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Abstract: Flavan-3-ol derivatives are polyphenolic compounds with multifunctional properties. One
of the flavan-3-ol derivatives, green tea catechin epigallocatechin gallate, is known to have anticancer
activity as one of its multifunctional properties. We have studied the synthesis of flavan-3-ol deriva-
tives and conducted structure-activity relationship studies; we found that the fluorinated derivatives
exhibited high toxicity against HeLa and A549 cells. It was confirmed that the cytotoxicity was
affected by the conformation of the flavan-3-ol skeleton and that the 2,3-cis form was dominant. The
addition of fluorinated compounds increased the amount of intracellular mitochondrial superoxide,
abolished the membrane potential of mitochondria, and, interestingly, formed granular aggregates
containing mitochondria. When the level of LC3-1II, a marker of autophagy induction, was con-
firmed, it suggested that the addition of the fluorinated compounds promoted autophagy. These
results suggest that the novel highly cytotoxic fluorinated flavan-3-ol compound synthesized in this
study promotes autophagy and induces cell death by triggering mitochondrial dysfunction. We
believe that these results suggest the possibility of conferring more functionality through structural
transformations of flavan-3-ol derivatives.

Keywords: flavan-3-ol derivatives; fluorinated compounds; cytotoxicity; polyphenol compound;
apoptosis; autophagy; mitochondrial granular aggregates

1. Introduction

Polyphenolic compounds are produced in plants and are known to exhibit antioxidant
activity, along with carotenoids and vitamins. Polyphenol is a compound with multiple
phenolic hydroxy groups in the molecule. Among the various structures known as polyphe-
nol compounds, a group of compounds called “flavonoids” have attracted significant
attention because they are found in foods and have many biological activities and functions.
Flavan-3-ol derivatives, also called catechins, are found in a variety of foods. Flavan-3-ol
derivatives have many isomers, which are often simultaneously present in the same plant.
As each compound is present in very small amounts, it is difficult to isolate and purify each
compound from the plant in quantities sufficient for biological activity studies. Among the
flavan-3-ol derivatives, (-)-epigallocatechin-3-O-gallate (EGCG), also known as tea catechin,
is a well-known compound. Various studies using EGCG have been conducted worldwide,
and its biological activities, such as its antibacterial [1], antiallergic [2,3], antioxidant [4],
and anticancer [5,6] effects, have been reported. In particular, chemical biological research
to identify the targets of EGCG is under active investigation [7-9].

We have previously reported that only the 5-position can be selectively deprotected
by the acid treatment of a flavan-3-ol derivative, in which the four phenolic hydroxyl
groups of (—)-epicatechin and (+)-catechin are protected with a tert-butyldimethylsilyl
(TBDMS or TBS) group [10]. Using this regioselective modification method, (-)-epicatechin-
3,5-di-O-gallate (1) and (+)-catechin-3,5-di-O-gallate (2) (Figure 1) were synthesized by
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modifying the galloyl groups at both the 3- and 5-positions, and their cell growth inhibitory
activities were measured. Compound 1 with a 2, 3-cis stereostructure, a derivative of
(-)-epicatechin, showed high activity against HeLa S3 cells, a cervical epithelioid carcinoma
adaptable to suspension culture, while 2, with a 2, 3-trans stereostructure and derived from
(+)-catechin, showed little activity [10]. These results suggest that compounds with the
2,3-cis stereostructure were dominant in the cell growth inhibitory activity. Furthermore,
it was confirmed that two galloyl groups are required for the activity, and that the 3- and
5-positions are the most effective introduction positions for the galloyl groups [11]. Based
on these results, we became interested in the functional mechanism of Compounds 1 and 2
with a flavan-3-ol skeleton and decided to conduct further research.
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Figure 1. Structure of synthetic flavan-3-ol derivatives.
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In this study, we report that fluorinated compounds, (-)-epicatechin-3,5-di-O-3,4,5-
trifluorobenzoate (3) and (-)-catechin-3,5-di-O-3,4,5-trifluorobenzoate (4) (Figure 1), which
are novel compounds discovered from the structure-activity relationship studies of analogs
of Compounds 1 and 2, cause mitochondrial dysfunction and exhibit high toxicity against
two cancer cell lines, the HeLa cell line and the human lung carcinoma cell line A549.
Although these compounds have the same flavan-3-ol skeleton, it was confirmed that the
mechanism of action of Compound 1, which showed high cytotoxicity, and fluorinated
Compounds 3 and 4 were significantly different. Compound 2, which has a different
steric structure at the 3-position than Compound 1, has low activity, including cytotoxicity,
suggesting that the steric structure at the 3-position is important for exhibiting activity.

2. Materials and Methods
2.1. General Information

All of the commercially available chemicals used for chemical synthesis were used
without further purification. The human cervical adenocarcinoma cell line, HeLa, and the
human lung carcinoma cell line, A549, were provided by RIKEN BRC through the National
Bio-Resource Project of MEXT (Tsukuba, Japan). The cells were maintained in DMEM high
glucose (Dulbecco’s Modified Eagle’s Medium, Gibco (Life technology Co., Grand Island,
NY, USA)) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, Waltham,
MA, USA) and 1% Pen-Strep (Life Technology Co., Grand Island, NY, USA). The cells were
incubated at 37 °C in a humid 5% CO; and 95% air environment. The small molecule
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compounds used in the assay were dissolved in dimethyl sulfoxide (DMSO) and stored
at —25°C.

2.2. Cell Viability Assay

Approximately 7000 cells in 100 uL medium were counted and added to each well of a
96-well plate and incubated for 24 h in a 37 °C incubator equilibrated with an atmosphere
of 5% CO, and 95% humidified air. Then, 1 pL of the synthetic compound dissolved in
DMSO was added to each well and incubated for 24 or 48 h. DMSO alone served as a
negative control. After the medium was removed, 90 uL of fresh medium and 10 pL of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide solution (MTT, 5 mg/mL;
FUJIFILM Wako Chemicals Co. Osaka, Japan) was added to each well and incubated at
37 °C for 2.5 h. The reaction medium was then removed, and 100 L. DMSO was added to
each well and mixed. The viable cells were then assessed using a microplate reader (Filter
Max F5 multi-mode microplate reader; Molecular Devices LLC, San Jose, CA, USA) to mea-
sure the OD at 570 nm. Each experiment was performed in six replicates, and the same ex-
periment was repeated at least three times on different days to ensure reproducibility. As an
indicator of cytotoxicity, epigallocatechin-3-O-gallate (EGCG), a polyphenol compound that
has been extensively studied, was used (EGCG yielded 91.1 & 5.8% inhibition against HeLa
cells and 96.9 £ 4.8% against A549 cells in our assay at a final concentration of 50 uM). IC5 was
calculated by the following formula: ICsy (uM) = 10" {log(A/B) x (50 — C)/(D — C) + log(B)};
A: high concentration between 50% inhibition; B: low concentrations between 50% inhibi-
tion; C: inhibition rate at concentration B; D: inhibition rate at concentration A.

2.3. Cell Viability Measurement Using Cell Death Inhibitors

Approximately 7000 cells in 100 uL. medium were counted and added to each well of a
96-well plate and incubated for 24 h in a 37 °C incubator equilibrated with an atmosphere of
5% CO, and 95% humidified air. Then, 1 pL of the synthetic compounds dissolved in DMSO
(Compounds 1, 3, and 4: final concentration 10 uM; Compound 2: final concentration
50 uM) and compounds that inhibit cell death were added to each well and incubated
for 48 h. DMSO alone served as a negative control. The caspase inhibitor Z-Val-Ala-
Asp(OMe)-CH,F (Z-VAD-FMK; AdipoGen Life Science, San Diego, CA, USA) was used
as an apoptosis inhibitor [12,13], necrostatin-1 (Chemscene LLC, Monmouth Junction,
NJ, USA) as a necroptosis inhibitor [14,15], and bafilomycin A1 (BAF-A1; AdipoGen Life
Science, San Diego, CA, USA) as an autophagy inhibitor [16,17]. The inhibitors Z-VAD-
FMK, Necrostain-1, and BAF-A1 were dissolved in DMSO to concentrations of 60 mM,
20 mM, and 20 mM, respectively. After the medium was removed, 90 pL of the new medium
and 10 pL of MTT solution (5 mg/mL) were added to each well and incubated at 37 °C
for 2.5 h. After incubation, the reaction medium was removed, and 100 uL. of DMSO was
added to each well and mixed. The viable cells were assessed using a microplate reader to
measure the OD at 570 nm. Each experiment was performed in six replicates, and the same
experiment was repeated at least three times on different days to ensure reproducibility.

2.4. Mitochondrial Superoxide (SOX) Assay

Approximately 40,000 cells in 500 uL. medium were counted, added to each well of a
24-well plate, and incubated for 24 h in a 37 °C incubator equilibrated with an atmosphere
of 5% CO; and 95% humidified air. Then, each synthesized Compound 1-4 was added to a
final concentration of 50 uM and incubated for 1 h. Mitochondrial superoxide levels were
measured using MitoSOX™ Red (Thermo Fisher Scientific, Waltham, MA, USA) according
to the manufacturer’s instructions. Then, 50 pL of MitoSOX™ reagent working solution
were added to each well. The cells were incubated for 10 min at 37 °C while being protected
from light. The working solution was removed, and the cells were washed with PBS. The
control cells were treated with carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP; Abcam Co., Cambridge, UK) [18,19], a mitochondrial oxidative phosphorylation un-
coupler, at a final concentration of 50 pM. Images were acquired using an IX73 fluorescence
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microscope (Olympus, Tokyo, Japan). For each experiment, three or more independent
tests were performed in duplicate.

2.5. Mitochondrial Membrane Potential Assay with JC-1

Approximately 40,000 cells in 500 uL medium were counted, added to each well of a
24-well plate, and incubated for 24 h in a 37 °C incubator equilibrated with an atmosphere
of 5% CO, and 95% humidified air. After each synthesized Compound 1-4 was added
to a final concentration of 50 uM and incubated for 1 h; JC-1 solution (Cayman Chemical
Co., Ann Arbor, MI, USA) was added under light shielding, incubation was continued for
15 min, the medium was removed, and the cells were washed with JC-1 buffer and observed
under an IX73 fluorescence microscope. The mitochondrial membrane potential was
measured using a JC-1 assay kit (Cayman Chemical Co., Ann Arbor, MI, USA) according
to the manufacturer’s instructions. For each experiment, three or more independent tests
were performed in duplicate.

2.6. Mitochondrial Morphological Assay with MitoTracker™ Red

Approximately 40,000 cells in 500 uL medium were counted, added to each well of a
24-well plate, and incubated for 24 h in a 37 °C incubator equilibrated with an atmosphere
of 5% CO, and 95% humidified air. Five microliters of the synthesized compounds in
DMSO were added (final concentration 50 pM) and incubated for 1 h. The mitochondria
were stained with MitoTracker™ Red (Thermo Fisher Scientific, Waltham, MA, USA).
Images were acquired using an IX73 fluorescence microscope. For each experiment, three
or more independent tests were performed in duplicate.

2.7. Western Blots

Approximately 280,000 cells in 1 mL medium were counted and added to each well of
a 12-well plate and incubated for 24 h in a 37 °C incubator equilibrated with an atmosphere
of 5% CO, and 95% humidified air. Compounds 1, 3, and 4 were added to each well at a
final concentration of 10 uM and then incubated for 24 h. Only Compound 2 was added to
a final concentration of 50 M and then incubated for 24 h. The cell proteins were extracted
using an ice-cold radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCI (pH 7.4),
0.15 M NaC(l, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, 1 mM EDTA) with
Protease Inhibitor Cocktail (Nacalai Tesque Inc., Kyoto, Japan). The proteins were sepa-
rated by gel electrophoresis on 10 and 15% SDS polyacrylamide gels and subsequently
transferred onto polyvinylidene difluoride (PVDF) membranes IPVH00010 (Merck MIL-
LIPORE, Burlington, MA, USA). The membranes were blocked with Tris-buffered saline
containing 0.1% Tween-20 (TBST) buffer containing 5% (w/v) skim milk powder (FUJIFILM
Wako Chemicals Co., Osaka, Japan). The blots were then probed with the corresponding
primary antibodies and secondary antibodies. The primary antibodies were Beta Actin
(Gene Tex, Irvine, CA, USA) and LC3B (Cell Signaling Technology, Danvers, MA, USA).
Horseradish peroxidase-conjugated secondary antibodies (Cell Signaling Technology, Danvers,
MA, USA) were used. The blots were visualized using ImmunoStar LD (FUJIFILM Wako
Chemicals Co., Osaka, Japan) and C-DiGit (LI-COR Biosciences, Lincoln, NE, USA).

2.8. Statistical Analysis

The results were obtained by MS Excel and analyzed using the Student’s ¢-test and
the analysis of variance (ANOVA) test. A p < 0.05 was set for statistical significance.
Basic descriptive statistics were used to describe the data, including the arithmetic means,
standard deviations, and percentiles [20,21].

3. Results
3.1. Investigation of Cytotoxicity and Cell Death Induction Mechanism

Structure-activity relationship studies of the galloylated flavan-3-ol derivatives con-
firmed that Compound 1 (Figure 1), which has a 2,3-cis stereostructure, exhibited high
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toxicity against HeLa S3 cells. On the contrary, it has also been confirmed that Compound 2
(Figure 1), which is a stereoisomer at the 3-position of Compound 1 and has a 2,3-trans
stereostructure, has low cytotoxicity [10]. Synthetic studies and activity measurements of
various analogs showed that galloyl groups introduced at both the 3- and 5-positions exhib-
ited high cytotoxicity [11]. By studying the synthesis of further analogs, it was confirmed
that fluorinated Compounds 3 and 4 (Scheme S1), which are novel compounds in which
the phenolic hydroxyl groups of the galloyl groups of Compounds 1 and 2 are substituted
with fluorine, showed high cytotoxicity. Compound 3 is an analog of Compound 1 and
has a 2,3-cis-structure, and Compound 4 is an analog of Compound 2 and has a 2,3-trans
structure (Figure 1).

The MTT assay was used to evaluate the toxic effects of flavan-3-ol derivatives 1-4
(Figure 1) on HeLa and A549 cells (Figure 2 and Table 1). The results showed that all 1-4
compounds reduced the cell viability in both cell lines in a dose-dependent manner and
that the cytotoxic effects were significantly stronger for fluorinated 3 and 4 when compared
to those of 1 and 2. Similar to the relationship between Compounds 1 and 2, Compound 3,
which has a cis-structure, showed higher cytotoxicity than that of Compound 4. Comparing
Compounds 1 and 2, increasing the concentrations of Compound 2 did not show the same
activity as Compound 1, whereas Compound 4 exhibited similar activity to Compound 3
at increasing concentrations. From the ICsy values in Table 2, the A549 cells tended to
be highly sensitive to Compounds 1 and 2, whereas the HeLa cells tended to be highly
sensitive to Compounds 3 and 4. These results suggested the possibility that fluorinated
Compounds 3 and 4 differed in the activity expression mechanisms of Compounds 1 and 2.
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Figure 2. The inhibitory rate of different concentrations of synthetic flavan-3-ol derivatives. HeLa
(A) and A549 (B) cells were treated with different concentrations of synthetic flavan-3-ol derivatives
for 48 h. Cell viability was detected by an MTT assay. *** p < 0.001 vs. compounds with a final
concentration of 0 uM (Student’s ¢-test).

When synthesizing various drugs, studies have shown that the fluorination of com-
pounds is often considered to improve their activity and modify their physical proper-
ties [22]. The introduction of fluorine atoms is expected to improve the activity as a result
of the mimicry and blocking effects of fluorine [23]. The mimic effect occurs when the sub-
stitution of some hydrogen atoms with fluorine in the structure effectively targets the same
enzymes and receptors as the compound before the substitution. This is because fluorine is
the second smallest atom, after hydrogen. The blocking effect occurs when the introduction
of fluorine, which has the greatest electronegativity, into the structure strengthens the C-F
bond and increases the stability of the compound against the oxidative metabolism, thus
making the compound effective for a longer period of time. However, a simple evaluation
of the effect on the cell cycle using Cell-Clock™ suggested that only Compound 1 arrested
the cell cycle in the M phase (Figure S1). This indicates that the mechanism of activity
expression of Compound 1 is different from that of the other derivatives. Fluorinated
derivatives 3 and 4 may exhibit cytotoxicity through a mechanism that is different to that
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of Compound 1. The cytotoxicity of Compounds 3 and 4 did not appear to be the result of
the mimetic effects of fluorine.

Table 1. ANOVA statistical processing results for cell viability in Figure 2.

HeLa Cells A549 Cells
Compound Final Conc. ] i
P (uM) Mean £SD 5s.‘i)al$1\e/1) Mean+SD fs .‘gai:‘&)
5 84.1 +£5.6 1 < 0.001 68.4 + 0.49 1 < 0.001
10 63.6 +2.8 1 < 0.001 329 +28 1 < 0.001
20 525+ 1.7 1 < 0.001 311+ 16 1 < 0.001
1 30 468+ 1.6 1 < 0.001 28.7 +£1.2 1 < 0.001
40 46.0 + 0.98 1 < 0.001 26.6 + 1.6 1 < 0.001
50 37.6 +2.1 1 < 0.001 213 +0.77 1 < 0.001
60 279 +3.3 1 < 0.001 165 +1.2 1 < 0.001
5 103.1 £ 3.9 N.S.1 106.8 + 4.3 N.S. 1
10 1002 + 3.7 N.S. 1 89.1 4+ 3.0 N.S.1
20 915+72 NS.1 69.9 + 3.6 % p < 0.001
2 30 80.0 + 2.7 1 < 0.001 639 +23 1 < 0.001
40 76.9 + 2.6 1 < 0.001 57.8 + 3.0 1 < 0.001
50 719 + 35 1 < 0.001 50.7 + 2.5 #** p < 0.001
60 65.4 +3.2 1 < 0.001 451415 1 < 0.001
5 91.4 + 83 N.S.1 98.6 + 3.6 N.S.1
10 204 + 2.7 1 < 0.001 39.1+1.8 1 < 0.001
20 7.7 £ 0.96 1 < 0.001 129+ 14 1 < 0.001
3 30 33 +0.11 4 1 <0.001 24 +0.21 % p < 0.001
40 33+0.15 1 < 0.001 1.6 = 0.060 < 0.001
50 3.3 +0.084 1 < 0.001 1.6 + 0.041 1 < 0.001
60 32+0.13 1 < 0.001 1.6 & 0.059 #** p < 0.001
5 934 +48 N.S. 1 100.9 + 5.0 N.S.1
10 39.4 +53 1 < 0.001 71.7 +£ 4.7 1 < 0.001
20 14.9 + 0.79 1 < 0.001 335 +4.2 1 < 0.001
4 30 3.8 +0.33 1 < 0.001 71+1.0 1 < 0.001
40 3.4 +0.14 1 < 0.001 224033 % p < 0.001
50 3.4 + 0.076 1 < 0.001 1.7 +£0.18 1 < 0.001
60 3.4 +0.087 1 < 0.001 1.6 + 0.073 1 < 0.001

I'N.S.: not significant.

Table 2. Inhibitory activity (ICsg, uM) of synthetic flavan-3-ol 1-4.

Compound HeLa cells IC5y uM + SD A549 cells IC59 uM + SD
1 236 £25 7.16 = 0.14
2 >60 51.1 4+ 34
3 749 £0.19 8.81 £ 0.12
4 873 £ 1.7 14.8 + 0.60

To determine the mechanism of toxicity of Compounds 14, their effects on the death
of HeLa and A549 cells were examined using three cell death inhibitors and the MTT assay
(Figure 3 and Table S1). Three cell death inhibitors were used: the apoptosis inhibitor
Z-VAD-FMK (orange bar) [12,13], necrosis inhibitor Necrostatin-1 (gray bar) [14,15], and
autophagy inhibitor BAF-A1 (light orange bar) [16,17]. Compounds 1, 3, and 4 with high
activity were added at a final concentration of 10 uM, and Compound 2 showed cytotoxicity
at a final concentration of 50 pM. When the cultured cells to which Compounds 1 to 4
were added were allowed to coexist with various cell death inhibitors, the increase in the
cell survival rate suggested their involvement in cell death. In both the HeLa and A549
cell assays, Compound 1 increased the cell viability only when an apoptosis inhibitor was
added. Moreover, in the HeLa cells, Compounds 2 and 3 increased the viability of both
the apoptotic and autophagic cells. Compound 2 not only has low cytotoxicity (Figure 2
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and Table 2), but it can also inhibit apoptosis and autophagy in both cell types. In the
Ab549 cells, Compounds 2 and 3 inhibited autophagy and increased the cell viability. This
effect was also observed in the HeLa cells, and it is considered that this effect was exhibited
regardless of cell type. In contrast, in the A549 cells, Compound 1 enhanced necrosis and
autophagy, Compound 2 enhanced necrosis, and Compound 3 enhanced apoptosis, thereby
promoting cell death. Compound 4, which had high cytotoxicity, did not cancel the effect
of any of the four cell death inhibitors in either cell type, but rather enhanced the effect.
These results suggested that the four compounds examined in this study have different
functional mechanisms.
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Figure 3. Proliferation of synthetic flavan-3-ol derivatives in cancer cell lines with cell death inhibitors.
HeLa (A) and A549 (B) cells were treated with inhibitor and synthetic flavan-3-ol derivatives (final

concentrations 1, 3, and 4: 10 uM; 2: 50 uM) for 48 h. Cell viability was detected by an MTT assay.
***p <0.001, ** p < 0.005, * p < 0.01 vs. untreated groups (Student’s t-test).
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3.2. Effects of Compounds on Mitochondria and Induction of Mitochondrial Dysfunction

Apoptosis and autophagy are associated with mitochondrial dysfunction. In particular,
various studies have been conducted on the functional inactivation of the mitochondria. The
phenomenon of mitochondrial aggregation under various environmental conditions, such
as hypoxia, has been confirmed. This phenomenon has been reported to be closely related
to neurological diseases, such as Alzheimer’s disease, Parkinson’s disease [24], aging [25],
cancer cell invasion, and cell death [26]. The excessive intracellular accumulation of reactive
oxygen species (ROS) is known to peroxidize cell membrane lipids, ultimately leading to
cell death. It may also increase due to the extracellular oxidative stress caused by radiation
or drugs [27]. Mitochondria are the main sites of ROS production in vivo, and damage to
mitochondria and mitochondrial DNA has been shown to cause ROS production, leading
to disease [28-30]. Therefore, we confirmed the production of intracellular mitochondrial
superoxide (mSOX). The HeLa and A549 cells were treated with Compounds 1-4. DMSO
was used as a negative control, and FCCP [18,19], a mitochondrial uncoupler, was used
as a positive control. The cells were treated for 1 h, stained with MitoSOX™ Red, and
observed under a fluorescence microscope. In both cell lines, Compounds 1 and 2 showed
no significant difference in fluorescence intensity compared with the DMSO and FCCP
controls. In contrast, Compounds 3 and 4 showed red fluorescence in both cell lines,
confirming the production of mSOX (Figure 4). It has been suggested that the cytotoxicity of
Compounds 3 and 4 may be related to mitochondrial dysfunction. In contrast, Compound 1
is thought to have little effect on the mitochondria.
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Figure 4. Fluorinated derivatives have effects on mSOX. HeLa (A) and A549 (B) cells were treated
with 50 uM synthetic flavan-3-ol derivatives for 1 h. The cells were stained with MitoSOX™ Red for
10 m and observed by fluorescence microscope.

Next, the effects of Compounds 1-4 on the mitochondrial membrane potential were
evaluated (Figure 5). Mitochondria produce ATP, which is the energy needed by cells,
via an electron transfer system. When mitochondria receive apoptotic signals and release
cytochrome C, it results in an inability to maintain the membrane potential. Therefore,
mitochondrial dysfunction was confirmed by observing the mitochondrial membrane
potential. HeLa and A549 cells were treated for 1 h with derivatives 1-4. DMSO was
used as a negative control, and FCCP was used as a positive control. Changes in the
mitochondrial membrane potential were observed with the fluorescent reagent JC-1, which
changes color with the membrane potential. Compounds 1 and 2 showed red fluores-
cence, and no effect on the mitochondrial membrane potential was observed. In contrast,
Compounds 3 and 4, in which mSOX was increased (Figure 4), showed green fluorescence,
confirming a decrease in mitochondrial membrane potential. In addition, Compound 3
formed granule-like aggregates in the cytoplasm (indicated by the yellow wedge arrow in
Figure 5), and this phenomenon was confirmed by optical microscopy. This phenomenon
was not observed with the other compounds, such as FCCP, which lowered the mitochon-
drial membrane potential.
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Figure 5. Fluorinated derivatives caused mitochondrial damage by reducing membrane potential. HeLa

(A) and A549 (B) cells were treated with 50 uM of synthetic flavan-3-ol derivatives for 1 h. The mito-

chondrial membranes were stained with JC-1 for 15 min and observed under a fluorescence microscope.

As the granule-like aggregates formed by the addition of Compound 3 were stained
with JC-1 and showed green fluorescence, it was assumed that these aggregates contained
mitochondria, and an additional experiment was conducted. We hypothesized that the
granule material was of mitochondrial origin, so we treated the HeLa and A549 cells with
Compounds 1-4. DMSO was used as a negative control, and FCCP was used as a positive
control. The cells were treated for 1 h and then stained with Mitotracker™ RED to observe
the mitochondria (Figure 6). Similar to the JC-1 staining results shown in Figure 5, granular
aggregates were observed when Compound 3 was added. In the cells in which aggregates
were formed, the red fluorescence in areas other than the aggregates decreased, suggesting
the possibility that the mitochondria concentration was low. These results suggest that the
distribution of the mitochondria changed when granular aggregates were formed. This
phenomenon was not observed in the DMSO or FCCP controls, or Compounds 1 and 2. It
was also confirmed that granular aggregates were formed immediately after the addition
of Compound 3, as observed with an optical microscope. For Compound 4, no aggregates

were observed at the final concentration tested of 50 uM.
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Figure 6. The addition of fluorinated compounds and granular aggregate formation near mito-
chondria. HeLa (A) and A549 (B) cells were treated with 50 uM synthetic flavan-3-ol derivatives
for 1 h. The mitochondria were stained with MitoTracker™ RED for 30 min and observed by
fluorescence microscope.

Next, we confirmed the concentration dependence of fluorinated Compounds 3 and 4
on the granular aggregate formation (Figure 7). In both the HeLa and A549 cell assays,
Compound 3 produced a change in the mitochondrial membrane potential at a final concen-
tration of 30 uM, completely produced green fluorescence at 40 uM, and strongly reduced
the membrane potential. Compound 4 affected the membrane potential at a final concen-
tration of 50 uM for the HeLa cells and 40 uM for the A549 cells. It was suggested that the
Ab549 cells tended to be more sensitive than the HeLa S3 cells to the group of compounds
investigated in this study. As shown in Figure 5, Compound 3 produced granular aggre-
gates; however, at higher concentrations, Compound 4 also produced granular aggregates
at a final concentration of 60 uM (Figure S2). These results suggested that fluorinated
Compounds 3 and 4, which were found from structure-activity relationship studies of
flavan-3-ol derivatives 1 and 2, affected the mitochondria and induced cell death. We
believe that this cannot be explained by the mimicking effect of fluorine and the influence
of stability.
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Figure 7. Granular aggregates formed by the addition of fluorinated compounds are formed in a
concentration-dependent manner. HeLa (A) and A549 (B) cells were treated with different concen-
trations of synthetic flavan-3-ol derivatives for 1 h. The mitochondrial membrane potential was
visualized by staining with JC-1 for 15 min and observed by fluorescence microscope.

3.3. Confirmation of Autophagy Induction Using LC3-II Accumulation as an Index

Damaged mitochondria are removed by mitophagy, which also removes apoptosis-
regulating proteins present in the mitochondria, thereby promoting apoptosis [31,32]. As
shown in Figure 2, Compounds 2 and 3 improved the cell survival by inhibiting apoptosis
and autophagy. In addition, Compounds 3 and 4 may have pronounced effects on the
mitochondria. Considering that these findings suggest the possibility that autophagy degra-
dation (mitophagy) is involved in cell death, we examined the amount of the autophagy-
related protein LC3-II by Western blotting [33-36]. The HeLa and A549 cells were treated
with 10 uM of Compounds 1, 3, and 4, and 50 uM of Compound 2, the concentration at
which cytotoxicity occurred. BAF-A1 is a specific inhibitor of type V ATPase that inhibits
the fusion of autophagosomes and lysosomes. If the LC3-II levels increase when BAF-A1
is added, autophagy is promoted. The results are shown in Figure 8 and Table 3. The
results are shown in Figure 8. First, in the HeLa cells, Compounds 1, 3, and 4 increased
the amount of LC3-II compared to that in the DMSO-treated cells, whereas Compound 2
did not significantly change (light gray bars). The addition of BAF-A1 increased the
amount of LC3-1II for all four compounds, but Compounds 1 and 2 were comparable to
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DMSO (dark-gray bars). In particular, fluorinated Compounds 3 and 4 significantly in-
creased the amount of LC3-II compared to that of the DMSQO treatment, suggesting that
Compounds 3 and 4 have autophagy-promoting functions. In contrast, in the A549 cells,
Compounds 1-4 significantly increased the amount of LC3-II compared to that of the
DMSO treatment, confirming that autophagy was enhanced; however, the addition of
BAF-A1 only affected Compound 2. Compounds 1, 3, and 4 did not significantly alter the
amount of LC3-1I. This suggests that this may not be due to an autophagy-promoting effect
in A549 cells, but due to the inhibition of autophagic flux, a series of proteolytic pathways.
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Figure 8. Synthetic flavan-3-ol derivatives induce autophagy. HeLa (A) and A549 (B) cells were
treated with bafilomycin A1 (BAF-A1) and synthetic flavan-3-ol derivatives for 24 h. Representative
western blots showed the expression of autophagy. ‘Untreated” for Compounds 1-4 indicates that
only treated with the respective compound and no BAF-A1 was added. The amount of LC3-II is
normalized by the amount of 3-actin. *** p < 0.001, ** p < 0.005 vs. untreated groups (Student’s t-test).

Table 3. ANOVA statistical processing results for the amount of LC3-II in Figure 8.

HeLa Cells A549 Cells

p-Value ! p-Value !
Mean + SD (vs. DMSO) Mean + SD (vs. DMSO)
DMSO + BAF 6.2 +0.20 *** p <0.001 2.2 +£0.044 ***p <0.001
1 2.0 £+ 0.090 ***p <0.001 3.6 £+ 0.069 *** p <0.001
1+ BAF 6.5+ 0.18 ***p <0.001 4.2 £ 0.090 ***p <0.001
2 1.4 +£0.078 0.0083 * 2.9 +0.064 ***p <0.001
2 + BAF 6.7 +0.41 ***p <0.001 52+ 0.14 ***p <0.001
3 3.2 £0.30 ***p <0.001 34 +£0.18 ***p <0.001
3 + BAF 10.9 £ 0.68 *** p <0.001 3.2 +0.16 ***p <0.001
4 3.0£0.21 ***p <0.001 3.0+0.14 ***p <0.001
4 + BAF 13.4 £0.39 ***p <0.001 2.9 £ 0.088 ***p <0.001

1 p value: ** p < 0.001, * p < 0.01.
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4. Discussion

We have been interested in the functionality of flavan-3-ol derivatives and have
been conducting structure-activity relationship studies. Among the naturally occurring
flavan-3-ol derivatives, we are particularly interested in the functionality of the trace
components [37,38]. Although many flavan-3-ol derivatives are present in various plants,
it is difficult to isolate and evaluate the individual compounds purely because they exist as
aggregates of trace components. Therefore, we have been conducting research to secure
pure compounds via chemical synthesis [39]. The main purposes of our study were to
discover the basic skeleton of the compounds whose functionality has not been clarified
thus far because they are trace components and to construct a new series of functional
compounds. In a previous report, synthesizing various EGCG analogs and confirming
their toxicity against HeLa S3 cells demonstrated that Compound 1 had higher activity
than EGCG [10]. Compound 1 is a natural product present in very small amounts in
a green tea catechin mixture containing EGCG as the main component [40]. Therefore,
based on the skeleton of Compound 1, we started our synthetic research on non-natural
substances and synthesized Compounds 3 and 4 (Figure 1). As mentioned in the results
section, fluorination is often used in drug development to improve drug functionality and
stability. In addition, the raw materials for synthesizing Compounds 3 and 4 are available
at a low cost. The ability to easily provide large amounts of compounds is important
in basic research. When we started our synthetic studies, we thought that fluorinated
Compounds 3 and 4 would exhibit mimicking and activity-enhancing effects, and we
expected them to enhance the activity of Compounds 1 and 2 (Figure 1). However, as the
evaluation progressed, Compounds 3 and 4 were found to exhibit different functionalities.
A difference in activity expression was confirmed between HeLa and A549 cells. To date,
studies have not led to a definite conclusion; however, HeLa and A549 cells differ in the
cancer tissues in which the cells are established, such as cervical cancer and alveolar basal
epithelial adenocarcinoma. There is a possibility that the activity against other cancer cells
may differ, and we plan to investigate this in the future.

Figure 2 and Tables 1 and 2 confirm that Compound 1 exhibits moderate toxicity
and Compound 2 exhibits low toxicity in both HeLa and A549 cells. Compounds 1 and 2
are isomers that differ only at the 3-position, suggesting that the 2,3-cis-structure is im-
portant for their activity (Figure 1). Fluorinated Compounds 3 and 4 showed higher
cytotoxicity than that of Compound 1 at lower concentrations. At this time, it was con-
firmed that Compound 3, which has a 2,3-cis-structure, has higher cytotoxicity, suggest-
ing that the basic skeleton also affects the activity of Compounds 3 and 4, in which a
fluorine element is introduced into the compound structure, and are thought to have im-
proved lipophilicity over Compounds 1 and 2. It was suggested that the lipophilicity of
the compound was improved, and the effect was exerted by permeating the cell mem-
brane. It is well-known that increasing the lipophilicity of compounds by fluorination
increases their cytotoxicity [41]. When we also confirmed the toxicity with normal cells
(lung fibroblast WI-38 cells), we found that Compounds 3 and 4 had higher toxicity than
Compounds 1 and 2.

As the cytotoxicity of Compounds 1-4 was different, it was possible that the mech-
anism of cell death induction was different; therefore, we performed an analysis using a
cell death inhibitor (Figure 2). Studies with preliminarily HeLa S3 cells have shown that
Compound 1 arrests the M phase of the cell cycle (Figure S1), while other compounds have
no effect on the cell cycle. Therefore, we investigated three types of cell death inhibitors:
apoptosis, necrosis, and autophagy inhibitors. There are reports on the apoptosis-inducing
activity and autophagy-promoting function of the polyphenol compounds derived from
food and plants [42]. Therefore, it is highly likely that Compounds 1-4, with phenolic
hydroxyl groups used in this study, have these functions. In addition, Compounds 3 and 4
have higher fat solubility than Compounds 1 and 2, owing to fluorination. We hypothesized
that highly hydrophobic compounds may directly affect the lipid bilayer membrane of the
cell by disrupting the membrane and inducing necrosis. Therefore, we hypothesized that
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additional information could be obtained by simultaneously adding Compounds 1-4 and a
cell death inhibitor. As a result, it was suggested that Compound 1 might induce apoptosis,
whereas fluorinated Compound 3 might be involved in autophagy. Interestingly, fluori-
nated Compound 4 was suggested to be less involved in both apoptosis and autophagy,
despite its high cytotoxicity. In addition, the fluorinated compounds had almost no effect
on necrosis. This suggests that the lipophilicity of the compound is unlikely to disrupt cell
membranes. Furthermore, Compounds 3 and 4, which have the same number of fluorine
elements, behaved differently, suggesting that the lipophilicity of the compounds does
not play a significant role in their activity. Furthermore, polyphenol compounds have the
potential to chelate metals in cells and affect the removal of ROS; we also investigated the
involvement of ferroptosis [43,44]. However, it was suggested that Compounds 1-4 did
not affect ferroptosis.

Apoptosis and autophagy are closely related to the accumulation of intracellular ROS and
mitochondrial dysfunction, which are central to ROS production [27-30]. Therefore, we exam-
ined the mSOX and mitochondrial membrane potential (Figures 4 and 5). Compounds 1 and 2
had no effect, but fluorinated Compounds 3 and 4 increased the amounts of mSOX and
lowered their membrane potential. Therefore, it was suggested that Compounds 3 and 4
caused damage to the mitochondria. Excess intracellular ROS can further damage mi-
tochondria, and the accumulation of damaged mitochondria can lead to apoptosis [27].
Interestingly, the addition of Compounds 3 and 4 caused the mitochondria to form granular
aggregates (Figures 6 and 7). Granular aggregate formation begins immediately after the
addition of the compound, forming large granules that are visible under a light microscope.
It is thought that this aggregate formation causes significant damage to the mitochondria.
Compound 3, with its 2,3-cis-structure, was highly active in mSOX production, the loss of
the mitochondrial membrane potential, and granular aggregate formation. As the granular
aggregates were clearly stained with the mitochondrial membrane potential detection
reagent JC-1, we assumed that they contained mitochondria. There was a change in the mito-
chondrial distribution around the locations where the aggregates were formed. From this re-
sult, we hypothesized that the granular aggregates formed by fluorinated Compounds 3 and 4
contained mitochondria, which caused mitochondrial dysfunction.

Damaged mitochondria are removed by mitophagy, which induces apoptosis and
causes cell death [32]. Figure 3 suggests that Compound 3 may be involved in autophagy,
suggesting the possibility of promoting autophagy due to mitochondrial dysfunction.
Therefore, we confirmed the intracellular increase in LC3-II, an indicator of autophagy,
using western blotting (Figure 8). Although the results differed depending on the cell
type, it was confirmed that Compounds 1-4 promoted autophagy in the HeLa cells, with
Compounds 3 and 4 being particularly effective. The addition of BAF-A1 further increased
the amount of LC3-II; therefore, it was determined that the promotion effect was high. In
contrast, the A549 cells also showed an increase in the amount of LC3-II, but the addition
of BAF-A1 did not change this, except for Compound 2. Based on these results, we believe
that fluorinated Compounds 3 and 4 induce cell death by promoting autophagy and
causing mitochondrial dysfunction. We hypothesized that mSOX increases and the loss of
mitochondrial membrane potential occurs during this process. It has been reported that an
increase in ROS caused by irradiation promotes mitochondrial aggregation [26], suggesting
that an increase in mSOX may lead to the formation of granular aggregates. However,
to the best of our knowledge, there are no cases where similar granular aggregates were
detected by adding a compound; therefore, it is possible that the mechanism is different.

5. Conclusions

We were interested in flavan-3-ol derivatives and evaluated their functionality using
synthetic Compounds 1-4. It was suggested that fluorinated Compounds 3 and 4 have
different activity expression mechanisms from their lead compounds, Compounds 1 and 2.
Compounds 3 and 4 caused some damage to the mitochondria, increased the amount of
mSOX, and formed granular aggregates containing mitochondria. In addition, as it has
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been suggested that Compounds 3 and 4 promote autophagy, cell death is thought to be
caused by autophagy via mitochondrial damage. Intriguingly, the fluorinated compounds
caused the malfunction of granules containing mitochondria. It may contribute to diseases
related to mitochondrial dysfunction. Currently, we are planning to synthesize compounds
to elucidate the mechanism of Compounds 1-4 in more detail, search for intracellular
targets of compounds, and further investigate the functionality of flavan-3-ol derivatives.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /biochem3020005/s1, Scheme S1: Synthesis of fluorinated com-
pounds 3 and 4; Figure S1: Simple evaluation of the effects of compounds 1-4 on the cell cycle using
Cell-Clock™; Figure S2: Compound 4 forms granular aggregates at high concentrations; Table S1:
ANOVA statistical processing results for cell viability in Figure 3.
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