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Abstract

Background Standard cancer treatments show a lack of selectivity that has led to the search for new strategies
against cancer. The selective elimination of cancer cells modulating the redox environment, known as “selective
oxycution’, has emerged as a viable alternative. This research focuses on characterizing the unexplored Escallonia
genus plant extracts and evaluating their potential effects on cancer’s redox balance, cytotoxicity, and activation of
death pathways.

Methods 36 plant extracts were obtained from 4 different species of the Escallonia genus (E. illinita C. Presl, E. rubra
(Ruiz & Pav.) Pers,, E. revoluta (Ruiz & Pav.) Pers., and E. pulverulenta (Ruiz & Pav.) Pers.), which were posteriorly analyzed
by their phytoconstituents, antioxidant capacity, and GC-MS. Further, redox balance assays (antioxidant enzymes,
oxidative damage, and transcription factors) and cytotoxic effects (SRB, AWYmt, and caspases actives) of those plant
extracts were analyzed on four cell lines (HEK-293T, MCF-7, HT-29, and PC-3).

Results 36 plant extracts were obtained, and their phytoconstituents and antioxidant capacity were established.
Further, only six extracts had ECs, values < 10 ug*mL"~", indicating high toxicity against the tested cells. From those,
two plant extracts were selective against different cancer cell lines: the hexane extract of E. pulverulenta’s stem was
selective for HT-29, and the ethyl acetate extract of £. rubra’s stem was selective for PC-3. Both extracts showed
unbalanced redox effects and promoted selective cell death.

Conclusions This is the first study proving “selective oxycution”induced by Chilean native plant extracts.

Keywords Selective oxycution, Cancer cell lines, Chilean native plants, Redox unbalance

*Correspondence:

Manuel Ahumada
manuel.ahumada@umayor.cl
Joan Villena
juan.villena@uv.cl

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12906-024-04341-4&domain=pdf&date_stamp=2024-1-13

Jara-Gutiérrez et al. BMC Complementary Medicine and Therapies

Background

Reactive oxygen species (ROS) are a series of chemi-
cal species formed during oxygen’s cellular metabolism,
which biologically participate in processes like homeosta-
sis, defense, and signaling. However, these might become
harmful to biomolecules, cells, and tissue [1] and even
promote multiple pathologies (e.g., cancer) when a loss
of the cellular redox balance occurs, a process known as
oxidative stress, which can be enabled by external factors
such as heavy metals, smoking, alcohol consumption,
and UV radiation [2, 3]. In fact, among cancer hallmarks,
high production of ROS is highlighted [4-7] as being
linked to the initiation, promotion, and progression steps
of this pathology [8]. Therefore, many potential cancer
treatment therapies have focused on ROS concentration.

In 2011, Burgess introduced the term “selective oxycu-
tion,” which is defined as the selective killing of cancer
cells by promoting a redox imbalance in cancer cells vs.
nontumoral cells [9]. To accomplish it, four strategies
have been proposed to inflict lethal damage or to trig-
ger apoptosis in cancer cells: (1) direct exposure to ROS-
generating agents (prooxidant agents); (2) inhibition of
cancer cell’s antioxidant enzymes; (3) intracellular ROS
production decrease (antioxidants), and (4) an appropri-
ate combination of the three previous strategies [6, 10—
13]. Within these strategies, several studies using natural
compounds have shown selective killing in different can-
cer cell lines.

For instance, Trachootham et al. (2006) used p-phenyl
ethyl isothiocyanate (PEITC), present in cruciferous
plants, to effectively disable the glutathione antioxidant
system and, therefore, generate ROS accumulation selec-
tively in ovarian cancer cells [14]. Posteriorly, Juan et
al. (2008) used resveratrol, a polyphenol found in black
grapes and other fruits with a high antioxidant capacity,
in colorectal cancer cells, seeing that it plays a significant
role in reducing cell proliferation and promoting intrinsic
apoptosis mechanisms [15]. These encourage the search
for new anticancer natural compounds, especially look-
ing into endemic plants.

In Chile and Argentina, Mapuche people are charac-
terized by a deep knowledge of nature, where they give
medicinal uses to native plants, with more than 700
medicinal native Mapuche plants identified. However,
little is known about their content and biological activ-
ity [16]. Among these, plants belonging to the Escallo-
nia genus have been less explored. Particularly, Barraco
(Escallonia illinita Presl.; Saxifragaceae) is a key repre-
sentative of the genus, which has been well characterized
and recommended by folk medicine for the treatment
of hepatic, venereal, renal, and respiratory diseases and
infected wounds. However, there is a lack of scientific
evidence that supports such benefits. Nonetheless, some
anticancer potential has been described [17-20]. Further,
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there are three other species from the same genus (E.
rubra, E. revoluta, and E. pulverulenta), of which there is
no single study or evidence of their potential uses in bio-
medicine. Therefore, this work uses extracts from Escal-
lonia genus plants to evaluate their potential “selective
oxycution” on cancer cell lines of the colon, breast, and
prostate by measuring their antioxidant and cytotoxic
capacities and their effect on redox balance.

Materials and methods

Escallonia genus plant collection

E. illinita, E. rubra, E. revoluta, and E. pulverulenta were
collected from Laguna Verde (Latitude: -33.1; Longitude:
-71.6833) and Fundo Santa Ana (Latitude: -33.2167; Lon-
gitude: -71.4) at 460 m.a.s.l. in January 2019. Employed
Escallonia specimens are cataloged as common species,
and their extraction and usage were performed follow-
ing Chilean legislation law 20,283 “about native forest
recovery and forestry foment” (Ley 20,283 “Ley sobre
recuperacion del bosque nativo y fomento forestal”) and
Decree 28 “rules about resources destined to native for-
est research” (Decreto 28 “que reglamenta los recursos
destinados a la investigacion del bosque nativo”) of the
Ministry of Agriculture of Chile. All collected plants were
identified by Patricio Novoa, Forest Engineer, Botani-
cal Expert, and Chief of the Horticulture Department,
“Jardin Botdnico Nacional? Vina del Mar, Valparaiso,
Chile, considering the plant’s morphological proper-
ties. Vouchers for each specimen: Ei (VALPLA 2017-
11), Er (VALPLO 2017-12), Ep (VALPLO 2017-13), Ere
(VALPLO 2017-14), are kept at the CIFAR, Farmacopea
Chilena, Universidad de Valparaiso, Valparaiso, Chile.

Extraction procedure

The extraction of aerial parts from Escallonia specimens
was performed by applying a non-lethal procedure.
Selective pruning was done using the ANASAC PASTA
PODA TPN-50 product and fungicide paint for pruning,
and it involved different types of wounds on the plant.
Each plant’s stem, leaves, and flowers were selected as
the sections to obtain the extracts. To accomplish this,
they were air-dried at room temperature and then sub-
jected to successive extractions using different solvents
of increasing polarity, like a previous report by Jara et
al. (2017) [21]. Briefly, 300 g of dried plant material was
added to 500 mL of each solvent (n-hexane (H), di-chlo-
romethane (D), ethyl acetate (A), and ethanol (E)); then,
the extraction of E. illinita, E. rubra, E. revoluta, and E.
pulverulenta was completed in 48 h and replicated three
times. All the obtained extracts were sonicated, concen-
trated in a rotary evaporator at 40 °C, and stored at room
temperature in darkness.
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Phytoconstituent compounds and antioxidant capacity
analysis of extracts

Total phenolic content determination

The amount of total phenolic compounds in the extracts
was determined using the method reported by Water-
man et al. (1994) [22], with minor modifications deter-
mined by our research team [21]. Each extracted sample
(2.0 mg) was dissolved in 2.0 mL of ethanol. Then, 500
uL of the extracts were mixed with Folin-Ciocalteau
reagent (2.5 mL, 0.2 N) and incubated for 5 min. Poste-
riorly, a 7.5% w/v Na,COj solution (2.0 mL) was added
and incubated in darkness at room temperature for 2 h.
Absorbance was measured in a spectrophotometer (Ray-
LEIGH, UV-2601, China) at 700 nm using ethanol as the
blank. Absorbance values obtained were interpolated
using a Gallic acid standard curve (0-200 mg*L™"), and
the total phenolic content was expressed as mM of Gallic
acid equivalents (mM GAE) per g of dried extract. All the
measurements were carried out in triplicate.

Total flavonoid content estimation

The total flavonoid content was determined using the
Dowd method, as adapted by Arvouet-Grand et al
(1994) [23]. For this, 1 mL of 2% w/v aluminum trichlo-
ride (AICl,) in ethanol was mixed with the same volume
of the extract’s solution in ethanol (1.0 mg*mL™'). Then,
the mixture was incubated for 10 min at room tempera-
ture, and absorbance was measured at 415 nm against a
blank sample consisting of 1.0 mL extract solution with
1.0 mL of methanol without AICl;. The absorbance val-
ues were interpolated using a quercetin calibration
curve (0-100 mg*L-1). The total flavonoid content was
expressed as mM of quercetin equivalents (mM QE) per
g of dry extract. All the measurements were carried out
in triplicate.

Total anthraquinones content estimation

This estimation was carried out using the protocol of
Arvouet-Grand et al., adapted by Mellado et al. (2012)
[24]. For this, a protocol like the previously exposed
in Sect. 2.3.2 was followed, measuring absorbance at
486 nm. The absorbance values were interpolated using
an emodin calibration curve (0-70 mg*L™'). The total
anthraquinones content was expressed as mM of emodin
equivalents (mM EE) per g of dry extract. All the mea-
surements were carried out in triplicate.

Total reactive antioxidant power (TRAP) assay

The method developed by Romay et al. (1996) [25] was
slightly modified for this experiment. Briefly, a 10 mM
solution of 2,2'-azo-bis(2-amidino propane) (ABAP)
was mixed with the same volume of 150 uM solution of
2,2'-azinobi(3-ethylbenzothiazoline-6-sulphonic  acid)
(ABTS) using PBS 100 mM at pH of 7.4 (TRAP solution).
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The mixture was incubated at 45 °C for 30 min and then
cooled to room temperature. Sample solution (10 pL,
1.0 mg*mL™! of each extract) was mixed with TRAP
solution (990 pL), and the absorbance was measured
after 50 s at 734 nm against the ABTS solution as the
blank. The absorbance values were interpolated in a Tro-
lox standard curve (0—120 mg*L™"), and the TRAP val-
ues were expressed in mM Trolox equivalent antioxidant
capacity (mM TEAC). All the measurements were repli-
cated three times.

Radical scavenging assays using DPPH@
The DPPH assay was performed as described by Brand-
Williams et al. (1995) [26] with minor modifications. The
sample (100 L, extracts at 0—10 mg*mL~') was mixed
with a 50 uM DPPH@ solution (2.9 mL) freshly prepared
in ethanol. A 50 uM DPPH@ solution (2.9 mL) with eth-
anol (0.1 mL) was used as the control. The samples and
control solutions were incubated for 15 min at room tem-
perature, and the absorbance was measured at 517 nm.
The inhibition (%) was calculated employing the follow-
ing equation:
Inhibition (% ) =100% x ((Acontrol — Asample) / Acontrol) (1)
From the obtained Inhibition (%) values, the ICy, value
was determined by the dose-response equation.

Hydrogen peroxide scavenging activity

The ability of extracts to scavenge hydrogen peroxide can
be estimated according to the method described by Ruch
et al. (1989) [27], with modifications. Hydrogen peroxide
solution (40 mM) was prepared in 50 mM phosphate buf-
fer (pH 7.4). Aliquots (0.1 mL) of different extracts were
transferred into the test tubes, and their volumes were
made up to 0.4 mL with phosphate buffer. After adding
0.6 mL hydrogen peroxide solution, tubes were vortexed,
and after 10 min, the absorbance of the hydrogen perox-
ide was determined at 230 nm against a blank. The ability
to scavenge hydrogen peroxide was calculated using the
following equation:

H,0; Inhibition (% ) =100% x ((Acontrol — Asample) / Acontrol) (2)

From the obtained Inhibition (%) values, the ICy, value
was determined by the dose-response equation.

Ferric reducing antioxidant power (FRAP) assay

With slight modifications, ferric reducing power was
measured as described by Dudonné et al. (2009) [28].
Freshly prepared TPTZ reactive (10 volumes of 300
mM acetate buffer, pH 3.6, with 1.0 volume of 10 mM
TPTZ (2,4,6-tri(2-pyridyl)-s-triazine) in 40 mM hydro-
chloric acid, and 1.0 volume of 20 mM ferric chloride
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FRAP reagent (3.0 mL) was mixed with deionized water
(300 uL) and the sample (100 pL, 1.0 mg*mL~" of each
extract). The mix was incubated for 30 min at 37 °C in a
water bath, and the absorbance was measured at 593 nm
using ethanol as the blank solution. The obtained absor-
bance values were interpolated in a Trolox calibrate curve
(0-200 mg*L~"), and the FRAP values were expressed in
mM Trolox equivalent antioxidant capacity (mM TEAC).
All the measurements were performed in triplicate.

Chromatographic analysis

The n-hexane (H), dichloromethane (D), ethyl acetate
(A), and ethanol (E) extracts were diluted with chlo-
roform, and analysis by gas chromatography (Hewlett
Packard, Palo Alto, CA, USA) was carried out according
to the method detailed elsewhere [29, 30]. The operating
conditions were as follows: on-column injection; injec-
tor temperature: 250 °C; detector temperature: 280 °C;
carrier gas, He at 1.0 mL*min-1; oven temperature pro-
gram: 40 °C increase to 260 °C at 4 °C *min-1, and then
260 °C for 5 min, to afford the best separation through
a capillary Rtx-5MS column. Mass detector ionization
employed an electron impact of 70 eV. Compounds in the
chromatograms were identified by comparison of their
mass spectra with those in the NIST/EPA/NIH Mass
Spectral Library [31], following previous indications [32].
The retention indices were determined under the same
operating conditions about a homologous n-alkanes
series (C8—C36) by the equation:

RI=100 x (n+Tr (unknown) — Tr (n) /Tr (N) — Tr (n)) (3)

where n=the number of carbon atoms in the smaller
n-alkane; N=the number of carbon atoms in the larger
nalkane; and Tr=the retention time. Component
relative concentrations were obtained by peak area
normalization.

Cultured cell lines

The following experimental established cell lines were
obtained from the American Type Culture Collec-
tion (Rockville, MD, USA): MCF-7 (human breast can-
cer; ATCC NO. HTB-22), HT-29 (human colon cancer;
ATCC NO. HTB-38), PC-3 (human prostate cancer
ATCC NO. CRL-1435) and HEK-293T (human embry-
onic kidney ATCC NO. CRL-3216). All cell lines were
grown in a Dulbecco’s Modified Eagle Medium/Nutri-
ent Mixture F-12 (DMEM-F12) containing 10% FCS,
100 U/mL penicillin, 100 pg*mL™" streptomycin, and 1
mM glutamine. Cells were seeded into 96-well microli-
ter plates at 100 pL, with 3x 10 cells/well plating density.
After a 24 h incubation at 37 °C (under a 5% humidified
carbon dioxide ambient to allow cell attachment), cells
were treated with different concentrations of extracts and
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incubated for 72 h under the same conditions. A stock
solution of extracts was prepared in ethanol, and the final
concentration of this solvent was kept constant at 1%.
Control cultures received only 1% ethanol.

In vitro cytotoxicity screening by using sulforhodamine B
assay

Sulforhodamine B (SRB) assay was used following the
method of Skehan et al. (1990) [33]. Cell density was
determined using a microplate reader (wavelength
540 nm). Untreated cells were used as the negative con-
trol, while cells treated with doxorubicin (DOXO) were
used as the positive control. In addition, all the sam-
ples were tested from 100 to 5 pg*mL™' (concentration
of extracts) using ethanol as the carrier solvent. All the
measurements were replicated three times. Finally, Sigma
Plot software was used to calculate the EC;, value, and
the selectivity index (SI) was calculated in the extracts
with EC5,<10 pg*mL™'. The selectivity of each extract in
each cell line was analyzed by calculating the selectivity
index (SI) as EC5y HEK-293T/ EC;, cancer cell line. If the
values of SI were equal to or greater than 2, it is said that
the extract is selective [34].

Oxidative stress assays in cell lines

Cells were seeded at 5x10° per well of 100 mm cell cul-
ture plates and incubated at 37 °C in a 5% humidified
CO, ambient plus 95% air mixture per 72 h. Each cell
line was treated with one of the extracts per 24 h, after
which cells were washed three times with PBS 1X and
detached with a 0.25% trypsin/EDTA (HyClone) solu-
tion for two minutes at 37 °C. Cells were then placed in a
complete medium to inhibit the trypsin. Cells were then
collected in sterile 15 mL tubes and centrifuged at 300 g
for 10 min. The cell pellet was resuspended in lysis buffer
(0.022 M Na,HPO,, 0.088 M NaH,PO,) diluted 1:15 in
Milli Q and sonicated at 35 watts for the different oxida-
tive stress assays. The enzymatic activity and protein oxi-
dation were normalized by total protein (mg) [35].

Antioxidant defenses in cell lines exposed to extracts
Superoxide dismutase (SOD) activity

This assay was performed according to Beauchamp and
Fridovich (1971) [36], which is based on reducing cyto-
chrome c by the superoxide radical in a xanthine/xan-
thine oxidase system. Briefly, 5 uL of cell lysates from
different treatments was mixed with solution A, com-
posed of 0.5 mM xanthine and 20 uM cytochrome ¢
dissolved in a phosphate buffer (0.1 mM EDTA, 50 mM
Na,HPO, and 50 mM NaH,PO,, pH 7.8) and a solution
B containing xanthine oxidase and 0.1 mM EDTA (1:40).
Enzymatic activity was detected at 550 nm in a spectro-
photometer (RayLEIGH, UV-2601, China). The obtained
absorbance values were interpolated in a SOD calibration
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curve (U enzyme) and normalized by protein mass (mg
of protein). All the measurements were carried out in
triplicate.

Catalase (CAT) activity

According to the methods described by Aebi (1984) [37],
the activity of catalase was determined by spectrophoto-
metrically measuring the loss of absorbance at 240 nm. of
a reaction mixture consisting of 100 pL of 0.3 M H202
in 2.9 mL of phosphate buffer (50 mM Na2HPO4 and 50
mM NaH2PO4, pH 7.8) and 50 pL of cell lysates from
different treatments. The measurement was performed
for 90 s in a spectrophotometer (RayLEIGH, UV-2601,
China). The obtained absorbance values were interpo-
lated in a CAT calibration curve (U enzyme) and normal-
ized by the protein mass (mg of protein). Each sample
was analyzed in triplicate.

Reduced glutathione /oxidized glutathione (GSH/GSSG) ratio
assay

GSH/GSS assay was performed as described in Rahman
et al. (2006) [38]. The assay is based on the reaction of
GSH with DTNB (Ellman’s reagent), which produces the
TNB chromophore; the latter has its maximal absorbance
at 412 nm and oxidized glutathione-TNB adduct (GS-
TNB). Briefly, cell lysates from different treatments were
mixed with 3 mL of cold buffer (NaCl 0.15 M, Na2HPO4
0.01, NaH2PO4 0.01, pH 7.4) and centrifuged at 3000G
for 15 min at 4 °C. The clear supernatant was used for
the total GSH assay. The supernatant (100 pL treated
with 2 pL 2-vinyl pyridine) was incubated at 37 °C with
700 pL of KPE buffer (0.1 M potassium phosphate buffer
with 5 mM EDTA disodium salt, pH 7.5), 60 uL of 280
puM NADPH and 60 pL 10 mM DTNB (5,5-dithio-bis
(2-nitrobenzoic acid)) for 10 min at 30 °C to oxidize all
GSH to GSSG. GSSG was then reduced by adding 60 pL
GSH reductase. The rate of TNB formation was followed
at 412 nm and was proportional to the sum of GSH and
GSSG present. The rate was compared with a standard
curve of GSH in buffer and normalized by protein mass
(mg of protein). All the measurements were carried out
in triplicate.

Total reactive antioxidant power assay in cell lines (TRAPc)

The same method that TRAP for extracts was used for
cell lysate. One volume of 10 mM solution of ABAP
(2,2’-azo-bis(2-amidino propane) was mixed with the
same volume of 150 pM solution of ABTS (2,2'-azinobi(3-
ethylbenzothiazoline-6-sulphonic acid) using PBS 100
mM at pH of 7.4 (TRAP solution). The mixture was incu-
bated at 45 °C for 30 min and then cooled to room tem-
perature. Cell lysate (10 pL) was mixed with the TRAP
solution (990 pL), and the absorbance was measured
after 50 s at 734 nm against the ABTS solution as the
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blank. The absorbance values were interpolated in a Tro-
lox standard curve (0—120 mg*L™"), and the TRAP val-
ues were expressed in mM Trolox equivalent antioxidant
capacity (mM TEAC). All the measurements were repli-
cated three times.

Nrf2 and FOXO3a RT-qPCR

According to the manufacturer’s recommendations, total
RNA was extracted using TRIzol® RNA Isolation Reagent
(Ambion, Thermo FisherScientific, Waltham, MA, USA).
Template cDNA was obtained by reverse transcription of
1 pg of total RNA using iScript™ Reverse Transcription
Supermix (Biorad, CA, USA). Reaction mixtures were
incubated at 25° C for 5 min, 46° C for 20 min, and 95° C
for 1 min.

Relative quantification of gene expression levels for
nuclear factor erythroid 2-related factor 2 (Nrf2) and
transcription factor forkhead box O-3 a (FOXO3a) genes
was carried out by real-time quantitative PCR (RT-
qPCR) on CFX96 Touch™ Real-Time PCR system (Biorad,
Hercules, CA, USA) using ¢cDNA samples obtained as
described before. For this purpose, SsoAdvanced Univer-
sal SYBR Green Supermix (Biorad, CA, USA) was used
according to the manufacturer’s instructions. Specific
primers were designed for the amplification of each gen.
Nrf2-F: 5"CAACTACTCCCAGGTTGCCC-3", Nrf2-R:
5-AGTGACTGAAACGTAGCCGA-3"; Foxo3a-F: 5-A
CAAACGGCTCACTCTGTCC-3", FOXO3a: 5'-GGAT
GGAGTTCTTCCAGCCG-3". Gapdh-F: 5-GAAGGT
GAAGGTCGGAGTC-3", Gapdh-R: 5-GAAGATGGT
GATGGGATTTC-3". Comparative cycle threshold (Ct)
values were obtained after the RT-PCR reaction was per-
formed. All quantifications were normalized by the cor-
responding expression of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA that served as the nor-
malizer gene. The relative quantification was performed
using the 2-/A/\Ct method. RT-qPCR reactions were
performed at least in triplicate.

Oxidative damage and ROS in cell lines exposed to extracts
Lipid peroxidation measurement

Malondialdehyde (MDA), the primary marker in lipid
peroxidation, was measured using the thiobarbituric acid
reactive substances (TBARS) assay according to Ester-
bauer et al. (1982) [39]. 1 mL of cell lysates from differ-
ent treatments was treated with 30% (w/v) trichloroacetic
acid (TCA) and centrifuged for 15 min at 3,000 RPM.
Then, 1 mL of the supernatant was mixed with 0.67%
(w/v) thiobarbituric acid (TBA). Samples were boiled for
20 min, and their absorbance spectrum was recorded at
wavelengths between 400 and 600 nm using a UV-visible
spectrophotometer (RayLEIGH, UV-2601, China). The
concentration of the TBA-MDA adduct was determined
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by extrapolation from an MDA calibration curve. Each
sample was analyzed in triplicate.

Protein carbonyl content assay

Based on the reaction of carbonyl groups generated by
protein oxidation with 2-4-ditrophenylyidrazine, this
assay was performed according to Levine et al. (1990)
[40]. 10 pL of cell lysates from different treatments were
treated with 20% (w/v) TCA on ice for 5 min and cen-
trifuged for 15 min at 11,000 RPM. The pellet was sus-
pended in 1 mL of 0.3% 2-4-ditrophenylyidrazine in 2 M
HCI, vortexed, and left in darkness for 1 h, with periodic
shaking. Then, 0.5 mL of 50% TCA was added while vor-
texing the sample, which was kept on ice for 5 min and
centrifuged at 11,000 RPM for 5 min. The pellet was sus-
pended in 1 mL ethanol: ethyl acetate (1:1), vortexed, and
centrifuged at 11,000 RPM for 5 min. This procedure was
repeated three times, and the pellet was later dried with
N2 gas. After that, 2 mL of 6 M urea was added to the
pellet, and the sample was incubated at 37 °C for 30 min.
The reaction product was measured in a spectrophotom-
eter (RayLEIGH, UV-2601, China) at 370 nm. The reac-
tion product was measured at 370 nm. Each sample was
analyzed in triplicate.

Measurement of reactive oxygen species (ROS) production by
flow cytometry

Briefly, cells were treated with extracts (5, 10, and
25 pg*mL™!) for 12 h. Untreated cells were used as the
negative control, while cells treated with daunorubicin
(DNR) 1 uM were used as the positive control. Intracel-
lular ROS levels were visualized after incubation with
2,7’-dichlorodihydro-fluorescein diacetate (DCFH,-DA)
at a final concentration of 10 uM. The fluorescent dye was
added for the last 30 min of the extract treatment period.
After the incubation, cells were washed once in PBS,
trypsinized, and centrifuged. The pellet was resuspended
in PBS and examined immediately by flow cytometry
[41].

Apoptosis in cell lines exposed to extracts

Determination of mitochondrial potential (AYmt) by flow
cytometry

Rhodamine 123 (Rhol23), a cationic voltage-sensitive
probe that reversibly accumulates in mitochondria, was
used to detect changes in mitochondrial membrane
potential [42]. Cells were incubated with extracts (5, 10,
and 25 pg*mL™") for 24 h. Untreated cells were used as
the negative control, while cells treated with Carbonyl
cya-nide-4-(trifluoromethoxy)phenylhydrazone (FCCP)
1 uM were used as the positive control. Subsequently,
cells were stained with rhodamine 123 (1 uM) and incu-
bated in darkness for 1 h at 37 °C. Then, the medium was
removed, and cells were washed twice with PBS. Later,
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cells were trypsinized and collected by centrifugation
(10 min at 1500G). The supernatant was discarded, and
the cell pellets were resuspended in PBS and analyzed by
flow cytometry using the FL1 filter. Results are expressed
as a percentage of cells stained with Rho123.

Determination of caspases activation by flow cytometry

The activity of caspases was determined by using a
fluorescent inhibitor of caspases tagged with fluores-
cein isothiocyanate, FITC-VAD-FMK. The CaspACE™
FITCVAD- FMK In Situ Marker was obtained from Pro-
mega. Briefly, cells were treated with extracts (5, 10, and
25 pg*mL™!) for 48 h. Untreated cells were used as the
negative control, while cells treated with daunorubicin
(DNR) 1 uM were used as the positive control. Cells were
incubated with CaspACE™ FITC-VAD-FMK in darkness
for 20 min at room temperature. Then, the medium was
removed, and cells were washed twice with PBS. Exposed
cells were collected by trypsinization and centrifuga-
tion (10 min at 1500G). The supernatant was discarded,
and cells were resuspended in PBS and analyzed by flow
cytometry using the FL3 filter. Results are expressed
as a percentage of cells stained with CaspACE"FITC-
VADFMK [43].

Statistical analysis

All data were reported as mean valueststandard devia-
tion (SD). Due to non-parametric data, a Kruskal-Wallis
ANOVA was used with a confidence level of 95% with
STATISTICA 7.0 software.

Results

The plant’s constituents extraction with increased polar-
ity solvents (hexane (H), di-chloromethane (D), ethyl
acetate (A), and ethanol (E)) resulted in 36 extracts, with
8 from E. illinita (4 from the stem and 4 from leaves), 8
from E. rubra (4 from the stem and 4 from leaves), 8 from
E. revoluta (4 from the stem and 4 from leaves), and 12
from E. pulverulenta (4 from the stem, 4 from leaves and
4 from flowers).

Phytochemical content and total antioxidant activity of
extracts

Once the extracts were obtained, the phytochemi-
cal content (i.e., total phenolic contents, flavonoids,
and anthraquinone) was measured using colorimetric
assays, as summarized in Table S1. To highlight, total
phenols and flavonoids showed significant differences in
polar extracts (A, E) (p<0.05) when compared to non-
polar solvents (H, D). Further, E. pulverulenta showed
the highest phenolic content in the ethanol extract
from the leaves (E=0.7015+£0.0203 mM GAE) and flow-
ers (E=0.646110.0057 mM GAE) organs. On the other
hand, E. illinita had the highest content of flavonoids in
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the dichloromethane extract (D=0.6189%+0.0352 mM
QE) and the ethylacetate extract (A=0.70321+0.0001 mM
QE), both from leaves. Finally, it was determined that
the highest content in total anthraquinones was found in
the hexane extracts (H=0.059710.0006 mM EE) and in
the dichloromethane extracts (D=0.0648%+0.0007 mM
EE) made from leaves of E. revoluta, and in the hexane
extracts (H=0.0769+£0.0002 mM EE) and the dichlo-
romethane extract (D=0.0660£0.0004 mM EE) of E.
rubra’s stem and leaves, respectively.

The antioxidant activity of the extracts is summarized
in Table S2. Interestingly, for the TRAP assay, all the
extracts were less active than the positive controls (Gallic
acid (GA) and Butylhydroxytoluene (BHT), p<0.05). Yet,
the ethanol extract from E. pulverulenta’s stem (E) shows
the highest antioxidant capacity (p<0,05). Similarly, the
DPPH. assay showed that all ethanolic extracts show
significantly higher values than the rest of the extracts
(p<0,05), especially in the ethanolic extract from the E.
pulverulenta’s flower (E). However, none of the extracts
had a better DPPHe scavenging capacity than reference
antioxidant compounds (BHT and TROLOX?®). In terms
of the H,0, assay, it was found that the dichlorometh-
ane extracts from E. illinita’s stem (D) showed a signifi-
cantly higher H,O, scavenger activity than the rest of the
extracts (p<0,05). This extract has an improved H,O,
scavenger capacity compared to the reference antioxidant
compounds (BHT and TROLOX°®). Finally, the FRAP
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assay showed that A and E extracts had better reduc-
tion antioxidant power than the other extracts (p<0.05),
where the highest value was found in the ethanolic
extract from E. pulverulenta’s leaves (0.00076+0.00001
mM TEAC). Nonetheless, all the extracts were less active
than the positive controls (GA and BHT, p<0.05). There-
fore, it can be concluded that polar extracts have a higher
concentration of phytoconstituents and higher total anti-
oxidant capacity than the rest of the tested samples.

In vitro cytotoxicity

The cytotoxicity of the thirty-six extracts was evaluated
in vitro against different cancer cell lines (HT-29, PC-3,
MCE- 7, and HEK-293T), using a sulforhodamine B colo-
rimetric assay, which was set up to obtain the ECy val-
ues of the tested extracts. Table 1 shows the results of
extracts with EC;,, values within the tested ranges.

From Table 1, it is possible to identify that the ECy,
values ranged from 6.7 to 95.2 ug*mL~! for the differ-
ent cancer cell lines tested. Therefore, to continue with
the study, the 6 extracts with the lowest ECg, value
(10 pg*mL~!, highest cytotoxicity) were selected, and
the selectivity index (SI) was calculated (Table S3).

Table S3 shows SI results for twenty Escallonia extracts,
where only two extracts showed to act selectively against
cancer cells; specifically, ethyl acetate extract from E.
rubra’s stem (ErSA) was selective for prostate can-
cer cell line PC-3 (SI=2.19) and hexane extract from E.

Table 1 Effective mean concentration (ECs) of Escallonia extracts on nontumor (HEK-293T), breast cancer (MCF-7), colon cancer (HT-

29), and prostate cancer (PC-3) cell lines

Plant Organ Extract MCF-7 HT-29 PC-3 HEK-293T
ECso (pg*mL_1) ECso (pg*mL_1) ECso (pg*mL_1) ECso (pg*mL“)
E illinita Stem D 44.0401+2.8211¢ 24.9665 +3.0838¢ 63.0176+25672¢ 227509+ 1.5763¢
A 13.5532+4.4832° 34,6422 +4.7805° 71.3293+3.76224 18.6287 +44183°
E rubra Stem H 10.1507 +1.5942° 9.3007 +2.9967° 8.2581+3.1385° 13.9341+1.9361°
D 233823+1.3818° 19.9153+5.1146° 14.7452+19173° 11.6367+5.1136°
A 12.7918+0.9803° 26.375+0.3326° 6.7183+2.7161° 147107 +2.2366°
Leaves H 56.1876 % 2.6042° 152167 +1.5197¢ 9.5785+23736° 10.2952+2.2208°
D 16.7674+26103° 25.0321+6.5080° 14.0886+1.1765° 11.3583+2.5385°
E revoluta Stem H 39.7867 +3.1283¢ 244083 +2.0075¢ 79.3285+1.2329¢ 14.1480+ 1.3285°
D 183568+ 1.8974° 13.741142.1074° 14.7673+4.1305° 10.6601+1.9422°
A 22.5015+44417° 6.9845+1.2959° 10.7772+0.6380° 11.0185+34961°
E. pulverulenta Stem H 17.7417 £1.5066° 7.5154+19235° 11.2879+3.2494° 17.3630+8.3298°
D 95.1946+ 1091584 243763+24381¢ 203552 +8.8824° 12.0393+1.7299°
A 24041725179 239766+ 1,0591° 23.0374+4.3020° 11.8085+ 1.8638°
Leaves H 203313+ 1.6390° 19.458+2.0729° 21.4674+3.9661° 32.1562+145701¢
D 554643 +7.1389¢ 13.6433+1.9642¢ 226237 +4.5147¢ 13.9832+0.8228°
A 15.0914+1.7535° 22.9409+9.5515° 228511476715 18.0282+2.5183°
Flowers H 154196+2.8012° 30.2962 +3.7342¢ 18.5459+2.5133¢ 15.2301 +3.4980°
D 03985+ 1.8046° 032844377232 86317+29129° 13.8068+2.7420°
A 19.7591 +4.4834° 13.4092 + 3.8624% 19.5506+3.8179° 11.3231+3.1435°
E 15.9509+2.27522 14.7024+0.9387¢ 205502 +4.7137° 15.2715+3.3880°

Data are expressed as mean values+S.D. (h=10)

>dpjfferent letters correspond to significant differences among the extracts per cell line (p<0.05)
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pulverulenta’s stem (EpSH) was selective for colon can-
cer cell line HT-29 (SI=2.31). Therefore, the research was
followed, considering only these two extracts. Note that
the SI values from the extracts were compared to the SI
from doxorubicin (DOXO), a chemo-therapeutic used as
a gold standard, which was selective for the three cancer
cell lines, being their SI values for colon and breast can-
cer cell lines higher than any other SI from the extracts.

Antioxidant defenses in cell lines exposed to extracts
The two selected extracts (ErSA and EpSH) were used
to analyze their impact on the oxidative stress in the cell
lines employed (HEK-293T, HT-29, and PC-3). In this
sense, the oxidative stress post exposition to the extracts
was evaluated through the analysis of intracellular anti-
oxidant defenses (SOD and Catalase enzymes activity,
GSH/GSSG ratio, TRAP in cell, Nrf2 and FOXO3a tran-
scription factors) and oxidative damage (lipid peroxida-
tion, carbonyl formation, and ROS production).

Related to the SOD and Catalase enzymatic activity
(Figure S1), the ErSA extract was selective for the PC-3
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cell line showing a significant increase in SOD activity
(Figure S1c). On the other hand, ErSA and EpSH extracts
were significantly more active for catalase on cancer cell
lines than nontumor-treated cells (Figure S1 d, e, and f).
Regarding the GSH/GSSG ratio, both extracts increased
the ratio in HEK-293T, which indicates a reduction of
oxidative stress (Figure S2a). Further, the analysis of the
antioxidant capacity in cells (TRAPc) showed that both
extracts diminished TRAPc in HEK-293T, indicating
a prooxidant effect (Figure S2d). Also, the ErSA extract
(selective for the PC-3 cell line) significantly reduced
TRAPc, demonstrating a prooxidant effect (Figure S2f).
As enzymatic antioxidant defenses are increased, we
studied the expression of transcription inducible factors,
Nrf2 and FOXO3a, as regulator factors in the enzymatic
response to ROS production (Fig. la-d). ErSA extract
significantly increased the expression of both transcrip-
tion factors in PC-3 cells (Fig. 1b and d), which is related
to the increase in the activity of SOD and catalase in
the same cell line (Figure Slc and f) and reduced the
expression of both factors in HEK-293T control cells.
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Fig. 1 Relative expression of Nrf2 (a, b) and FOXO3a (c, d) in HEK-293T, HT-29, and PC-3 after treatment with ErSE and EpSH extracts. Cells were treated
with the ErSE or EpsH extracts for 12 and 18 h (25 pg*mL™"). Data were expressed as mean values = standard deviation (n=3). *# Different symbols corre-
spond to significant differences between treatments concerning the negative control (C) per cell line (p < 0,05). C=Negative Control; ErSE=ethyl acetate
extract made from stems of E. rubra, selective for PC-3; EpSH=hexane extract made from stems of £. pulverulenta, selective for HT-29; C+ = 5-Fluorouracil

(6.5 ug*mL™", 50 uM)
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Meanwhile, EpSH extract did not affect the expression
of Nrf2 and FOXO3a in HT-29 colon cancer cells and
reduced the expression of both transcription factors in
HEK-293T control cells (Fig. 1a and c).

Oxidative damage and ROS level in cell lines exposed to
extracts

The oxidative damage in cell lines was evaluated by mea-
suring lipid peroxidation and carbonyl concentration
(Figure S3a-f). The ErSA extract significantly increased
the concentration of carbonyls in the PC-3 cell line, while
no change was observed in HEK-293T control cells. On
the other hand, EpSH extract showed increased carbonyl
concentration and lipid peroxidation in HT-29 cells while
reducing the lipid peroxidation in HEK-293T control
cells.

Interestingly, when the ROS levels in the cells were
evaluated after exposure to the extracts, it was found
that both ErSA and EpSH increased the ROS levels in
PC-3 and HT-29 cells, respectively, similarly to the posi-
tive control daunorubicin (DNR, 1 uM). Further, ErSA
extract generated ROS in the PC-3 cells and the control
cell in a concentration-dependent manner, like the refer-
ence chemo-therapeutic used as a positive control (DNR)
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(Figs. 2b and S4b). Nonetheless, for EpSH extract, the
ROS level was significantly higher in HEK-293T than in
HT-29 cells (Figs. 2a and S4a).

Apoptosis in cell lines exposed to the extracts

It has been reported that cellular apoptosis activa-
tion could be associated with mitochondrial membrane
potential and caspase activation through ROS levels [44].
Therefore, the effect of EpSH and ErSA extracts on mito-
chondrial membrane potential (A¥Ymt) and caspase acti-
vation on the tested cell lines was assessed. As shown in
Figs. 2c, d and S4c, d, both extracts decreased the mito-
chondrial membrane potential in cancer cell lines (PC-3
and HT-29) in a dose-dependent manner, like the posi-
tive control. Furthermore, the ErSA extract also reduced
the mitochondrial membrane potential at the highest
concentration (25 pg*mL™') in non-tumoral HEK-293T
cells, having no significant differences with PC-3 cells,
suggesting a selective effect on the mitochondrial mem-
brane potential. Related to the caspase activation, both
extracts showed increased activation in the cancer cell
lines, HT-29 and PC-3, indicating the apoptotic pathway
activation (Figs. 2e, f, and S4e,f). Both extracts showed
increased caspase activity in the cancer cell lines HT-29
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Fig. 2 ROS production, loss of mitochondrial membrane potential (AWYmt), and caspases activity in nontumor (HEK-293T) and colon (HT-29) and prostate
(PC-3) cancer cell lines after being exposed to three different concentrations (C1=5 pg*mL”, c2=10 ug*mL”, C3=25 ug*mL") of EpSH and ErSA
extracts, respectively. (@) and (b) Mean percentage of cells with ROS production. (c) and (d) Mean percentage of cells with AYmt. (e) and (f) Mean percent-
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differences among treatments per cell line (p < 0.05)



Jara-Gutiérrez et al. BMC Complementary Medicine and Therapies

and PC-3, indicating the activation of the apoptotic
pathway. On the one hand, ErSA extract significantly
increased the caspase activity of the PC-3 cancer cell line
without any other effect on nontumor HEK-293T cells.
On the other, the impact of EpSH extract significantly
increased the caspases activity at the highest concentra-
tion on HT-29 cells, leaving HEK-293T cells unaffected.
Thus, it was observed that both extracts also promote
a selective effect in terms of caspase activity. Therefore,
summarizing, ErSA extract promotes an increase in ROS
levels, decreasing the mitochondrial membrane potential
and increasing caspase activity in PC-3 cells, showing a
selective effect in caspase activation versus nontumor
HEK-293T cells. Likewise, the EpSH extract increases
the ROS levels, decreasing the mitochondrial membrane
potential and increasing the caspase activity in HT-29
cells, where no similar effects were observed in the non-
tumor cell line, thus demonstrating a selective effect on
HT-29 versus HEK-293T cells.

Extract’s composition identification

Based on the previous results, we were interested in
identifying which compounds were present within the
extracts and could be related to the observed data. In this
way, GC-MS identification at the EpSH extract revealed
the existence of six compounds, with 69.83% of the total
sample amount previously reported with biological activ-
ity (Table S4). The most abundant compounds within this
sample correspond to alkanes, representing 40.92% of the
full sample. On the other hand, ErSA extract has Lanos-
terol acetate triterpene as a majoritarian compound
(99.9%; Table S5). These triterpenes have been recently
reported to possess anti-inflammatory and/ or antitumor
activities [45].

Discussion

Complete extracts have been used as nutritional supple-
ments and nutraceuticals because, generally, the effect
is not generated with a single component but with a set
of them, which can cause a synergic effect on specific
biological targets [46-48]. In this context, Cho et al
(2011) previously mentioned that using sub-fractionated
extracts with different solvents improves their bioactive
properties by concentrating the phytoconstituents and,
thus, enhancing their effects [46]. In this way, once the
solvent is evaporated, the obtained extract concentrates
different phytocomponents, i.e., the hexane extraction
solubilized lipophilic compounds as lipids and essential
oils; the dichloromethane extraction solubilized terpe-
noids and sterols; the ethyl acetate extraction solubilized
principally low molecular weight flavonoids as phenolic
acids, flavonols, and anthocyanins; and finally, the etha-
nol extraction solubilized fundamentally polyphenols
[49-51].
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Concerning those phytoconstituents presenting anti-
oxidant capacity, there are not many studies in the
Escallonia genus, but compared to the work carried out
by Simirgiotis et al. (2012) [52], in our research, we got
a higher concentration of phytoconstituents and an
improved total antioxidant capacity. This may be due to
the extraction method, the solvents, and/or the differ-
ent organs used to obtain the extracts. Particularly in the
extraction method, the SLE-UAE methodology (Solid
liquid extraction-ultrasound-assisted extraction) used
in this research has several advantageous properties: (1)
selectivity in the extraction of bioactive compounds; (2)
increased concentration of phytoconstituents with anti-
oxidant capacity as polyphenols; (3) short time of extrac-
tion; (4) amelioration of extraction efficiency [51, 53—55].
Further, the plant’s separation by parts (organs) allows
the obtention of different secondary metabolites [24].

Among the 36 extracts analyzed, 20 had an
EC4<10 pg*mL~'. Manosroi et al. (2006) suggest that
EC;, values less than 125 pg*mL~! might be potential
candidates for developing anticancer therapeutic agents
[56]. Among these 20 extracts, only 2 were non-cytotoxic
to our control nontumoral cancer cell line (HEK-293T).
Further, selectivity is the essential feature of an effective
anticancer drug [57], which can be obtained through the
selectivity index (SI) and by comparing it against gold
standard drugs (as in this work). Previous research has
pointed out that a SI>2 is a promissory value [58]. Then,
considering the obtained extracts, both are good candi-
dates for developing new drug therapies against cancer,
where ErSA and EpSH show selectivity against PC-3
(prostate) and HT-29 (colon) cancer cell lines, respec-
tively. Additionally, based on the obtained results, it is
possible to establish both extracts’ oxidative stress action
mechanism (selective oxycution), as shown in Fig. 3. As
previously stated, ROS are implicated in various stages
of cancer development [5, 12, 59-61]. In this respect,
cancer cells might be more sensitive to changes in redox
homeostasis than normal cells due to changes in the
production of ROS or the levels of antioxidant defenses,
thus becoming a potential therapeutic target. Therefore,
the ROS increase over basal levels can lead to a variation
in the antioxidant defense efficiency and, consequently,
selectively kill cancer cell lines without harming the nor-
mal cells through a phenomenon called “selective oxycu-
tion” [5, 9, 12, 62].

The GC-MS analysis allows us to identify the com-
pounds within the two extracts to deepen our studies.
Related to the ErSA extract, it is known that lanosterol
modulates the immune response [63], has an antiprolif-
erative effect on daunorubicin-resistant leukemia cell line
(CEM/R2) [64], and can activate the antioxidant defenses
through the Nrf2 transcription factor [65], as the
observed results for the ErSA extract in this work. On the
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Fig. 3 Schematic summary of the main findings of this work. (a) ErSA selectivity for the prostate cancer (PC-3) cell line; and (b) EpSH extract selectiv-
ity for the colon cancer (HT-29) cell line. In both cases, when compared to the non-tumor cell line (HEK-293T). Symbols represent the obtained results
compared to the control of each experiment; (=): no change compared with the control; Green arrow: increase compared with the control; Red arrow:
decrease compared with the control; ROS: reactive oxygen species; TRAP: total reactive antioxidant power; MDA: lipoperoxidation (malondialdehyde);
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drial membrane potential; Nrf2: nuclear factor erythroid 2-related factor 2; FOXO3a: transcription factor forkhead box O-3 a

other hand, regarding the EpSH extract, it has been pre-
viously described that eicosanes have antitumoral activity
in different cancer cell lines [66]. Also, the triacontanes
present antibacterial, antidiabetic, and antitumoral activ-
ity [67, 68]. Further, apigenin derivatives are related to
antioxidant activity, promoting the Nrf2 expression and
the increase in antioxidant enzymes (GSH-synthetase,
catalase, and SOD) and the inhibition of ROS-producing
enzymes as NOX [69-71]. Moreover, apigenin deriva-
tives affect metastasis and angiogenesis in oral cancer
[72, 73]. Additionally, y-sitosterol is associated with cycle
arrest and proapoptotic effect in breast and lung cancer
cell lines [74]. Finally, bisabolol derivatives have been
described as antitumoral compounds, promoting ROS
production and loss of mitochondrial integrity [75] and
decreasing cell proliferation and viability in pancreatic
cancer cell lines [76-78]. This is similar to how EpSH
extract affects the HT-29 cell line.

Conclusions

In summary, we have obtained 36 extracts with antioxi-
dant capacity linked to their polar characteristic. More-
over, two extracts stand out with selective cytotoxicity for
colon (HT-29) and prostate (PC-3) cancer cell lines. Fur-
ther, both extracts showed “selective oxycution” effects,
generating oxidative stress and activating regulated death
pathways in cancer cell lines without affecting the con-
trol non-tumor cell line. These results indicate that ErSA
and EpSH are potential candidates to develop further
research against cancer; thus, future directions should be

to employ more complex models, such as 3D cultures and
animal models, allowing more evidence to be obtained
for developing new therapeutic solutions against this
pathology. Finally, our findings shed new light on the
chemical and biological understanding of the ancestral
native flora, a source of uncountable and unknown bioac-
tive compounds.
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