-Term Study Simulating a Chronic Exposure

The PVL, 5-(3ʹ,4ʹ-dihydroxyphenyl)-𝛾-valerolactone, consistently
affected the SI at early stages of aggregation, which may be asso-
ciated with prevention, avoiding cancer cell propagation. For this
reason, we continued evaluating the role of this PVL in-depth. A
long-term exposure of 5-(3ʹ,4ʹ-dihydroxyphenyl)-𝛾-valerolactone
was first investigated, simulating a long-term exposure in the
colonic region. The efficacy to alter SI at different time points
(48, 120, 168, and 216 h) was quantified, and the results revealed
a time-dependent efficacy (Figure 4). A fixed concentration of
this compound had different effect on SI over time. For example,
when 3D spheroids were treated at 30, 50, and 70 μM concentra-
tions, statistical differences were noticed between 48 h time point
versus 120, 168, and 216 h time points (Figure 4A,B). Spheroids
treated with rising concentrations ranged from 30 to 100 μM
and imaged at different time points also showed that the IC50
decreased gradually over time from 58.4 μM at 48 h to 49.9 at

120 h, becoming a stable response after 120 h treatment. These
data suggest that a chronic exposure to 5-(3ʹ,4ʹ-dihydroxyphenyl)-
𝛾-valerolactone may lead to a reduction of CRC risk. A sustained
daily intake of monomeric, oligomeric, and polymeric flavan-3-
ols might increase the colonic concentrations of PVLs, and, in
turn, PVLs may act locally interacting with IECs and precancer-
ous and cancer cells. Nevertheless, interindividual differences
in the formation of PVLs, PVAs, and phenolic acids have to be
considered,[31,63,72] and the composition and function of the gut
microbiota further investigated.

2.3.2. Matrix Metalloproteinases Expression Levels

GMMs may potentially reach the extracellular matrix, which
provides an essential physical scaffolding,[35] and this niche
is maintained by degrading enzymes, such as MMPs. How-
ever, in cancer propagation, these enzymes are hijacked.[36] For
this reason, in this research work, we decided to study the
gene expression of MMPs. Initially, the transcriptional profil-
ing of MMP-2, MMP-7, and MMP-9 target genes was evaluated
on 2D HCT116 cell lines (Figure 5). Cells were treated with
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Figure 4. 3D spheroid images at different concentration and time points A), and five-point dose–response curves B) increasing concentration from 30
to 100 μM (5-(3’,4’-dihydroxyphenyl)-𝛾-valerolactone) on HCT116 EGFP spheroids in aggregation for 48, 120, 168, and 216 h. Two-way ANOVA followed
by Turkey multiple comparison test revealed a time-dependent efficacy: 30 μM significant differences between 48 h time point versus 120, 168, and 216 h
time points (p < 0,0001), 50 μM significant differences between 48 h time point versus 120 h (p < 0.0001), 168 h (p < 0.01), and 216 h (p < 0.0001)
time points, and 70 μM significant differences between 48 h time point versus 120 h (p < 0.05), 168 h (p < 0.001), and 216 h (p < 0.0001) time points,
and between 120 h time point versus 216 h time point (p < 0.05). The time-dependent efficacy was also calculated using 5-FU (10 μM) and DMSO at
0.05% C). In this case, the two-way ANOVA followed by Turkey’s multiple comparison tests revealed that 5-FU significantly affected SI between 48 h
time point versus 168 and 216 h time points (p < 0.05). SI was quantified by High Content Imaging System Operetta (Perkin Elmer) and expressed
as a percentage of SI of vehicle-treated controls at 48 h (DMSO 0.05%). IC50 was calculated applying dose–response-inhibition nonlinear regression
analysis. Data are expressed as mean ± SEM. All experiments were performed from at least four independent experiments. Spheroids were imaged
on High Content Imaging System Operetta (Perkin Elmer) with 10XLWD objective in brightfield and green fluorescent channels (merged images) at
different concentrations. Scale bars, 200 μm.

Figure 5. Transcriptional profiling of MMP2 A), MMP7 B), and MMP9 C) target genes in 2D HCT116 cells treated with DMSO 0.05% and 5-(3”,4’-
dihydroxyphenyl)-𝛾-valerolactone at 30 and 100 μM. After 72 h treatment, RNA was extracted to perform a qPCR. Gene expression was normalized to
the reference gene RPLP0 and compared to the DMSO control. The transcriptional profiling of MMP7 D) and MMP9 E) target genes were evaluated
at two different time points (48 and 120 h) on 3D HCT116 EGFP spheroids treated with DMSO 0.05% and 5-(3”,4’-dihydroxyphenyl)-𝛾-valerolactone
(50 μM). Gene expression was normalized to the reference gene RPLP0 and compared to the DMSO control. Data are the mean ± SEM from at least
three independent experiments. One-way ANOVA followed by Holm–Sidak test (* Adjusted p < 0.05).
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5-(3ʹ,4ʹ-dihydroxyphenyl)-𝛾-valerolactone at two concentration
levels (30 and 100 μM). MMP-2 and MMP-9 gene expres-
sions were not altered by raising concentrations of this flavan-
3-ol metabolite. By contrast, a dose-dependent response was
noticed for MMP-7 mRNA levels. 5-(3ʹ,4ʹ-Dihydroxyphenyl)-𝛾-
valerolactone at 100 μMsignificantly affected gene expression lev-
els of MMP-7. Although the treatment did not statistically modify
the MMP-9 gene expression, a dose-dependent response was no-
ticed, and we decided to investigate ultimately it on 3D spheroids.
3D HCT116 spheroids were exposed to 50 μM of 5-(3ʹ,4ʹ-
dihydroxyphenyl)-𝛾-valerolactone using different time points
(48 h as short-term and 120 h as long-term exposures) to study the
gene expression of MMP-7 and MMP-9. Again, this metabolite
did not modify the gene expression of MMP-9. However, MMP-7
expression was diminished after 48 h treatment. MMP-7 binds to
CRC cells via cell surface-bound cholesterol sulfate and induces
significant cell aggregation by cleaving cell-surface protein,[73]

which is required for cell migration.[74] Thus, we conjectured that
SI depletion of 2D cells and 3D spheroids might be related to
the downregulation of MMP-7, and downstream associated path-
ways, which may promote apoptosis and inhibit proliferation.
One of first attempts in vivo has demonstrated that themousemi-
crobial catabolism of PACs efficiently decreased themRNA levels
of the proliferation marker Cyclin D1 on cancer cells, and atten-
uated tumor growth in vivo.[39] However, more studies have to be
carried out to reveal the specific mechanism using 3D intestinal
organoids and tumoroids,[12] and ultimately validated in vivo.

3. Concluding Remarks

Dietary patterns and health outcomes are highly correlated, but
there are still unresolved questions regarding the molecular and
cellular mechanisms that underlie the link between diet and
health. In this research work, we investigated the role of na-
tive phytochemical and GMMs in preventing CRC progression
in vitro. To tackle this challenge, first, a screening of native phy-
tochemicals and GMMs was performed demonstrating that a
few (poly)phenol catabolites may play a role in preventing CRC.
GMMs linked to the microbial catabolism of native dietary con-
stituents were deeply evaluated because these compounds reach
the gut epithelium and, so far, the local effects have been scarcely
studied. The screening, IC50 and long-term exposure studies
proved that μM concentration levels of 5-(3ʹ,4ʹ-dihydroxyphenyl)-
𝛾-valerolactone significantly decreased SI at early stages of 3D
spheroid formation, whereas formed spheroids needed higher
concentrations. The transcriptional profiling of MMP-2, MMP-
7, and MMP-9 was then investigated on 2D and 3D HTC116 cell
lines treated with this epicatechin metabolite, revealing that SI
depletion may be related to the downregulation of MMP-7.
The type, quantity, and biological activity of GMMs produced

in humans depend on the composition of gut microbiota. Thus,
interindividual differences in the formation of PVLs, PVAs, and
phenolic acids and spatial location have to be investigated in vitro
and in vivo to corroborate this findings. Although 3D spheroids
provided a superior in vitro model compared to 2D cell lines,
future research works should consider the use of intestinal
organoids and patient-derived tumoroids, and ultimately validate
relevant findings in vivo.

4. Experimental Section
Polyphenol Library and Reagents: A library of phytochemicals, highly

focused on (poly)phenols and including native molecules and GMMs
was created, selecting 54 compounds commercially available (Table
S1, Supporting Information). (4R)-5-(3ʹ-Hydroxyphenyl)-𝛾-valerolactone,
(4S)-5-(4ʹ-hydroxyphenyl)-𝛾-valerolactone, (4R)-5-(3ʹ,5ʹ-dihydroxyphenyl)-
𝛾-valerolactone, and (4R)-5-(3ʹ-hydroxyphenyl)-𝛾-valerolactone-4ʹ-sulfate
were synthesized in house at the University of Parma.[64,75] Compounds
were first dissolved in dimethyl sulfoxide (DMSO) (CAS 67-68-5, Sigma-
Aldrich, Schnelldorf, Germany) at 10 mM concentration, and then were
arrayed in three 96-well plates using a robotic platform EVO200 (Tecan,
Männedorf, Switzerland) and stored at −20 °C. Fluorouracil (5-FU) (CAS
51-21-8, Sigma-Aldrich, Schnelldorf, Germany), etoposide (CAS 33419-42-
0, Sigma-Aldrich), temozolomide (CAS 85622-93-1, Sigma-Aldrich), and
butyric acid (CAS 107-92-6, Sigma Aldrich) were used as positive con-
trols. Nomenclature for phenolic compounds was reported according to
the nomenclature proposed elsewhere.[76]

Cell Lines: The human colon adenocarcinoma HCT116 (p53+/+) cell
line was kindly provided by Prof. Inga and Dr. Bisio (University of Trento,
Italy). HCT116 EGFP cells were created from HCT116 (p53+/+) as de-
scribed elsewhere.[77] Human glioblastoma stem cell lines (GICS) 030616
were facilitated by Dr. Galli (H. S. Raffaele, Milan, Italy). GICS 030616
DsRed reporter cell line was established by Dr. Leo, and Dr. Tarter (Uni-
versity of Trento, Italy). Briefly, a dsRed2 lentiviral construct was ob-
tained by GATEWAY Cloning Technology recombining the pENTRdsRed2
N1 (cod.22523, Invitrogen, Waltham, MA, USA) and the pLenti CMV
Puro Dest (cod. 17452, Invitrogen, Waltham, MA, USA) plasmids. After
lentivirus packing and production, GICS 030616 were infected with 0.3
RTU of virus, amplified and FACS-sortedGICS cells (FACS Aria II, BD Bio-
sciences, NJ, USA).

High-Content Screening: Clear round-bottom ultralow attachment 96-
well plates (Corning, NY, USA) were used to seed HCT116 EGFP cells
(2000 eachwell). Afterwards, plates were centrifugated for 8min at 300× g,
forming aggregated cells, a loose spheroid. To assess assay suitability by
high-throughput screening (Z’ factor), immediately after seeding, the wells
were supplemented with 0.05% DMSO or 50 μM 5-FU (spheroid number
= 27). With regards to the screening, controls (0.05% DMSO and 5-FU),
GMMs, and native polyphenols were added into the appropriate well, as
single agents, at 50 μM from at least four independent experiments, imme-
diately after the seeding. In all the cases, dispensing steps were performed
by the Tecan Freedom EVO 200 robot (Tecan, Switzerland).

After 72 h of treatment, bright-field and fluorescent spheroid images
were automatically captured on the High Content Imaging System Op-
eretta (PerkinElmer,Waltham,MA,USA) using 10× LWDobjective. Images
were processed by Harmony software (PerkinElmer, Waltham, MA, USA),
different features, such as spheroids’ area, roundness, SER texture, as well
as reporter fluorescent intensity were quantified in the green fluorescent
channel (𝜆 = 495 nm excitation/𝜆 = 519 nm emission). The combination
of these parameters was defined as SI. SI was calculated using the fol-
lowing equation: Asph (spheroid area) × Rsph (spheroid roundness) × Isph
(EGFP mean fluorescence intensity in the entire spheroid region). The ef-
fect of a compound on the spheroid was expressed as a percentage of the
SI mean in relation to vehicle-treated controls.

Cell Viability Assay: Cell growth, morphology, and attachment quality
were monitored by xCELLigence real-time cell analysis (RTCA) DP instru-
ment (Agilent Technologies, CA, USA) by measuring impedance of elec-
tron flow caused by adherent cells. Cells were seeded into E-plates 16 and
impedance was continuously recorded every 15 min. A parameter called
cell index (CI) was calculated and reported by the RTCA software. The CI
was normalized to 24 h time point, which corresponded to the treatment
or vehicle addition.

Spheroid Assay: HCT116 wild type (WT) and engineered (EGFP) were
grown as a multicellular spheroid with Corning 96 well clear round bottom
ultralow attachmentmicroplate andGICs cells were grown asmulticellular
spheroids using InSphero GravityPLUS Hanging Drop System (InSphero
AG, Schlieren, Switzerland) according to the manufacturer’s instructions.
The treatments were carried out in a single dose or dose range from at least
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four independent experiments immediately after cell seeding (spheroid in
aggregation assay t = 0 h) or 3 days after seeding (formed spheroid as-
say t = 72 h) and imaged at different time points. Images of HCT116
EGFP spheroids were acquired and analyzed as reported in the section
High-Content Screening. For butyric acid treatment, the SI was calculated
using features quantified in brightfield channel since this compound ex-
hibited a strong green autofluorescence as the following equation: Asph ×
Rsph × Tsph (SER texture calculated for spheroid region). For HCT116 WT
spheroids treated with 5-FU, the SI was calculated as follow Asph × Rsph
in brightfield channel. The SI on GICs spheroid was calculated as Asph ×
Rsph in the red channel (with 𝜆 = 535 nm excitation/𝜆 = 615 nm emis-
sion). To evaluate apoptosis on GICS DsRed spheroids, 5 mL/spheroid
of CellEvent Caspase-3/7 Green (ThermoFisher) were added. Then, after
30 min of incubation, then spheroids were imaged in the green channel.

Quantitative Real-Time PCR: Total RNAwas extracted by pooling three
spheroids for each treatment or by collecting cells growing as monolayers
usingQIAzol reagent (QIAGEN,Hilden, Germany) according to themanu-
facturer’s instructions. Reverse transcription was performed using iScript
Reverse Transcription Supermix (BioRad, CA, USA) on C1000 Thermal Cy-
cler (BioRad, CA, USA). Quantitative real-time PCR was performed using
2× qPCR Probe KAPA Biosystem following the manufacturer’s instruc-
tions on CFX384 Real-Time System (BioRad, CA, USA). All assays were
performed from at least three independent experiments. Cycle quantifica-
tion and relative expressionmeasurement were performed using 2−∆∆Cq
method implemented in the CFX Manager software (BioRad). Relative ex-
pression values of each target gene were normalized to ribosomal protein,
large, P0 (RPLP0 level).

Statistical Methods: The IC50 was calculated applying a nonlinear re-
gressionmodel to the log (inhibitor) versus response curve (variable slope
four parameters), and statistical analysis were performed with one-way
ANOVA followed by Holm–Sidak test, or two-way ANOVA followed by
Tukey’s test as posthoc. All significance level of the data were analyzed
by using GraphPad Prism Software version 6 (Graphpad Software, San
Diego, CA, USA). Data are expressed as mean values ± SEM.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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