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a b s t r a c t

Gallic acid and its derivatives are phenolic compounds widely used as food supplements in the form of
capsules, liquid extracts, and ointments owing to their good antioxidant properties. Besides, these
compounds are potent inhibitors of fungi, bacteria, and some viruses and possess strong antiproliferative
and chemopreventive activities. However, gallic acid derivatives are also known to exert harmful effects
like mutagenicity and cytotoxicity. The present study aimed to understand and explore the toxicological
risks of these compounds. For this, a series of alkyl gallates with side chains varying from five to eight
carbons (pentyl, hexyl, heptyl, and octyl gallates) were evaluated for their cytotoxic and pro-apoptotic
potential. In addition, the genotoxic effects of alkyl gallates were measured in HepG2 cells using the
single cell gel electrophoresis (SCGE)/comet assay and the cytokinesis-blocked micronucleus (CBMN)
test. In both the tests, the substances did not induce any significant differences when compared to the
control group. In addition, alkyl gallates exhibited a chemopreventive effect, thereby considerably
reducing the mutagenicity caused by H2O2. In conclusion, our results suggest that alkyl gallates are non-
genotoxic, non-mutagenic, and pro-apoptotic agents, which may serve as suitable and promising can-
didates for preventing chemically-induced chromosomal damage.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Cancer is considered as one of the leading causes of morbidity
and mortality, thereby posing a major challenge to the health
professionals worldwide (Stewart andWild, 2014). Oxidative stress,
a term used to describe the imbalance between the generation of
harmful free radicals and their elimination by the protective ma-
chinery of the body is an aspect common to all types of cancers
(Noda andWakasugi, 2001). A significant number of new drugs and
pharmaceuticals have been developed displaying protection
against the deleterious effects of oxidative stress; however, most of
these drugs are also associated with adverse side effects, such as
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cytotoxicity, mutagenicity, and carcinogenicity (Garattini and
Bertele, 2002; Bagchi et al., 2014).

In an attempt to develop a safe and non-toxic treatment for
cancer with lower side effects, a special attention has been diverted
to antioxidants extracted from plants and their semi-synthetic
derivatives. Among them, gallic acid (GA), a natural plant triphe-
nol and its derivatives have been demonstrated by several in-
vestigators to possess strong antioxidant activity (Aruoma et al.,
1993; Morley et al., 2005; Savi et al., 2005; Locatelli et al., 2009;
Merkl et al., 2010; Morais et al., 2010).

The gallic acid (3,4,5-trihydroxybenzoic acid) is a naturally
occurring phenol present in plants and obtained by the hydrolysis
of tannins (Inoue et al., 1995). Its alkyl esters, especially propyl
gallate, octyl gallate, and lauryl gallate, are currently utilized as
antioxidant additives to prevent changes in food flavor and nutri-
tional values and increase the shelf-life of lipid-based foods by
serving as chain-breaking inhibitors of oxygen-induced lipid per-
oxidation. The same property is exploited by the cosmetic and
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pharmaceutical industries (Aruoma et al., 1993; Fujita and Kubo,
2002; Kubo et al., 2002), where these compounds are employed
as natural coloring agents and for drug formulations. The diverse
range of properties of gallic acid and its derivatives has been
associated with a wide variety of biological activities, including
antifungal (Fujita and Kubo, 2002; Hsu et al., 2009), antibacterial
(Kubo et al., 2002; Kubo et al., 2004; Silva et al., 2013), antiviral
(Kratz et al., 2008), antiherpetic (Savi et al., 2005), antiproliferative
(Dodo et al., 2008; Locatelli et al., 2008; Locatelli et al., 2009), and
chemopreventive (Morley et al., 2005; Pandır, 2015).

Contrary to their versatile and beneficial properties, alkyl gal-
lates have also exhibited controversial results. Some studies have
demonstrated that gallates could induce DNA damage and muta-
genicity (Tayama and Nakagawa, 2001; Furukawa et al., 2003; Savi
et al., 2005), and their antioxidant potential can under certain
conditions turn prooxidant (Strlic et al., 2002; Furukawa et al.,
2003). For these reasons, the safety and biological effects of alkyl
gallates would benefit of further toxicological investigations.

Toxicological risk assessment is considered as an essential part
of a drug design initiative to identify compounds that are most
likely to be detrimental to the human health. The evaluation of
toxicological risk involves hazard identification, dose-response
assessment, exposure assessment, and risk characterization. Both
in vivo and in vitro toxicity methods are employed for a compre-
hensive and valid analysis of the risks associated with the exposure
to potentially harmful substances. In vitro assay systems provide an
important contribution in elucidating the mechanisms of toxicity,
carcinogenicity, and metabolism of drugs and chemicals. Thus, they
serve as an indispensable tool for identifying potentially hazardous
compounds at early stages of drug design (Davila et al., 1998).

The predictive in vitro assay is advantageous in terms of
providing useful ways to prioritize screening and reduce the assay
requirements. It also offers a clear, next step in exploring the bio-
logical effects of a compound. In vitro assays are less complex in the
number of factors that would influence a positive readout, making
the successful development of an in silico model more likely
(Greene and Naven, 2009).

The contradicting results obtained so far with gallates indicate
that the knowledge of the effects (beneficial or adverse) has largely
remained elusive. With an aim to ensure public safety, the present
study assessed alkyl gallates for their cytotoxicity and pro-
apoptotic activities, as well as their genotoxic and mutagenic po-
tential. Further, the chemopreventive activity of alkyl gallates on
DNA damage induced by H2O2 (a direct-acting mutagen) was
investigated. The results of the present study would add beneficial
data to the knowledge of alkyl gallates as non-genotoxic, non-
mutagenic, pro-apoptotic, and suitable agents for preventing
various types of cancer.

2. Methodology

2.1. Chemicals

Alkyl gallates with side chains varying from five to eight carbons
(pentyl, hexyl, heptyl, and octyl gallates) were synthesized as
described by (Silva et al., 2013).

2.2. Cell culture

The following cell lines were used in the study: HepG2; human
liver carcinoma cell line (ATCC, HB8065), DU-145; human prostate
cancer cell line (ATCC, HTB-81), MDA-MB-231; human breast car-
cinoma cell line (ATCC, HTB-26), MRC-5; human lung fibroblast cell
line (ATCC, CCL-171), and A549; human lung adenocarcinoma
epithelial cell line (ATCC, CCL-185). The cell lines were obtained
from the American Type Culture Collection (ATCC) (Manassas, VA,
USA) and grown in DMEM or Ham's F10 (A549 cell line) medium
supplemented with 10% FBS, 1% penicillin (100 U/mL), and strep-
tomycin (100 mg/mL). The cells were maintained in a humidified
environment at 37 �C with 5% CO2 and sub-cultured twice per
week. The viability of the cells was checked before conducting the
experiments. In brief, a freshly prepared solution of Trypan blue
(0.05%, 10 mL) in distilled water was mixed with 10 mL of cellular
suspension for 5 min, spread onto a microscope slide and covered
with a coverslip. The non-viable cells appeared blue under the
microscope.

2.3. Cytotoxicity tests

The cytotoxicity wasmeasured fluorometrically by the resazurin
reduction assay. Resazurin is a non-toxic and non-fluorescent blue
reagent that is irreversibly reduced to a fluorescent and pink-
colored resorufin by the viable cells undergoing active meta-
bolism. Nonviable cells rapidly lose the metabolic capacity to
reduce resazurin and thus do not produce a fluorescent signal.
Therefore, resazurin serves as a cell permeable redox indicator for
monitoring the number of viable cells.

For the resazurin reduction assay, 2.5 � 104 cells/well were
seeded into a 96-well cell culture plate (Costar®, Cambridge, MA,
USA) in a total volume of 100 mL for 24 h. The cells were then
treated with the following alkyl gallates: pentyl, hexyl, heptyl, and
octyl gallates at concentrations ranging from 1.6 to 200 mg/mL. After
24 h incubation, the medium was removed, and 50 mL of resazurin
(Sigma-Aldrich®, St. Louis, MO, USA) prepared in 0.01%w/v of
DMEM was added to each well, and the plates were incubated at
37 �C for 3 h. The fluorescence was measured on Synergy H1micro-
plate reader (BioTek®, Winooski, VT, USA) using an excitation
wavelength of 530 nm and an emission wavelength of 590 nm. The
untreated cells constituted the negative control (viable cells),
whereas those treated with 1% dimethyl sulfoxide (DMSO) and
5 mg/mL of doxorubicin (Sigma-Aldrich®, St. Louis, MO, USA)
constituted the vehicle and positive controls (dead cells), respec-
tively. Three independents assays were performed. The IC50 value
that represents the sample concentration required to inhibit 50% of
cell proliferation was calculated from a calibration curve by
regression analysis.

2.4. Detection of apoptosis

Nuclear morphology was assessed by staining the cells with
Hoechst 33342 and propidium iodide (PI). HepG2 cells were
cultured at a density of 2.5 � 104 cells/well in a 96-well plate fol-
lowed by incubation in the culture medium for 24 h at 37 �C with
5% CO2. The culture medium was replaced with 100 mL of medium
containing the IC50 concentration of the alkyl gallates (pentyl,
hexyl, heptyl, and octyl gallates) previously determined by the
resazurin reduction assay and incubated for 24 h. The untreated
cells, 1% DMSO, and 0.5 mg/mL of doxorubicin were utilized as
negative, vehicle, and positive controls, respectively. To stain the
DNA, the cells were incubated with Hoechst 33342 (10 mM) and PI
(10 mM) diluted in phosphate-buffered saline (PBS) for 10 min at
room temperature. The cells were then observed by the IN Cell
Analyzer 1000 (GE Healthcare®, USA). Based on the staining and the
level of DNA condensation, the nuclei were categorized into four
types, namely intact blue nuclei, condensed/fragmented blue
nuclei, condensed/fragmented pink nuclei, and intact pink nuclei.
These categories corresponded to viable, early apoptotic, late
apoptotic, and necrotic cells, respectively. A total of 500 cells were
counted, and the percentage of viable, apoptotic, and necrotic cells
was calculated. The results were expressed as the mean ± standard
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error of three independent experiments performed in duplicate
(Hashimoto et al., 2003).

2.5. Single cell gel electrophoresis assay (comet assay)

For the comet assay, HepG2 cells were seeded into 24-well
plates at an initial concentration of 2.5 � 104 cells/well and
treated with the alkyl gallates (pentyl, hexyl, heptyl, and octyl
gallates) at IC30 for 24 h. The positive and negative controls used
were medium with and without H2O2 (1 mM), respectively, for
5 min. In addition, a vehicle control (0.01% DMSO, which was the
maximum concentration of solvent used in the test) was included.
The comet assay was performed by following the protocol of (Tice
et al., 2000). Briefly, 20 mL of cells was mixed with 120 mL of 0.5%
low-melting-point agarose at 37 �C. It was layered onto a precoated
slide with 1.5% regular agarose and covered with a coverslip. After
the solidification of agarose at 4 �C, the coverslip was removed, and
the slides were immersed in the cold lysing solution (2.5 M NaCl,
100 mM EDTA, 10 mM Tris-HCl buffer, pH 10.0, 1% sodium sarco-
sinate with 1% triton X-100 and 10% DMSO) for 24 h. After lysis, the
slides were exposed to an alkaline buffer (pH > 13.0) for 20 min (to
unwind the DNA) and subjected to electrophoresis for 20min (25 V,
300 mA). Then, the slides were neutralized with 0.4 M Tris-HCl
buffer (pH 7.5) for 15 min, fixed in absolute ethanol and stored at
4 �C until analysis. Duplicate slides were stained with SYBR® Green,
(Sigma-Aldrich®, St. Louis, MO, USA) and 50 randomly selected pre-
treated cells (wells) were examined at 400� magnification on a
fluorescence microscope. The images were analyzed using TriTeK
CometScore™ software image analysis system (TriTek Corp.,
Sumerduck, VA, USA).Tail moment (product of tail DNA/total DNA
by the tail center of gravity) in arbitrary units was selected as an
indicator of DNA damage, and the percentage of DNA in the tail
(percentage DNA) was calculated. The results were expressed as the
mean ± standard error of three independent experiments per-
formed in duplicate.

2.6. Cytokinesis-block micronucleus cytome (CBMN) assay

The CBMN assay was performed according to the Organization
for Economic Co-operation and Development (OECD) Guidelines
(OECD, 2010). CBMN is considered to be the method of choice for
analyzing DNA damage, cytostasis, and cytotoxicity. Formation of
micronuclei is regarded as the hallmark of chromosome breakage
(DNA damage); the assay helps to determine the proportion of
mono-, bi-, tri-, and tetra-nucleated cells.

2.6.1. Mutagenic evaluation
HepG2 cells at a density of 2 � 10 4 cells/well were seeded into

96-well cell culture plates. Twenty-four hour after seeding, the
medium was removed, and the cells were treated with the alkyl
gallates in three concentrations below the IC30 (previously deter-
mined by resazurin reduction assay) for 24 h. The controls included
cells without treatment (negative control); 1 mM H2O2 (positive
control, treated for 5 min) and 1% DMSO (vehicle control). Then, the
cells were washed twice with PBS and incubated with the medium
containing 6 mg/mL of cytochalasin B (Sigma-Aldrich®, St. Louis,
MO, USA) for 48 h.

2.6.2. Antimutagenic evaluation (chemopreventive potential)
Twenty-four hour after seeding, the mediumwas removed, and

the cells were treatedwith the alkyl gallates at three concentrations
below the IC30 for 24 h. Then, the cells were washed with PBS and
treated with H2O2 (1 mM) for 5 min. The cells were then washed
twice with PBS, and incubated with the medium containing cyto-
chalasin B at a concentration of 6 mg/mL for 48 h.
For bothmutagenic and antimutagenic evaluations, themedium
was removed, and the cells were fixed using 100 mL of absolute
ethanol for 30min at room temperature. After fixation andwashing
with PBS, the cells were incubated with 100 mL of FITC per well
(Sigma-Aldrich®, St. Louis, MO, USA) for 30 min at room tempera-
ture. FITC solution was prepared from a 10 mg/mL stock solution of
FITC in DMSO; 10 mL of it was diluted in 100 mL of PBS). The cells
werewashed thrice and stainedwith Hoechst 33342 solution (5 mM
in PBS) for 15 min (Sigma-Aldrich®, St. Louis, MO, USA). Imaging
was performed by IN Cell Analyzer 2000 (GE Healthcare®, Little
Chalfont, UK) using the following filters: excitation 352 nm
(Hoechst 33342) and 495 nm (FITC), and emission: 461 nm
(Hoechst 33342) and 521 nm (FITC). A 20�, wide-field objective
was used to acquire the images. For all conditions, ten fields per
well were imaged to reach the minimum count of 500 binuclear
cells (1000 per concentration) needed for the analysis. The nuclear
division index (NDI), a marker of cell proliferationwas estimated by
scoring 500 cells with one to four nuclei. The NDI was calculated
using the formula [M1 þ 2M2 þ 3M3 þ M4]/500, where M1, M2,
M3, and M4 represent the number of cells with one to four nuclei,
respectively. The NDI provides a measure of the proliferative status
of the viable cell fraction and serves as an indicator of cytostatic
effects. The lowest possible value of NDI is 1.0, which occurs if all of
the viable cells have failed to divide during the cytokinesis-block
and are therefore all mononucleated. Successful completion of
one nuclear division of viable cells results in binucleated cells, and
the NDI value is 2.0 (Fenech, 2007). The results were expressed as
the mean ± standard error of three independent experiments
performed in duplicate.

2.7. Statistical analysis

All statistical analyses were performed using GraphPad Prism
version 5.00 (GraphPad, San Diego, CA, USA). The data were
analyzed using one-way or two-way analysis of variance (ANOVA)
followed by Tukey's post-test or Bonferroni's post hoc test
(apoptosis test) as required. The probability values of less than the
significance level (alpha ¼ 0.05, P < 0.05) were considered statis-
tically significant in two-tailed tests.

3. Results and discussion

Gallic acid (3,4,5-trihydroxybenzoic acid) is an organic acid and
a naturally occurring polyhydroxy phenolic compound abundantly
present in various fruits and vegetables. The compound is widely
employed to cure various disorders owing to its antiproliferative,
antibacterial, antifungal, antiviral, and antioxidant activities
(Aruoma et al., 1993; Fujita and Kubo, 2002; Kubo et al., 2004; Dodo
et al., 2008; Kratz et al., 2008; Merkl et al., 2010). However, con-
tradictory results exist in the literature regarding its toxicological
safety levels. While some authors suggest that they are safe to be
used as chemopreventive compounds due to their selective toxicity
for tumor cells thereby diminishing the tumor growth (Feng et al.,
2003; Galati and O'Brien, 2004; Pandır, 2015), others demonstrate a
genotoxic or mutagenic effect in the form of chromosomal aber-
rations (Tayama and Nakagawa, 2001; Furukawa et al., 2003; Savi
et al., 2005).

In order to further assure the safety and biological effects of
gallic acid derivatives, in the present study, we carried out an
in vitro risk assessment of semi-synthetic esters of gallic acid. A
series of alkyl gallates with side chains varying from five to eight
carbons (pentyl, hexyl, heptyl, and octyl gallates) were evaluated
for their cytotoxic and pro-apoptotic potential. In addition, the
genotoxic effects of alkyl gallates were measured in HepG2 cells
using the single-cell gel electrophoresis (SCGE) assay (comet assay)
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and the cytokinesis-blocked micronucleus (CBMN) test.

3.1. Cytotoxic potential of alkyl gallates

The gallic acid ester derivatives exhibited a cytotoxic effect on
four human tumor cell lines (HepG2, DU-145, A549, and MDA-MB-
231) and one human normal cell line (MRC-5) in a concentration-
dependent manner (Table 1). The cell lines DU-145 and MRC-5
were observed to be the most sensitive to the compounds with
IC50 values ranging from 37 to 90 mg/mL and 12e75 mg/mL for DU-
145 and MRC-5, respectively.

The apparently high resistance of the human hepatoma cell line,
HepG2 toward alkyl gallates could be related to its metabolizing
potential that mimics the metabolic status of human liver cells. The
drug metabolizing capability of HepG2 cells interferes with the
cytotoxicity of heptyl and octyl gallates, which is reflected by the
expression of various phase I and phase II enzymes of the liver that
play a crucial role in the activation and detoxification of various
genotoxic procarcinogens. Therefore, HepG2 cells serve as a
promising in-vivo system for a better evaluation of the metabolism
of such compounds than the experimental models that suffer from
the limitation of use of metabolically incompetent cells and exog-
enous activation mixtures (Knasmuller et al., 1998).

Another possible mechanism that has recently emerged to be
responsible for the induction of chemoresistance is the modulation
of the transcription nuclear factor, erythroid 2 (NF-E2) p45-related
factor-2 (Nrf2) (Wang et al., 2008; Geismann et al., 2014; Furfaro
et al., 2016). Under normal physiological conditions, Nrf2 serves
as an essential transcription factor for various antioxidant and
detoxification genes, thereby providing protection to normal cells
against oxidative and xenobiotic damage (Kansanen et al., 2013).
Nrf2 inhibitors act as crucial molecules for the chemopreventive
effect of various phytochemicals against carcinogenesis (No et al.,
2014; Wang et al., 2008) demonstrated that upregulation of Nrf2
enhanced the cell resistance in lung carcinoma (A549), breast
adenocarcinoma (MDA-MB-231), and neuroblastoma (SH-SY5Y)
cells. Recent reports provide evidence that the treatment with
epigallocatechin-3-gallate (EGCG), a major flavonoid in green tea
upregulates Nrf2 (Wu et al., 2006; Na and Surh, 2008; Zheng et al.,
2012). Furthermore (Kweon et al., 2006), demonstrated that resis-
tance to EGCG induced apoptosis in A549 cells is conferred by Nrf2-
mediated HO-1 overexpression.

Accordingly to Inoue et al., 1995 cytotoxicity is not a feature
common to phenolic compounds. However, it is a characteristic
attribute of gallic acid, where the three adjacent phenolic hydroxyl
groups are responsible for the cytotoxicity. On the other hand,
gallates with long alkyl groups bound to the carboxyl group in the
gallic acid moiety have been found to be toxic to rat hepatocytes
although at a higher concentration than that observed for tumor
cells. It seems that mitochondrial respiration is a common target of
these compounds. In isolated rat liver mitochondria, gallates are
known to cause a concentration-dependent increase in the oxygen
consumption rate indicating toward a partial uncoupling of
Table 1
Cytotoxic activity (IC50 valuesa) of alkyl gallates against HepG2, DU-145, A549,
MDAMB-231, and MRC-5 cell lines.

Cytotoxic activity (IC50) in mg mL �1

Substances HepG2 DU-145 A549 MDAMB-231 MRC-5

pentyl gallate 200 90 150 190 75
hexyl gallate 145 65 105 125 42
heptyl gallate 42 55 96 130 17
octyl gallate 30 37 57 70 12

a IC50 - concentration required to inhibit 50% of cell growth.
respiration (Nakagawa et al., 1995; Nakagawa and Tayama, 1995;
Nakagawa et al., 1996).

Among the gallates analyzed in different cell lines, octyl gallate
was observed to be the most cytotoxic compound with an IC50
value ranging from 12 to 70 mg/mL. It is possible that the observed
differences between these molecules may be due to the variations
in the cytotoxic potential, which in turn is related to the length of
the lipophilic alkyl side chain. Thus, the length of the lipophilic
alkyl side chain may exert a strong impact on the membrane af-
finity of these compounds, a hypothesis that is in agreement with
other studies on alkyl gallates (Feng et al., 2003; Tammela et al.,
2004; Locatelli et al., 2008).

3.2. Cell death evaluation

Apoptosis plays an important role in the regulation of cell
number during development and tissue homeostasis (Kiechle and
Zhang, 2002). As an efficient pathway of cellular death, therapies
based on apoptosis-inducers are highly desirable for lowering the
associated toxic side-effects of using chemotherapeutics in the
prevention of cancer (Taraphdar et al., 2001, Fischer and Schulze-
Osthoff, 2005).

Fig. 1 demonstrates a representative image of HepG2 cells
double-stained with Hoechst 33342 and PI. Fig. 2 shows the per-
centage of viable, early apoptotic, late apoptotic, and necrotic
HepG2 cells after treatment with alkyl gallates at IC50. All treat-
ments significantly induced the early apoptotic pathway as
compared with the control without treatment (p < 0.05). No dif-
ferences were observed when the cells were compared with those
treated with doxorubicin, an antitumoral used as a reference drug.
Besides, doxorubicin induced a higher amount of late apoptotic
death in comparison to the alkyl gallates. Based on the morpho-
logical characterization of the cells, we conclude that the induced
cytotoxic effects were an outcome of induction of apoptosis.

Our data are in accordance with other studies that have shown
that gallic acid and its derivatives act as effective inducers of
apoptosis in different cell lines (Serrano et al., 1998; Roy et al., 2000;
Saeki et al., 2000; Dodo et al., 2008; Locatelli et al., 2009).

Studies have shown that gallates with up to eight carbons in the
alkyl chain can be absorbed; however, gallates with more than
eight carbons are poor absorbents (Tammela et al., 2004). The
absorbed gallates are metabolized by intracellular esterases and
promote free radical generation, thereby activating the intrinsic
pathway of apoptosis (Hsu et al., 2007; Locatelli et al., 2009).

(Isuzugawa et al., 2001) suggested that alkyl gallates promote
changes in the intracellular Ca2þ levels and the effect was related to
the generation of secondary reactive oxygen species (ROS) and
initiation of apoptosis. Moreover, caspase-3 activation was related
to the intracellular Ca2þ increase, which triggers the initiation of
mitochondrial permeability transition (MPT) culminating in the
release of cytochrome c into the cytoplasm through a mitochon-
drial permeability transition pore (MPTP). Thereafter, cytochrome c
activates pro-caspase-9 and an upstream caspase, particularly
caspase-3, in combination with apoptotic peptidase activating
factor-1 (Apaf-1) followed by the activation of downstream cas-
pases to orchestrate the various biochemical processes.

3.3. Genotoxic evaluation of alkyl gallates

The comet assay (single cell gel electrophoresis) is considered as
themethod of choice formeasuring DNA damage in eukaryotic cells
or disaggregated tissues due to its rapid, non-invasive, and sensitive
nature. The working principle of the assay is based on the relaxa-
tion of supercoiled DNA within the agarose-embedded nucleoids
(residual bodies formed after lysis of cells with the detergent and



Fig. 1. Morphological analysis of Hoechst/PI assay. HepG2 cells. A) Nontreated cells (negative control); B) Cells treated with doxorubicin 5 mg mL�1 (positive control). Viable cells (V).
Early Apoptosis (EA). Late Apoptosis (LA) and Necrotic cells (N). Photomicrographs were taken at 200� magnification.

Fig. 2. HepG2 cells death. The percentage of viable, early apoptotic, late apoptotic, and necrotic cells treated for 24 h at IC50 using the Hoechst 33342/propidium iodide double-
staining test. Negative control: cells without treatment; vehicle control: DMSO 1%; positive control: doxorubicin 5 mg mL�1. Average ± SD, 500 cells were evaluated in duplicate
in three independent experiments. * Refers to statistical significance compared with the negative control (p < 0.05), determined by Two-way ANOVA with Bonferroni post-test).
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high salts). This causes the DNA to stretch out toward the anode
under electrophoresis leading to the generation of comet-like im-
ages as observed under the fluorescence microscopy. The relative
amount of DNA in the comet tail is indicative of the frequency of
DNA breaks (Azqueta and Collins, 2013). The HepG2 cell line was
selected to perform genotoxicity and mutagenic assays due to its
characteristics, such as endogenous bioactivation capacity, reten-
tion of many of the morphological features of liver parenchymal
cells, and the presence of several enzymes responsible for the
activation of various xenobiotics (Uhl et al., 2000). Fig. 3 depicts a
representative image of the undamaged HepG2 cells using H2O2
that induces comet formation (positive control) along with a
negative control. The results derived from the treatments with the
four compounds at IC30 (non-cytotoxic concentration) indicated no
significant genotoxic effects (Fig. 4) compared with the negative
control (p < 0.05). In addition, the vehicle control did not display
any differences with respect to the negative control confirming no
adverse biological effects at low concentrations (~1%) of DMSO.

3.4. Mutagenic and chemopreventive evaluation of alkyl gallates

The micronucleus assays have emerged as one of the preferred
methods for assessing chromosomal damage due to their ability to
measure reliably both chromosomal loss as well as chromosomal
breakage (Fenech, 2000). Moreover, it is considered as a useful
endpoint for the evaluation of chromosomal damage in vitro and
in vivo caused by different mutagens (Garaj-Vrhovac et al., 2008).
Micronuclei (MNi) originate from whole chromosomes or chro-
mosomal fragments that lag behind at anaphase during nuclear
division. These are morphologically identical to but smaller than



Fig. 3. Representative images of the comet assay using HepG2 cells. A) Untreated cells (negative control); B) H2O2-treated cells (positive control). DNAwas stained with Sybr Green;
400� magnification. Scale bar 20 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Comet assay carried out for HepG2 cell line exposed to alkyl gallates at IC30 for 24 h assessed by A) tail moment and B) % DNA in the tail. C: negative control (untreated cells);
VC: vehicle control (cells treated with DMSO 1%, in DMEM medium); Cþ: cells treated with H2O2 1 mM. ANOVAwith Tukey's post-test Ce versus treatment. The same letters do not
differ significantly at the 5 percent level in comparison to all groups (a), different letters significantly differ at the 5 percent level in comparison to all groups (b). IC30 values; pentyl
gallate: 125 mg mL�1; hexyl gallate: 30 mg mL�1; heptyl gallate: 10 mg mL�1 and octyl gallate: 1 mg mL�1.
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the nucleus with the diameter varying between 1/16th and 1/3rd of
the mean diameter of the main nucleus (Fenech, 2007) (Fig. 5).

In the present study, micronucleus formation was evaluated in
HepG2 cells treated with alkyl gallates at several concentrations
below the IC30 (Table 2). The data obtained clearly demonstrate that
the selected doses could not induce significant MNi formation as
compared to the MNi level in the untreated cells. The substances
also did not affect the cell division, whereas the positive control
(H2O2) significantly decreased the nuclear division index (NDI).

Alkyl gallates, mainly propyl and octyl gallates, are widely used
Fig. 5. A representative image of a binucleated cell with micronucleus. Hoechst 33342/
FITC staining; Scale bar 20 mm.
as food antioxidants (Gulati et al., 1989). reported that propyl
gallate at dose levels of 5e50 mg/mL significantly induced chro-
mosomal aberrations and sister chromatid exchange in Chinese
hamster ovary (CHO) cells but only in the absence of metabolic
activation and with extended harvest times. However, no infor-
mation regarding the cytotoxicity level was provided. Similarly
(Fowler et al., 2012), demonstrated that the metabolizing capacity
of HepG2 plays a pivotal role in the detoxification of alkyl gallates.

The chemopreventive potential of alkyl gallates was also eval-
uated through CBMN assay. In this assay, the cells previously
treated with the alkyl gallates for 24 h were submitted to H2O2
exposure. All substances could significantly protect HepG2 cells
against mutagenic damage induced by H2O2 in comparison to the
untreated but H2O2 exposed cells (positive control) (Table 3) at IC30
concentrations. Our results are in accordance with other studies
that have reported gallic acid and its derivatives as anti-genotoxic/
anti-mutagenic and hepatoprotective agents providing cellular
protection against oxidative DNA damage (Feng et al., 2003; Morley
et al., 2005; Glei and Pool-Zobel, 2006; Pandır, 2015).

The modes of action of antimutagenic and anticarcinogenic
nature of gallates, especially EGCG have been extensively studied,
and many different mechanisms have been proposed (Lo and Stich,



Table 2
Assessment of mutagenic effects of alkyl gallates on HepG2 cells using the
cytokinesis-block micronucleus cytome assay (CBMN-cyt).

Treatments MNi NDI

Vehicle 23.3 ± 6.1 1.78 ± 0.04
Negative 28.3 ± 4.5 1.77 ± 0.03
Positive 103 ± 20 b*** 1.59 ± 0.03***

pentyl gallate
125 mg mL�1 24 ± 8.2 1.68 ± 0.12
62.5 mg mL�1 26 ± 4.6 1.75 ± 0.05
31.3 mg mL�1 17.7 ± 5.5 1.76 ± 0.06

hexyl gallate
30 mg mL�1 40 ± 5.3 1.72 ± 0.05
15 mg mL�1 32.7 ± 9.7 1.71 ± 0.09
7.5 mg mL�1 24 ± 2.65 1.73 ± 0.05

heptyl gallate
10 mg mL�1 36 ± 2.6 1.67 ± 0.08
5 mg mL�1 22 ± 3 1.72 ± 0.08
2.5 mg mL�1 21.3 ± 11.9 1.77 ± 0.03

octyl gallate
1 mg mL�1 35.5 ± 5 1.59 ± 0.03
0.5 mg mL�1 32.3 ± 1.5 1.76 ± 0.04
0.2 mg mL�1 23.3 ± 1.5 1.75 ± 0.03

Values shown are the mean ± SD; BN: binucleated cell; MNi: micronuclei; NDI:
nuclear division index. The data shown are based on three independent experi-
ments. The cells were treated with three concentrations below IC30 values, Vehicle
control: 1.0% DMSO; Negative control: Untreated cells; Positive control, Cells treated
with H2O2; 1 mM. One-way ANOVA with Tukey's post-test. Significant differences
between treated cells and the negative group are indicated by ***P < 0.001.

Table 3
Assessment of chemoprotective effects of alkyl gallates on HepG2 cells using the
cytokinesis-block micronucleus cytome assay (CBMN-cyt).

Treatments MNs NDI

Vehicle 29.2 ± 4.8 *** 1.8 ± 0.07
Negative 28.7 ± 6.2 *** 1.8 ± 0.05
Positive 109 ± 12.2 1.59 ± 0.09

pentyl gallate
125 mg mL�1 67 ± 8.6 *** 1.76 ± 0.09
62.5 mg mL�1 70 ± 12.2 ** 1.77 ± 0.08
31.3 mg mL�1 93.3 ± 6.4 1.73 ± 0.05

hexyl gallate
30 mg mL�1 66.2 ± 6.7 *** 1.76 ± 0.06
15 mg mL�1 80 ± 12.9 ** 1.75 ± 0.06
7.5 mg mL�1 84.8 ± 7.1 1.72 ± 0.05

heptyl gallate
10 mg mL�1 81 ± 3.1*** 1.68 ± 0.07
5 mg mL�1 91.7 ± 12.3 * 1.74 ± 0.06
2.5 mg mL�1 96.5 ± 7.1 1.68 ± 0.09

octyl gallate
1 mg mL�1 83 ± 12.1* 1.69 ± 0.05
0.5 mg mL�1 93.2 ± 9.6 1.72 ± 0.06
0.2 mg mL�1 104 ± 13 1.7 ± 0.05

Values shown are the mean ± SD; BN: binucleated cell; MNi: micronuclei; NDI:
nuclear division index. The data shown are based on three independent experi-
ments. The cells were treated with three concentrations below IC30. Vehicle control,
1.0% DMSO; Negative control: Untreated cells; Positive control, Cells treated only
with H2O2; 1 mM. One-way ANOVA with Tukey's post-test. Significant differences
between treated cells and the positive group are indicated by *P < 0.05, **P < 0.01
and ***P < 0.001.
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1978). suggested that antioxidants may act as antimutagens by
preventing the formation of reactive carcinogens or by competing
with proximate carcinogens or mutagens. (Hour et al., 1999), who
studied the antimutagenic properties of gallic acid, demonstrated
that the compound could scavenge electrophilic mutagens. There-
fore, they suggested that gallic acid-based compounds could bind
to or insert into the outermembrane of the cell transporters leading
to the blockage of a mutagen that gets finally transferred into the
cytosol. However, further studies need to be performed to address
the question.

4. Conclusion

In summary, our results provide a significant risk assessment of
the alkyl gallates including in vitro evidence of the non-genotoxic
and non-mutagenic nature of these substances, thereby ruling
out their potentially hazardous nature for human health as re-
ported by other researchers.

Furthermore, the present study also demonstrates that alkyl
gallates not only have a chemopreventive effect against HepG2 but
may also eliminate cancer cells through induction of apoptosis.
Therefore, alkyl gallates could be used as a putative therapeutic
target for the prevention of the occurrence of some types of cancer.
Nevertheless, the potential risks and beneficial effects of alkyl
gallates should be confirmed further by in vivo approaches.
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