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Abstract: Several lines of evidence indicate that plant-derived antioxidant compounds can be used as
anticancer agents to support conventional pharmacological therapy. In this context, heme-oxygenase-
1 (HO-1) modulation has been proven to represent a valid approach for reducing cancer cells’
proliferation through the activation of apoptosis and ferroptosis. This study focused on three
little studied HO-1 inducers (paeonol, rosolic acid and dimethoxy resveratrol) in order to evaluate
their efficacy as antiproliferative compounds on breast cancer cells (MCF-7 and MDA-MB 231).
Cell viability data showed an interesting selectivity of dimethoxy resveratrol (DMR) for MDA-MB
231 cells. The ineffectiveness of Ferrostatin-1 and Trolox treatment led to the exclusion of ferroptosis
involvement; meanwhile, cell viability reduction was associated with caspase 3/7 activation and
apoptosis. Taken together, our results suggest a potential role of DMR as an adjuvant in conventional
chemotherapy for breast cancer treatment.
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1. Introduction

Several bioactive compounds derived from plants have the ability to induce heme oxy-
genase 1 (HO-1), which represents a cytoprotective system under physiological conditions;
however, several lines of evidence have suggested its potential role in cancer.

Data reported that HO-1 modulation can represent a valid therapeutic approach for
cancer treatment depending on basal cellular levels of the enzyme. Indeed, HO-1 inhibition
has been widely used as an effective therapeutic approach for cancer treatment [1-3].
However, more and more data point to a different approach for the pharmacological
modulation of HO-1 in cancer treatment, displaying an antiproliferative effect following
protein induction [4,5].

Among plant-derived HO inducers, we selected three less investigated compounds:
paeonol [6], rosolic acid [7] and pterostilbene, also known as dimethoxy resveratrol
(DMR) [8] (Figure 1).

These three can be potentially considered valid nutraceuticals; indeed, formulations
of paeonol and pterostilbene already exist as over-the-counter (OTC) products and drugs.

Paeonia suffruticosa Andr. has been reported to contain many polyphenols, such as
gallic acid, paeoniflorin, paeonidamin and paeonol [9]. Different paeonol formulations
have been reported and approved by the State Food and Drug Administration (SFDA)
of China; in particular, injection was recorded the earliest in the Chinese pharmacopoeia
1977 edition [10]. Sun et al. demonstrated that paeonol was able to prevent UVB-induced
photoaging through the activation of nuclear factor erythroid 2—related factor 2 (Nrf2)-HO-1
axis in vitro and in vivo [11]. Additionally, paeonol was observed as potently inhibiting
lung cancer cell growth, migration and invasion associated with the disruption of Signal
transducer and activator of transcription 3 (STAT3) and nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) pathways [12].
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Rosolic acid (RA), also known as aurin, is a polyphenol extracted from the rhizome
of Plantago asiatica L.; several studies have reported its role in cytoprotection due to
its remarkable ability of increasing HO-1 levels, especially in endothelial cells [13,14].
Nevertheless, to date, there has still been little literature focused on RA’s potential as a
nanticancer agent [15].

Stilbenes are polyphenolic compounds that can be found in blueberries, grapes, red
wine and some medicinal plants. Several pterostilbene formulations have been approved
as nutraceuticals and dietary supplements, primarily for neurological and cardiovascular
health support. Resveratrol and DMR have been considered exceptional anticancer agents
thanks to their low toxicity and ability to regulate different signaling pathways involved
in carcinogenesis. However, resveratrol has a very low bioavailability, which undermines
its biological activity and efficacy, while DMR, being more lipophilic, exhibits a better
bioavailability [16]. Indeed, DMR has been reported to exert stronger antiproliferative
and apoptotic effects compared to resveratrol in human colon and cervical cancers [17,18].
In vitro and in vivo studies unraveled DMR's ability to induce cell cycle arrest and apoptosis
in lung cancer cell lines together with the inhibition of tumor growth in mouse xenograft
models [19].

In order to investigate the potential antiproliferative effect that HO-1-inducing plant-
derived compounds can exert on breast cancer, paeonol, RA and DMR were tested on
MCF-7 and MDA-MB 231 cell lines.
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Figure 1. Chemical structures of selected plant-derived natural compounds.

2. Materials and Methods
2.1. Chemicals

The natural products selected and tested were purchased from a commercial vendor.
1-(2-Hydroxy-4-methoxyphenyl) ethanone (paeonol) was obtained from Tokyo Chemical
Industry (TCI, Oxford UK), 4-[bis(4-hydroxyphenyl) methylidene] cyclohexa-2,5-dien-1-
one (rosolic acid) and 4-(3,5-dimethoxystyryl) phenol (pterostilbene) were prepared from
Fluorochem, and all were bought by Zentek srl (Milan, Italy). Trolox was obtained from
Sigma Aldrich (St. Louis, MS, USA). Ferrostatin-1 was purchased from Sigma-aldrich
(SML0583, St. Louis, MS, USA). All the compounds tested, excluding Trolox (water-soluble),
were solubilized in Dimethylsulphoxide (DMSO), and a stock solution 1000 x higher than
the concentration to be tested was prepared. Subsequently, the stock solution was diluted
1:1000 in culture medium.

2.2. Evaluation of Free Radical Scavenger Activity (DPPH)

The free radical scavenging activity of paeonol, aurin and DMR was assessed via DPPH
(2,2-diphenyl-1-picrylhydrazyl) assay. The reaction mixture consisted of 86 uM DPPH,
different concentrations of the compounds (1, 10, 50, 100 uM) and ethanol (1 mL). Following
a 10 min incubation at RT, the absorbance was measured at A = 517 nm. The DPPH radical
reduction (%) was expressed as a function of the molar ratio of the compound/DPPH
free radical.
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2.3. Cell Culture and Treatments

Experiments were performed on human breast cancer cell lines MDA-MB 231 (HTB-
26, ATCC, Rockville, MD, USA) and MCF-7 (HTB-22, ATCC Rockville, MD, USA). Cell
cultures were maintaned in Dulbecco’s modified Eagle’s medium (DMEM) high glucose
(HG) supplemented with 10% Fetal Bovine Serum (FBS) and 1% penicillin—streptomycin
and incubated at a constant temperature and CO; levels (respectively, 37 °C and 5% CO,).
Cells were treated 24 h after being plated in multiwell plates with different concentrations
of paeonol, rosolic acid and DMR (1, 10, 50, 100 uM) for 72 h; additionally, co-treatments
with Ferrostatin-1 (1 uM) and Trolox (100 uM) were tested. Each experimental condition
was compared to the appropriate control group.

2.4. Cell Viability

Cell viability was evaluated after cells were plated in 96-well plates at a density of
7.0 x 103 cells/well in 100 uL of culture medium. Treatments were administered 24 h after
plating cells using 1% FBS-supplemented DMEM, and after 72 h, 100 pL of 0.25 mg/mL
3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) (ACROS Organics-
Antwerp, Belgium) were added to each well. Cells were then incubated for 2 h at 37 °C and
5% CO;. Following incubation, supernatant was discarded and DMSO (100 puL for each
well) was added to dissolve formazan salts produced by active mitochondria. The mea-
surement of absorbance (OD) at A = 570 nm was obtained using a microplate reader (Biotek
Synergy-HT, Winooski, VT, USA). At least two separate experiments were conducted in
which eight replicate wells were used for each group.

2.5. Measurement of HO-1 Levels (ELISA)

In order to assess HO-1 levels, Simple Step ELISA (ab207621, Abcam, Cambridge, UK)
was used, following the manufacturer’s instructions. The absorbance (OD) at A = 450 nm
was measured in a microplate reader (Biotek Synergy-HT, Winooski, VI, USA). The ex-
periment was conducted in triplicate for each sample, and the results are expressed as
pg/mL.

2.6. Measurement of Activated Caspase 3/7

CellEvent Caspase-3/7 Green ReadyProbes Reagent (R37111-Invitrogen, Waltham,
MA, USA) was used as the indicator of activated caspase-3/7 in 96-well-plated and treated
cells. Two drops of reagent were added to 1 mL of culture medium, and 100 pL/well
were added according to the manufacturer’s instructions. Fluorescence was measured in a
microplate reader (excitation, A = 502 nm; emission, A = 530 nm) after 30 min of incubation.
Representative pictures were taken with a fluorescence microscope (EVOS FIl AMG).

3. Results and Discussion

Over the last decades, research has primarily focused on nutraceuticals and func-
tional foods, highlighting the correlation between their consumption and health benefits.
Although several compounds have been studied, their mechanism of action is still to be
investigated. Phytochemicals may either function intrinsically as radical scavengers or as
the immune system’s modulators [20].

To evaluate the three compounds’ antioxidant properties, a DPPH assay was per-
formed. Although the antioxidant activity of these compounds has already been re-
ported [13,14,21-25], surprisingly, paeonol and RA showed a very low scavenger activity at
the tested concentrations (1, 10, 50, 100 uM), while DMR displayed a significant scavenger
activity in a dose-dependent manner (Figure 2A).
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Figure 2. (A) DPPH radical scavenging activity of paeonol, RA and DMR at different concentrations
(1,10, 50, 100 uM). Results are expressed as percentage (%) of inhibition rate & SEM. (B-D) Evaluation
of paeonol, RA and DMR cytotoxicity on MCF-7 and MDA-MB 231 cell lines after 72 h treatment
(** p < 0.0005 vs. vehicle CTRL MDA-MB 231; ** p < 0.005, *** p < 0,0005 vs. vehicle CTRL MCE-7).
Data are expressed as mean £ SEM.

Subsequently, in order to evaluate the antiproliferative effect of these compounds, we
performed an MTT test on MCF-7 and MDA-MB 231, respectively an estrogen-dependent
and epidermal growth factor (EGF) cell line and a hormone-independent one, also known
as a triple negative breast cancer line. The three tested compounds showed very different
response profiles. We did not observe any significant differences in cell viability following
paeonol exposure (Figure 2B); however, Saahene et al. showed a cytotoxic effect at higher
concentrations in breast cancer cells [26]. As reported in Figure 2C,D, RA and DMR showed
a potent antiproliferative effect. In particular, rosolic acid can be considered a potent but
non-selective compound compared to DMR, which showed a lower efficacy on MCF-7
compared to MDA-MB 231. As shown in Figure 2D, MDA-MB 231’s sensitivity to DMR was
evident at 10 pM. Our results regarding rosolic acid’s cytotoxicity are in agreement with
previous studies reporting that it is an apoptogenic inducer of proteotoxic and oxidative
stress in human malignant melanoma cells [15].

Based on the obtained preliminary results, we decided to explore the possible involve-
ment of HO-1 in the DMR mechanism, since it represents the only selective compound. As
shown in Figure 3A, DMR significantly increased HO-1 levels in a dose-dependent manner,
though we observed a reduction at the highest concentration (100 uM), mainly caused by a
strong reduction of cell viability. DMR was observed to already be an HO-1 inducer at 1 uM,
which represents a non-toxic concentration; indeed, higher levels of HO-1 were associated
with a lower cell viability after DMR treatment, suggesting its role in anti-proliferative
mechanisms’ activation.

In order to investigate the mechanism of action in a deeper manner, we decided to
evaluate the possible activation of ferroptosis. Recently, our group and others demonstrated
that induction of HO-1 represents a possible trigger of ferroptosis in breast cancer cells [27-29].
However, co-treatment with Ferrostatin-1, a well-known inhibitor of ferroptosis, and Trolox,
an inhibitor of lipid peroxidation, did not reverse the DMR cytotoxic effect, demonstrating
that ferroptosis is not involved in DMR-induced cell death (Figure 3B).
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Figure 3. (A) Measurement of HO-1 levels in MDA-MB 231 cells after treatment with different
concentrations of DMR (* p < 0.05, ** p < 0.005 vs. CTRL). (B) Cell viability evaluation after DMR
co-treatment with Trolox (100 pM) and Ferrostatin-1 (1 uM) (*** p < 0.0005 vs. CTRL). (C,D) Repre-
sentative fluorescence images (scale bar: 400 um) and measurement of caspase 3/7 levels following
DMR treatment (** p < 0.005 vs. CTRL).

We then decided to measure caspase 3/7 levels in order to evaluate apoptosis involve-
ment. As shown in Figure 3C,D and in agreement with Tan et al. [19], DMR upregulated
caspase-3/7 activity, suggesting the activation of apoptosis mechanism occurs in a caspase-
dependent manner.

Gao et al. have recently investigated the toxicity of pterostilbene on endothelial cells
(HUVEC). MTT results showed a lower cytotoxicity on non-cancerous cells compared to
glioblastoma cell lines [30].

In conclusion, our preliminary results demonstrate that DMR can represent a possible
adjuvant for breast cancer conventional therapy through the activation of caspase 3/7, as
previously reported [30,31], and through the induction of HO-1 [32], which represents a
potentially novel mechanism that needs to be further investigated.
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