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The process of aging results in a host of changes at the cellu-
lar and molecular levels, which include genomic instability.
Over the entire life course, these changes can be seen in
unhealthy manifestations, especially in advanced age with
its associated functional declines caused by the accumulation
of cellular damage, together a diminished ability to repair this
damage. Most of the time, the results of DNA damage
include malformations, cancer, aging, and cell death.

The maintenance of genomic stability has been consid-
ered, in several studies, as the main factor that leads to
human longevity. Information that can be extracted from
older populations that have achieved greater longevity is a
valuable source of knowledge that can be used to break down
this complicated network of cellular responses that leads to
aging. Y. J. Kim et al. used genomic database of oldest-old
population to understand the association of DNA repair with
longevity in a very interesting review.

Cell homeostasis is the result of a network of biochemical
factors; failure to maintain this homeostatic balance may
occur with aging. In addition to endogenous factors, envi-
ronmental exposure to stressors can lead to damage accu-
mulation anddisease susceptibility. It is important topoint out
that a healthy environment is critical to ensuring healthy
human populations. Telomeres play a critical role in protect-
ing chromosomal end fusions, degradation, abnormal recom-
bination, and other detrimental chromosomal events that
lead to increased genomic instability and aging. Optimum
telomere function and length are important for cell prolif-
eration and apoptosis. Critically short telomeres initiate

senescence resulting either in apoptosis or cell cycle arrest.
Other phenomenon associated with aging is a change in
patterns of epigenetic modifications. Epigenetics is most
commonly defined as modifications to DNA and DNA pack-
aging that do not involve changes to the DNA sequence and
that are potentially transmissible to daughter cells.

V. F. S. Kahl et al. evaluated the effect of dietary intake
and genetic susceptibility polymorphisms in genes on geno-
mic and epigenetic instability in individuals exposed to pesti-
cides. They showed increased levels of different parameters of
DNA damage, including reduction of telomere length. Global
DNA methylation was also decreased in farmers. The influ-
ence of diet is also discussed in this study, which suggests
an important role of dietary intake and subjects’ genetic sus-
ceptibility to xenobiotic-induced damages and epigenetic
alterations in tobacco farmers occupationally exposed to
mixtures of pesticides. Susceptibility is critical to an under-
standing of environmental diseases, including cancer, and
many xenobiotic agents act to alter susceptibility. Unknown
individual susceptibility, inadequate toxicity data, and the
unpredictable nature of interaction effects make the imple-
mentation of a human biomonitoring assessment for com-
plex mixtures of chemicals extremely complicated.

M. Wezyk et al. discuss that epigenetic mechanisms play
an important role in the development and progression of
various neurodegenerative diseases, including Alzheimer’s
disease. The study reinforces the view that the genetic meth-
ylation status in the blood may be a valuable predictor of
molecular processes occurring in affected tissues.
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T. Moriwaki et al. have shown that ATM (mutated
ataxia-telangiectasia) induces cell death with autophagy in
nondividing cells of Caenorhabditis elegans in response to
exposure to H2O2. ATM kinase is a master regulator of the
DNA damage response and is directly activated by ROS in
addition to DNA double-stranded breaks.

T. R. D. Hamilton et al. discuss that the most accepted
causes of sperm DNA damage are deleterious actions of
ROS, defects in protamination, and apoptosis, as well as
sperm DNA fragmentation is considered as one of the main
causes of male infertility. They evaluated the effects of heat
stress on the chromatin of ejaculated and epididymal sperm
and the activation of apoptotic pathways in different cell
types in ram testis. The study demonstrated that testicular
heat stress increases ram sperm DNA fragmentation without
changes in protamination and apoptotic patterns.

R. S. Fortunato et al. show that the H2O2-generating
enzyme DUOX1 plays an important role in maintaining
genomic stability, demonstrating that this enzyme is silenced
in breast cancer, using shRNA to knock down its expression
in nontumor cells (MCF12A).

Carcinogenesis is directly related to the prolonged accu-
mulation of injuries at different biological levels, which alter
the cells both genetically and biochemically. In each of these
situations, there is an opportunity for intervention—a chance
to prevent, delay, or stop the gradual march of healthy cells
towards malignancy. A new strategy to reduce its incidence
relates to intervention programs for diet and nutrition, as
well as for the development of pharmacological products that
could work as chemopreventives. Nonenzymatic antioxi-
dants such as ascorbate, tocopherols, carotenoids, and flavo-
noids in general, present in diets rich in fruits and vegetables,
are important defenses against free radicals, reducing the
chances of developing degenerative pathologies.

M. F. C. J. Paz et al. showed persistent increased frequency
of genomic instability in women diagnosed with breast can-
cer. The variability of the DNA damage of breast cancer
patients that can be related to diet, from the diagnosis until
the end of the oncological treatment, demonstratedmore sus-
ceptible to oxidative stress. They concluded that early diagno-
sis indicates a good prognosis and is fundamental in patient
survival, being able to signal a less aggressive treatment.

Alkylating agents (AAs) used as chemotherapy are able to
induce alkylation in macromolecules, causing DNA damage,
as DNA methylation. C. F. Araujo-Lima et al. evaluate ator-
vastatin (AVA) antimutagenic, cytoprotective, and antigeno-
toxic potentials against DNA lesions caused by AA. This
study supports the hypothesis that statins can be chemopre-
ventive agents, acting as antimutagenic, antigenotoxic, and
cytoprotective components, specifically against alkylating
agents of DNA.

A decline in the efficiency of mitochondrial action with
age would cause release of higher concentrations of reactive
oxygen. This would be exacerbated by a decline in the
effectiveness of antioxidant defenses or DNA repair path-
ways. Recent animal studies have shown that mitochondrial
dysfunction initiates and accelerates renal injury in sepsis.
Q. Hu et al. evaluated the efficiency of urinary mitochondrial
DNA (UmtDNA) as a marker of renal dysfunction during

sepsis-induced acute kidney injury (AKI) and suggested that
UmtDNA may be regarded as a valuable biomarker for the
occurrence of AKI and the development of mitochondria-
targeted therapies following sepsis-induced AKI.

Damage to human genomic DNA occurs very frequently,
and the vast majority of these damages are successfully
repaired by mechanisms involving many biochemical factors
that characterize the DNA damage response (DDR). One
theory of aging proposes that it results from the accumu-
lation of oxidative damage caused by the action of free radi-
cals (reactive oxygen species, ROS) on macromolecules
such as DNA, proteins, and lipids, leading to a loss of func-
tion of these molecules. Many studies suggest that ROS
participate in the pathophysiological mechanism of various
human diseases, including Parkinson’s disease, multiple scle-
rosis, muscular dystrophy, cataracts, retinopathies, athero-
sclerosis, myocardial infarction, ischemia and reperfusion
syndrome, pulmonary emphysema, hepatic cirrhosis, arthri-
tis rheumatoid, and various types of cancer. Also in organ
transplants and diseases due to radiation, smoking, and pol-
lution and in the aging process, ROS play an important role.
The results published in this special issue have shown that the
participation of DNA damage in aging is a topic that involves
many different factors, which are related to each other form-
ing a metabolic network that is being unveiled and that opens
a range for new investigations.

Sharbel Weidner Maluf
Wilner Martínez-López

Juliana da Silva
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The use in folk medicine of Baccharis trimera and recent studies on DNA damage by oxidative stress mechanisms have motivated
this study. We investigated the biotoxicological effects of trimeroside from this plant. Aqueous extract from aerial parts of B.
trimera was fractioned by flash chromatography for further isolation by thin-layer chromatography. The novel nor-
monoterpene glycoside, trimeroside, and three flavonoids, cirsimaritin, luteolin and quercetin, were isolated. The genotoxic and
mutagenic potential of trimeroside was determined by Salmonella/microsome (TA98 and TA100), comet assay, and
cytokinesis-block micronucleus cytome assay (CBMN-cyt) in HepG2 cells. We also screened trimeroside into different human
tumoral cell lines by sulforhodamine B (SRB) assay. Mutagenicity was detected in TA100 strain with metabolic activation.
Genotoxic effects were not observed in HepG2 by comet assay. However, a decrease in the nuclear index division in the
2.0mg·mL−1 concentration and an increase of nucleoplasmic bridges in the 1.5mg·mL−1 concentration were detected by
CBMN-cyt assay indicating cytotoxic and mutagenic effects. In SRB assay, trimeroside showed weak antiproliferative activity
against the cell lines.

1. Introduction

Traditional medicine is considerably used in a large num-
ber of countries, since it is the primary source of health
care. However, recent data from the World Health Organi-
zation demonstrate that the use of natural products is
increasing among countries where the health system struc-
ture is typically well developed [1]. According to Thomson
et al. [2], there are different factors that lead to the use of
traditional medicine. Among its practices, there is the use
of plants in several methods of preparation (e.g., infusion
and decoction) to treat diseases. Many studies have shown

that extracts from plants used in traditional medicine have
pharmacological activities [3–5].

In Brazilian folk medicine, many plants from Bac-
charis genus (Asteraceae) have been used for treatment pur-
poses. This genus comprises approximately 500 species,
which are distributed in Latin America. Many species from
Baccharis have been chemically or pharmacologically investi-
gated based on their medicinal use [6]. Baccharis trimera
(Less.) DC, commonly known as “carqueja,” is widely used
in southern Brazil to treat gastrointestinal disorders [7],
inflammatory processes [3], and diabetes [8]. In general,
the aerial parts of B. trimera are prepared as infusions or
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decoctions. Distinct biological effects have been reported
for B. trimera extracts, such as antioxidant [9, 10], anti-
inflammatory [3, 11], antidiabetic [8], antisecretory [12],
and anthelmintic [13].

Although studies presenting hazardous effects of B.
trimera suggested that this plant is linked to an oxidative
stress which induces DNA damage. Grance et al. [14] have
demonstrated histopathological changes in kidney and
hepatic cells of pregnant Wistar rats induced by the hydro-
ethanolic extract of B. trimera. Rodrigues et al. [10] have
detected a mutagenic activity in mice treated with B. trimera
aqueous extract by the increase of micronucleus frequency in
bone marrow. In addition, Nogueira et al. [15] and Menezes
et al. [16] have observed that the aqueous extract of B.
trimera induces genotoxic effects to kidney cells in vivo.

Chemical studies have evidenced the presence of flavo-
noids, [7, 17, 18] and phenolic acids, [17, 18] in B. trimera
extracts. Nevertheless, the flavonoids and phenolic acids
found in B. trimera extracts are not usually related to toxico-
logical effects [4, 19–22]. Therefore, the aim of our work was
to isolate compounds from B. trimera aqueous extract and to
evaluate the toxic effects of the new compound by different
in vitro assays.

2. Materials and Methods

2.1. Plant Material. Aerial parts of B. trimera were col-
lected in July, 2013, in Candiota municipality, southern
Brazil (31°34′11.6″S/53°41′54.9″W). The voucher specimen
(URCAMP 00014) was deposited in the Nicanor Risch her-
barium at URCAMP.

2.2. Preparation of Extracts. The aqueous extract was pre-
pared with 280 g of dried aerial parts by infusion (1/10
plant/solvent). After, the extract was filtered, frozen, and
submitted to lyophilization for 5 days to obtain 36.6 g of B.
trimera aqueous extract (13.07%).

2.3. Isolation and Chemical Characterization. An amount of
1.1060 g of aqueous dried extract was fractioned in 6 frac-
tions (F1–F6) by flash chromatography with gradient elution,
starting with chloroform (100%), followed with chloroform
and methanol (95 : 5, 90 : 10, 85 : 15, and 80 : 20), and ending
with methanol (100%). The yields of the obtained fractions
were F1 (6.39%), F2 (27.74%), F3 (5.59%), F4 (7.74%), F5
(7.32%), and F6 (9.62%). Through TLC analyses, five prod-
ucts were detected (BTm-1 to BTm-5) in F3. These products
were obtained through silica gel GF254 (Merck) preparative
TLC using chloroform and methanol 87 : 13 as the mobile
phase. These products were visualized under visible UV
light (254nm) and with natural product reagent. The
high-performance liquid chromatography (HPLC) analysis
followed the previous work with B. trimera [16]. The correla-
tion of chromatographic peaks with quercetin, luteolin, and
cirsimaritin was achieved by comparing experimental reten-
tion time with reference standards (Sigma, St Louis, MO,
USA). The HPLC operations were performed in triplicate at
room temperature. The retention time of isolated compounds
was compared with standards. The chemical structure of

BTm-5 that could not be compared with standards in HPLC
was submitted to Bruker 400MHz nuclear magnetic reso-
nance (Ettlingen, Germany) by using 1HNMR (400MHz)
and 13CNMR (100MHz) and 2D NMR analysis. BTm-5
was dissolved in deuterated methanol for all NMR analyses.

2.4. Gas Chromatography. Chromatographic analysis was
performed using an Agilent 7890a gas chromatograph
(Agilent Technologies Inc., Palo Alto, CA, USA) coupled
with a 5975C Agilent mass selective detector (MSD) (Agi-
lent Technologies Inc., Palo Alto, CA, USA). The analyti-
cal data were obtained using MSD ChemStation software
(version E02.02.1431). Chromatographic separation was
achieved on a AGILENT 19091S-433HP-5MS column
(30m × 0.25mm × 0.25 μm) with 5% phenylmethylsilox-
ane (HP-5 MS), supplied by J&W Scientific (Folsom, CA,
USA). Mass spectra were obtained through GC-MS analy-
sis using a temperature program at 100–325°C (30°/min),
pression at 7.6522 psi, flow rate at 1.0mL/min, and run time
at 29.833min. At these conditions, trimeroside was detected
at 7.3min.

2.5. Cell Line Maintenance. HT-29 human colon cancer cell
line, NCI-H460 human non-small cell lung cancer cell line,
U-251 human glioblastoma cell line, and KB human oral
cancer cell line (American Type Culture Collection, Rock-
ville, MD, USA), HepG2 human hepatocellular carcinoma
cell line, and NIH-3T3 Swiss mouse embryo fibroblast cell
line (Rio de Janeiro Cell Bank, RJCB, Rio de Janeiro, Brazil)
were cultured in DMEM medium, supplemented with 10%
fetal bovine serum and antibiotics (1% penicillin plus strep-
tomycin) (Invitrogen, São Paulo, SP, Brazil) at humidified
5% CO2 atmosphere at 37°C.

2.6. Salmonella/Microsome Assay. Mutagenicity was per-
formed using preincubation procedure according to Mortel-
mans and Zeiger [23]. Salmonella typhimurium strains TA98
and TA100 were purchased from MOLTOX (Molecular
Toxicology Inc., USA). Test tubes containing different
amounts of BTm-5 (250, 500, 1000, 2500, and 5000μg/plate)
were incubated with 100μL of test bacterial cultures
(1-2 × 109 cells·mL−1) with or without S9 mix, at 37°C, for
20min. After this period, 2mL of soft agar (0.6% agar, 0.5%
NaCl, 50μM histidine, 50μM biotin, pH7.4, 42°C) was
added to the test tube and poured onto a plate of minimal
agar (1.5% agar, Vogel-Bonner E medium, containing 2%
glucose). In the presence of S9 mix, aflatoxin B1 at 1μg/plate
(purity≥ 98%; Sigma-Aldrich, São Paulo, Brazil) was the pos-
itive control for both strains. In the absence of S9 mix, 4-
nitroquinoline-oxide (4-NQO) at 0.5μg/plate (purity≥ 98%;
Sigma-Aldrich, São Paulo, Brazil) was the positive control
to TA98 strain and sodium azide (1μg/plate) (purity≥ 99%;
Sigma-Aldrich, São Paulo, Brazil) to TA100 strain. The plat-
ing for each concentration was in triplicate and all plates were
incubated at 37°C for 48 h before counting the revertant
colonies. Assays were repeated three times.

2.7. MTT Cytotoxicity Testing. The cytotoxicity of BTm-5 in
HepG2 cells was determined by MTT (3-(4,5-dimethyl thia-
zol-2yl)-2,5-diphenyl tetrazolium bromide; Sigma-Aldrich,
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São Paulo, Brazil) assay, according to Scudiero et al. [24]. In
brief, 1 × 106 cells were seeded into 24-well plates and
cultured for 24 h. BTm-5 was dissolved in DMSO (final con-
centration 0.5%) and cell culture medium. Then, cells were
exposed for 3 h to five different concentrations of BTm-5
(0.25mg·mL−1 to 2mg·mL−1). The maximum concentration
and period of exposure were chosen according to recommen-
dations of OECD guidelines for chemical testing [25]. After
treatment, cells were washed and 200μL/well of MTT in
PBS solution (1mg·mL−1) was added to the wells and incu-
bated for 3 h at 37°C. After incubation time, the MTT solu-
tion was removed and formazan crystals were solubilized
with DMSO. The optical density (OD) was read in a spectro-
photometer at 540nm. The positive control was DMSO at
20% (Sigma-Aldrich, São Paulo, Brazil) and negative control
was cells with DMEM. The cell viability was determined
using the following calculation: cell viability % =mean of t
reatment OD/negative control OD × 100%. The assay was
performed in duplicate.

2.8. Cell Treatment for the Genotoxicity and Mutagenicity
Test. HepG2 cells were used for comet assay and micronu-
cleus test. Cells were exposed to five concentrations of
BTm-5 (0.25mg·mL−1 to 2mg·mL−1) dissolved in DMSO
(less than 0.5%) and DMEM with controls and incubated at
37°C for 3 h. The test was performed in quadruplicate. The
positive control for comet assay was 8 × 10−5M of methyl
methanesulfonate (MMS) (Sigma-Aldrich), and for micro-
nucleus assay, the positive control was benzo[a]pyrene
(Sigma-Aldrich) at 2μM.

2.9. Comet Assay. Comet assay was performed under alkaline
conditions according to Singh et al. [26], with modifications
as described by Tice et al. [27] and da Silva et al. [28]. Cell
suspensions were dissolved in 0.75% low-melting point
agarose and immediately spread onto a glass microscope
slide precoated with agarose. Slides were then incubated in
ice-cold lysis solution at 4°C for 1.5 h. The comet slides were
placed in a horizontal electrophoresis box containing freshly
prepared alkaline buffer (pH~13.0) at 4°C for 20min in order
to facilitate DNA unwinding. 300mA and 25V were applied
for 20min to perform DNA electrophoresis. Images of 100
randomly selected cells (50 cells from each of two replicate
slides) were analyzed. Two parameters were evaluated: (i)
damage index (DI), in which each cell was assigned to one
of five classes (from no damage =0 to maximum damage = 4)
according to the DNA in the tail (DI obtained for each indi-
vidual ranging from 0 (0× 100) to 400 (4× 100)) and (ii) the
damage frequency (DF) (in %) was calculated for each sam-
ple based on the number of cells with and without tail [29].

2.10. The Cytokinesis-Block Micronucleus (CBMN) Cytome
Assay. CBMN cytome assay was carried out as recommended
by the guidelines for the in vitro mammalian cell micronu-
cleus test [25]. Cells were exposed to cytochalasin B (Cyt B)
(Sigma-Aldrich; 2.5μg·mL−1). Approximately, 150μL of cell
suspension was transferred to cytocentrifuge funnels and
centrifuged for 5min at 700 rpm to produce 1 spot per slide.
Slides were removed, fixed, and stained with Instant Prov

(Newprov, Pinhais, Brazil). After staining, slides were air
dried and examined at 1000x magnification using a light
microscope. Micronuclei (MN), nuclear buds (NBUDs),
and nucleoplasmic bridges (NPBs) were counted in 1000
binucleated cells (BN) per well (4000 cells/concentration)
and were scored according to Jerković et al. [30]. Cytostatic
events were determined by scoring 1000 cells, including
mononucleated, binucleated, and multinucleated cells, to
determine cell proliferation rates as measured by the nuclear
division index (NDI). Cytotoxic events were determined by
the frequency of necrotic and apoptotic cells [31].

2.11. Cell Growth Inhibition Studies. The cell lines (1 × 104

cells/well) were inoculated into 96-well microplates. After
24 h, cultures in triplicate were treated for 72h with BTm-5
dissolved in DMSO and culture medium (0 to 100μg·mL−1).
Untreated control wells received only maintenance medium.
Cellular responses were colorimetrically assessed by sulfor-
hodamine B assay (SRB) (Sigma-Aldrich, São Paulo, Brazil)
[32]. Briefly, cells were fixed with trichloroacetic acid
(50%), washed, and stained with SRB (0.4%). Cell-bound
SRB was solubilized by Trizma base (10mM) and assessed
using an ELISA microplate reader (Multiskan Ex, Labsys-
tems, Finland) at 540nm. Cell growth inhibition was
expressed as percentage of untreated control absorbance,
and the IC50 concentration was determined. The antineo-
plastic agent etoposide (Glenmark Farmaceutica Ltda., São
Paulo, Brazil) was used as a positive control. This assay was
conducted in sextuplicate.

2.12. Data Analysis. SRB assay, comet assay, and micronu-
cleus test were determined by ANOVA complemented by
the Tukey test. The data from Salmonella/microsome assay
were statistically analyzed using ANOVA complemented by
Dunnett’s test; positive results were attributed to data that
showed statistical significance and mean number of rever-
tants on test plates at least twice as high as those found in
the negative control plates. In all comparisons, p < 0 05 was
considered as indicating statistical significance.

3. Results

3.1. Isolation and Structure Elucidation. The aqueous extract
of B. trimera aerial parts was subjected to flash chromatogra-
phy columns, and five compounds were isolated by prepara-
tive thin-layer chromatography (TLC). From the same plant,
three previously isolated flavonoids cirsimaritin, luteolin, and
quercetin (BTm-1–BTm-3) were identified by HPLC analy-
ses. Trimeroside (BTm-5) (Figure 1) was determined by 1H
NMR and 13C NMR. Low yields of other similar products
(BTm-4) precluded its identification. Low quantities of tri-
meroside were obtained, approximately 11.2mg, yielding
1.1% of aqueous extract. Trimeroside was isolated as a pale-
yellow amorphous solid and analyzed by nuclear magnetic
resonance (NMR) spectroscopy (Table 1) (Figures S1–S5,
Supporting Information). The purity of trimeroside was
estimated at 97% by 1HNMR spectral data analysis and by
high-resolution electrospray ionization mass spectrometry
(HRESIMS). The HRESIMS analysis of trimeroside revealed
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a pseudomolecular ion peak [M+Na] at m/z 339.3317, which
was consistent with the molecular formula of C15H24O7
(316.3476). The mass fragmentation of trimeroside was
obtained as the following: 70 (100), 154 (78), 98 (43), 55
(39), 41 (37), 139 (33), 11 (26), and 83 (23). The mass
spectrum fragment observed at m/z 154 is relative to
2-hydroxy-isophorone, indicating that trimeroside is a
2-hydroxy-isophorone derivative.

To determine the mutagenic potential of trimeroside, we
screened the compound through Salmonella/microsome
assay. Table 2 presents the results obtained with TA98 and
TA100 strains in the presence and absence of S9 mix. No
mutagenic effect was observed on the frameshift mutation
strain TA98 with or without metabolic activation. In TA100
strain, which detects base pair substitutions, an increase of
revertants in the presence of metabolic activation was
observed, and for this reason, we proceeded with our tests
in eukaryotic cells using the HepG2 cell line.

The cytotoxicity of trimeroside in the HepG2 cell line was
determined by MTT assay, after 3 h of exposure. The survival
curve obtained (Figure 2) indicates that all tested concentra-
tions (0.25, 0.5, 1.0, 1.5, and 2.0mg·mL−1) did not lead to a
significant cell injury, since all concentrations showed cell
viability above 70%. Therefore, all tested concentrations were
chosen to evaluate the genotoxicity by comet assay andmuta-
genicity by cytokinesis-block micronucleus cytome assay
(CBMN-cyt) in HepG2 cells.

Comet assay detects DNA damage that can be repaired,
and data from HepG2 cells exposed to trimeroside for 3 h
showed that this compound was not able to induce DNA
damages in all tested concentrations (Table 3). The results
are expressed in damage index (DI) and damage frequency
(DF). There was no statistical difference between concentra-
tions of trimeroside and the negative control in DI and DF.

To detect the mutagenic potential of trimeroside to
HepG2 cells, we exposed the cells to trimeroside (0.25, 0.5,
1.0, 1.5, and 2.0mg·mL−1) for 3 h, and after this period, cells
were treated with cytochalasin B (Cyt B) and kept in culture
for 40 h, allowing cell division. The effect of trimeroside in
HepG2 cells by CBMN-cyt assay is presented in Table 4.
The frequencies of micronuclei (MN), nucleoplasmic brid-
ges (NPBs), and nuclear buds (NBUDs)—markers of muta-
genic effect—were scored in 1000 binucleated cells, and the
cell proliferation was determined by the nuclear division
index (NDI). Necrosis and apoptosis were also scored in

1000 cells. The HepG2 cells exposed to trimeroside demon-
strated a statistical decrease of NDI at the 2.0mg·mL−1

concentration (p < 0 05). An increase of NPBs (p < 0 05) at
the 1.5mg·mL−1 concentration was found when compared
to the negative control.

Since trimeroside indicated mutagenic effect through
CBMN-cyt assay, the potential of this compound as an anti-
proliferative was determined. Trimeroside was tested in five
different cell lines by sulforhodamine B (SRB) assay and
exhibited low activity against all cell lines, after 72 h of expo-
sure. The susceptibility of cells to the drug exposure was
characterized by IC50 values. Trimeroside showed to be more
cytotoxic to nontumoral cells NIH-3T3 (IC50 = 57.3μg·mL−1)
than to glioblastoma cells U-251 (IC50 = 82.4μg·mL−1). In
other cell lines tested, the trimeroside demonstrated low
activity at the highest concentration tested (Figure 3).

4. Discussion

The NMR analyses and GC/MS indicated that compound
BTm-5 is a glycosil nor-monoterpene (2(β-D-glucopyrano-
sil)-3,5,5-trimethyl-2-cyclohexene-1-one) (Figure 1) deriva-
tive from 2-hydroxy-isoforone (2-hydroxy-3,5,5-trimethyl-
2-cyclohexene-1-one).

All signals from the trimeroside verified in the 1H NMR
and 13C NMR (CD3OD) spectra are shown in Table 1. The
signal in the low field (197.31 ppm) indicated the presence
of carbonyl ketone [33, 34]. Two methyl groups were veri-
fied by HSQC analyses that linked the signals 1.04,
1.06 ppm to 28.08, and 28.44 ppm. The HMBC showed that
these two methyl signals are linked to one quaternary carbon
(34.06 ppm). The distinct signals for methyl groups linked to
the same quaternary carbon have also been reported by Lage
and Cantrell [35], when analyzing the NMR data of picro-
crocin, a structurally similar compound. In comparison to
the same study, trimeroside showed similar values for two
CH2 (C4 and C6) to those presented for picrocrocin. Their
position was confirmed by HMBC, which indicated the asso-
ciation of 2.02 ppm (H7) signal with 46.46 (C6). The H6
signal (2.39 ppm) was important for the determination of
the ketone group (197.31) in the C1 position.

The hydrogen signal from the methyl group (H7) also
showed correlations with C2 liked by double ligation
(149.78 ppm). The other quaternary carbon from double
bound (146.43 ppm) has its position determined by the
HMBC correlation with anomeric hydrogen (4.55 ppm) sig-
nal from the sugar moiety. The β configuration of glucose
was determined based on anomeric carbon (104.2), proton
(4.2), and the coupling constant (J = 7 2 Hz) that are in
agreement with other works [23–26, 28, 29, 31–33]. The glu-
cose signals in 13C NMR (62.62, 71.3, 75.58, 78.05, 78.23,
and 104.96 ppm) were very similar to those previously pub-
lished by Amer et al. [36]. In addition, isolated correlations
detected by COSY of the signals 3.2 to 4.5 ppm and the
absence of correlation with other carbons by HMBC rein-
force the presence of one sugar moiety.

Monoterpene glycosides are frequently reported for
Paeoniaceae (Paeonia suffruticosa) [37], Rosaceae (Crataegus
pinnatifida) [38], and Rubiaceae (Fadogia agrestis) [39].
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Figure 1: Chemical structure of trimeroside [2(β-D-glucopyranosil)
-3,5,5-trimethyl-2-cyclohexene-1-one].

4 Oxidative Medicine and Cellular Longevity



There are few studies showing the occurrence of compounds
of this class in Asteraceae species, such as the work from Gao
et al. [40], Ragasa et al. [41], and Nagatani et al. [42], which
have reported monoterpene glycosides from Hymenoxys
ivesiana, Erigeron linifolius, and B. dracunculifolia. In the
literature, some studies have described the presence of 2-
hydroxy-isoforone in plants but never as a nor-
monoterpene glycoside; this unusual class of compound has
been previously reported only twice (ranthenone glucoside
and officinoterpenoside D) [33, 34].

The trimeroside is possibly derived from 2-hydroxy-iso-
phorone, an α,β-unsaturated ketone, which is a flavoring

substance used in food industry, in tobacco, and in beverages.
It is known that α,β-unsaturated carbonyl groups can react
with cellular nucleophilic amines and thiols so all structures
that have α,β-unsaturated carbonyl groups are considered
potentially genotoxic and mutagenic [43].

In order to determine the genetic toxicity, the trimeroside
was tested in Salmonella/microsome, a short-term bacterial
reverse mutation assay that can detect gene mutations [44,
45]. In our work, two strains (TA98 and TA100) were tested.
It has been shown that these strains with and without meta-
bolic activation can detect a considerable range of mutagens
[23]. In the present study, the trimeroside showed a statistical

Table 1: 1H and 13C NMR spectral data of trimeroside (MeOD, J in Hz).

Position δ 13C δ 1H (mult., J (Hz)) COSY 1H-1H HMBC 1H-13C

1 197.31

2 149.78

3 146.43

4 52.48 2.36 (d, J = 8 40) H8, H9 C8, C9, C6, C5, C2, C3 C7

5 34.06

6 46.46 2.39 (d, J = 8 00) H8, H9 C2, C3, C5, C7, C8, C9, C1, C4

7 19.05 2.02 (s) H8, H9, H1 C2, C3, C6, C1′
8 28.08 1.04 (s) H7, H4, H6 C9, C5, C4, C6

9 28.44 1.06 (s) H7, H4, H6 C8, C5, C4, C6

1′ 104.96 4.55 (d, J = 7 2) C3

2′ 75.58 3.31–3.42 (m)

3′ 78.05 3.18–3.22 (m) H6′
4′ 71.27 3.31–3.42 (m)

5′ 78.23 3.31–3.42 (m)

6′ 62.62 3.66 (dd, J = 6 00, 11.60) H3′
3.80 (d, J = 11 60)

Table 2: Induction of his+ revertants in S. typhimurium TA98 and TA100 strains by trimeroside with and without metabolic activation.

Substance Concentration (mg/plate)
Number of his+ revertants/plates mean± SDa

TA98 TA100
−S9 MIb +S9 MIb −S9 MIb +S9 MIb

DMSOc 22.0± 1.7 17.3± 5.9 105.0± 10.0 95.0± 13.0

Trimeroside

0.2500 27.3± 2.3 1.24 18.7± 4.2 1.08 110.7± 18.5 1.05 122.7± 11.6 1.29

0.5000 20.7± 5.7 0.94 17.3± 4.0 1.00 114.7± 16.0 1.09 151.0± 5.0∗∗ 1.59

1.0000 21.8± 2.3 0.99 22.3± 7.6 1.29 168.3± 49.1 1.60 147.0± 7.8∗∗ 1.55

2.5000 20.0± 2.0 0.91 25.3± 0.6 1.46 107.7± 19.9 1.03 173.3± 4.5∗∗∗ 1.82

5.0000 18.7± 4.2 0.85 25.0± 6.2 1.44 105.3± 6.7 1.00 168.0± 3.6∗∗∗ 1.77

4NQOd 0.0005 337.7± 15.0∗∗∗ 15.35

NaN3
e 0.0010 2605± 194.6∗∗∗ 24.8

AFB-1f 0.0010 551.3± 52.5∗∗∗ 31.8 426.0± 36.4∗∗∗ 4.48

Significantly different in relation to DMSO (negative control) ∗∗p < 0 01 and ∗∗∗p < 0 001 (ANOVA, Dunnett’s test). aMean of three independent experiments
± SD; bMI: mutagenic index (number of his+ induced in the sample/number of spontaneous his+ in the negative control); cdimethyl sulfoxide (10 μL) negative
control used as solvent of trimeroside; d4-nitroquinoline oxide used as positive control (without S9mix) to TA98; esodium azide used as positive control
(without S9mix) to TA100; f aflatoxin B1 used as positive control (with S9mix) to TA98 and TA100.
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significance in the number of revertants in TA100 strain with
metabolic activation. This result suggests that after metabolic
activation, the trimeroside may cause mutagenicity and for
this reason, we evaluated the genotoxic and mutagenic effects
in HepG2 cells. The HepG2 cell culture is derived from
human hepatoma and is characterized by enhanced xenobi-
otic metabolizing capacity. These cells present inducible
activity of phase I and II enzymes, which play a fundamental
role in the activation and detoxification of procarcinogen/
promutagen toxins [46].

The concentrations used to evaluate genotoxicity and
mutagenicity in HepG2 cells were determined by the MTT
assay. Since cell viability was higher than 70%, all concentra-
tions were evaluated. In the genotoxicity assessment in
HepG2 cells by the alkaline version of comet assay,
trimeroside did not show DNA damage when compared
with the negative control. The results obtained for DI and
DF also did not demonstrate statistical differences between

concentrations. The comet assay is a well-established, sim-
ple, rapid, and sensitive assay which detects low levels of
DNA damage. However, the comet assay has its limita-
tions, once it cannot detect aneugenic effects [27]. There-
fore, we applied the CBMN-cyt on HepG2 cells, with a
3 h treatment period, which represents a well-validated
system for detecting many clastogenic and aneugenic com-
pounds [25]. A significant reduction in cell proliferation
(NDI) in relation to the negative control was verified at
the highest concentration. A reduction in binucleated cells
was also observed, but it was not statistically different
from the negative control. The NDI is a marker of cell prolif-
eration in cultures and is considered a measure of general
cytotoxicity [31]. The data obtained from the NDI value
shows that trimeroside can affect the proliferation activity.
This result is in line with the cytotoxicity evaluation through
the MTT assay for the highest concentration. In contrast,
other parameters evaluated at the 2mg·mL−1 concentration
did not present statistical difference when compared with
the negative control. One possible explanation is the low
value of NDI in this concentration suggesting that the tri-
meroside showed cytotoxic effect. The concentration of
1.5mg·mL−1 showed a statistical increase in the frequency
of NPB. However, this concentration did not increase micro-
nucleus frequency, nuclear buds, or cell death. NPB forma-
tion has been shown to be increased by the exposure to a
wide range of substances, including endogenous oxidants,
ionizing radiation, and polycyclic aromatic hydrocarbons
[47]. According to Fenech et al. [47], when an increase in
the NPB frequency is detected and the MN frequency
remains unchanged, an alternative mechanism can be
involved. There are different mechanisms that could lead
to NPB formation. NPB can be originated during anaphase,
when the centromeres of dicentric chromosomes are pulled
to opposite poles of the cell during mitosis and there is no
disintegration of the anaphase bridge. It can also be formed
by dicentric chromosome misrepair of chromosome breaks.
Among these different mechanisms that could lead to NPB
formation, there is a telomere end fusion caused by telomere
shortening, loss of telomere capping proteins, or defects in
telomere cohesion. In this case, NPB is not necessarily
accompanied by a MN, which are extranuclear bodies
originated in dividing cells from acentric chromosome frag-
ments, acentric chromatid fragments, or whole chromo-
somes that fail to be included in the daughter nuclei
during cell division [47].

The α,β-unsaturated carbonyl group, present in trimero-
side, has two different mechanisms associated with its muta-
genic potential. This group can react directly with DNA,
making a base modification by the electrophilic α,β-unsatu-
rated carbonyl group or indirectly by oxidative stress caused
by glutathione (GSH) depletion [43]. Telomeres, as triple-G-
containing structures, are highly sensitive to damage by oxi-
dative stress, and GSH depletion makes imbalance in the
intracellular redox equilibrium, leaving free reactive oxygen
species that can interact with different cell products and
structures, such as telomeres [48]. Therefore, the increase
of NPB in HepG2 cells treated with trimeroside may be
related with this mechanism.
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Figure 2: Survival curve of HepG2 cells after exposure to
trimeroside. The results are expressed as mean± SD (n = 2). Cell
viability was determined by MTT assay, after 3 h of exposure.

Table 3: Genotoxicity parameter (mean ± SD) for HepG2 exposed
to different concentrations of trimeroside.

Groups
Comet assay (400 cells/dose)

Damage index (0–400) Damage frequency (%)

Negative control
a 11.7± 6.9 9.7± 5.3

Positive controlb 119.5± 24.7∗∗∗ 75.0± 1.4∗∗∗

0.25mg·mL−1 16.3± 2.2 14.7± 2.7
0.50mg·mL−1 16.7± 5.9 15.5± 6.1
1.00mg·mL−1 21.2± 3.8 17.7± 4.3
1.50mg·mL−1 16.2± 4.2 14.0± 2.7
2.00mg·mL−1 15.5± 4.5 12.7± 3.6
aDMSO 0.5%; bMMS 8 × 10−5 M. ∗∗∗Significant in comparison to the
negative control at p < 0 001 (ANOVA, Tukey test).
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Many plants have been used in traditional medicine to
treat or prevent cancer, and several anticancer drugs used
in chemotherapy have been isolated from plants. Natural
products present a huge structural diversity that allows the
discovery of new drugs [49]. The antiproliferative activity of
trimeroside was screened against five different cell lines by

SRB assay. Based on IC50 results, trimeroside did not show
statistical cytotoxic effect in the cell lines tested, although it
seemed to be more cytotoxic to nontumoral cells. In the liter-
ature, there are some reports of weak cytotoxicity of picro-
crocin, a close structural analogue of trimeroside, in
tumoral cells [50, 51]. Nevertheless, the comparison between
the results is not feasible, once there are differences in cell
lines, period of exposure, and detection methods.

In the present study, we report for the first time in the lit-
erature the trimeroside, a new nor-monoterpenoid glycoside,
isolated from B. trimera. The results obtained in biotoxicolo-
gical evaluations in TA100 strain with metabolic activation
demonstrated mutagenicity, and those in HepG2 cells show
that this compound presents cytotoxic and mutagenic effects,
which suggest that trimeroside, at least in part, may
contribute to the toxicity of the B. trimera aqueous extract.

Additional Points

Highlight Results. Genotoxic effect was not observed in
HepG2 by comet assay. Trimeroside induced an increase of
nucleoplasmic bridges in HepG2 cells. The trimeroside
induced decreases in nuclear index division of HepG2 cells.
An indication of mutagenicity was detected in TA100 strain
with metabolic activation. Cell growth inhibition studies
showed low cytotoxic effect against different cancer cell lines.
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Table 4: Frequency of micronuclei (MN), nucleoplasmic bridges (NPB), nuclear buds (NBUD), nuclear division index (NDI), binucleated
cells (BN), and apoptotic and necrotic cells of CBMN-cyt assay in HepG2 cell culture treated with trimeroside (mean± SD).

Parameters
Treatments

Negative controla
Trimeroside (mg·mL−1)

Positive controlb0.25 0.50 1.00 1.50 2.00

Cell proliferation (in 1000 cells)

NDI 1.78± 0.04 1.77± 0.08 1.72± 0.01 1.74± 0.07 1.68± 0.07 1.66± 0.02∗ 1.47± 0.08∗∗∗

BN cells 664.25± 54.39 659.00± 51.91 662.25± 35.81 633.50± 36.09 635.25± 75.74 615.50± 21.62 439.6± 73.28∗∗∗

DNA damage (in 1000 BN cells)

MN 19.94± 2.85 20.29± 4.34 14.69± 1.61 20.76± 3.18 16.36± 3.04 15.65± 4.42 54.52± 16.65∗∗∗

NPB 2.49± 0.88 4.83± 2.85 4.14± 2.03 6.19± 2.13 8.23± 7.70∗ 4.30± 2.48 13.53± 6.58∗∗

NBUD 4.69± 1.70 6.93± 2.87 3.93± 2.16 5.33± 0.56 5.48± 1.71 4.13± 1.53 17.09± 6.74∗∗∗

Cell death (in 1000 cells)

Apoptosis 1.66± 1.26 0.38± 0.48 0.25± 0.50 0.12± 0.23 0.34± 0.64 0.42± 0.50 11.47± 9.72∗∗

Necrosis 6.95± 3.47 5.29± 1.82 3.01± 1.94 3.81± 1.62 5.03± 3.19 3.44± 1.72 7.66± 4.99
Significantly different in relation to the negative control ∗p < 0 05; ∗∗p < 0 01; ∗∗∗p < 0 001; (ANOVA, Tukey test). aDMSO (0.5%); bbenzo[a]pyrene (2 μM).
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Figure 3: Antiproliferative effect of trimeroside in different cell lines
after 72 h of exposure. Results are expressed as mean± SD (n = 6).
HT-29: human colon adenocarcinoma; NCI-H460: human non-
small cell lung carcinoma; U-251: glioblastoma; KB: human oral
carcinoma; NIH-3T3: mouse embryo fibroblast.

7Oxidative Medicine and Cellular Longevity



Supplementary Materials

The detailed procedure for trimeroside isolation from plant
extract is described in Materials and Methods. The structural
elucidation of trimeroside was performed using NMR analy-
ses. All the 1HNMR, 13CNMR, and 2DNMR signals (Figures
S1–S5) used for this structural elucidation are presented in
Supplementary Materials. (Supplementary Materials)
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Introduction. Ataxia-telangiectasia-mutated (ATM) kinase is a master regulator of the DNA damage response and is directly
activated by reactive oxygen species (ROSs) in addition to DNA double-stranded breaks. However, the physiological function of
the response to ROSs is not understood. Purpose. In the present study, we investigated how ATM responds to ROSs in
Caenorhabditis elegans (C. elegans). Materials and Methods. First, we measured sensitivities of larvae to DNA-damaging agents
and ROSs. Next, we analyzed the drug sensitivities of fully matured adult worms, which consist of nondividing somatic cells.
Dead cell staining with acridine orange was performed to visualize the dead cells. In addition, we performed GFP reporter
assays of lgg-1, an autophagy-related gene, to determine the types of cell death. Results. atm-1(tm5027) larvae showed a wide
range of sensitivities to both DNA-damaging agents and ROSs. In contrast, fully matured adult worms, which consist of
nondividing somatic cells, showed sensitivity to DNA-damaging agent, NaHSO3, but they showed resistance to H2O2. Dead cell
staining and GFP reporter assays of lgg-1 suggest that C. elegans ATM-1 induces the cell death with autophagy in intestinal cells
in response to H2O2. Conclusion. We revealed that ATM induces cell death in response to H2O2.

1. Introduction

Ataxia-telangiectasia-mutated (ATM) kinase plays a criti-
cal role in the DNA damage response and DNA repair
[1]. In response to DNA double-stranded breaks (DSBs),
ATM is activated by autophosphorylation of serine 1981
and induces DNA repair, cell cycle arrest, and cell death
together with the MRE11-RAD50-NBS1 (MRN) complex
[2]. Dysfunction of ATM results in ataxia-telangiectasia
(AT) in humans [3]. AT is an autosomal recessive inherited
disorder with characteristic symptoms such as the cerebellar
ataxia, oculocutaneous telangiectasia, immunodeficiency,
and cancer predisposition [3]. Nijmegen breakage syndrome
(NBS), which is induced by the dysfunction of NBS1, is also
an autosomal recessive inherited disorder with characteristic

symptoms, such as immunodeficiency and cancer predispo-
sition similar with AT [3]. Although NBS1 and ATM func-
tion in the same pathway, the cerebellar ataxia is not
observed in NBS patients [3]. Therefore, ATM is considered
to have additional roles to DNA damage response (DDR).

Recently, it was reported that the oxidation of cysteine
2991 of ATM results in the formation of disulfide bond
between coupled cysteine 2991 of dimeric ATM followed
by autophosphorylation of serine 1981 [4], which phos-
phorylate p53 or Chk2 in vitro. This suggests that ATM
can be directly activated by reactive oxygen species (ROSs)
without DSBs [4]. ROSs, such as superoxide anion radical
(•O2

−), hydrogen peroxide (H2O2), and hydroxyl radical
(•OH), are generated by normal cell metabolism, drug
treatments, and radiation [5].
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As lots of ROSs are generated in the cerebellum, the
response of ATM to ROSs is expected to be related to the
cerebellar ataxia in AT syndrome [6]. However, the physio-
logical function of the oxidized active dimer of ATM in non-
dividing cells has not been determined.

In order to elucidate the physiological function of the
response of ATM to ROSs in nondividing cells, we ana-
lyzed the function of ATM using Caenorhabditis elegans
(C. elegans). C. elegans has been used as a model organism
of aging and apoptosis [7]. In C. elegans, the cell fates
have been completely determined, and adult hermaphrodites
contain 959 nondividing somatic cells [8, 9]. Therefore, C.
elegans is a good model animal for the analysis of the stress
response in nondividing cells. Thus far, we have reported
the function of DNA mismatch repair (MMR) unique to
nondividing cells using C. elegans [10].

In previous studies, C. elegans ATM-1 (CeATM-1) was
found to protect germ cells from γ-rays irradiation,
suggesting that CeATM-1 functions in DSB repair as in
mammals [11]. In addition, we previously reported that
atm-1(tm5027) worms exhibited sensitivity to methyl metha-
nesulfonate (MMS) at both larval and adult worm stages
[10]. This suggests that ATM-1 is also required for DSB
repair in both dividing and nondividing somatic cells.

Thus, C. elegans was expected as good animal model to
investigate the response to ROSs of ATM in the neuron. In
this study, we determined the function of ATM in nondivid-
ing cells and speculated the cause of the cerebellar ataxia.

2. Materials and Methods

2.1. C. elegans Strains and Culture Conditions. The wild-type
strain (Bristol N2) [7], JK2739[lin-6(e1466) dpy-5(e61) I/hT2
[bli-4(e937) let-?(q782) qIs48] (I;III)] [12], and MAH236;
([lgg-1p::GFP::lgg-1+ odr-1p::RFP]) [13] were supplied by
the Caenorhabditis Genetics Center (Minneapolis, USA).
The atm-1(tm5027) mutant was supplied by the National
BioResource Project (Tokyo, Japan) [10]. A deletion in the
atm-1 gene was verified by PCR using two primer pairs listed
in the Supplementary Table (available here). The atm-
1(tm5027) mutant worms were backcrossed with Bristol N2
twice and maintained with the GFP balancer hT2 to avoid
the accumulation of mutations [12]. The lgg-1 reporter strain
(tm5027, [lgg-1p::GFP::lgg-1+ odr-1p::RFP]) was generated
by crossing each strain. Worms were cultured on 50mm
NGM plates containing 0.3% (w/v) NaCl, 0.25% (w/v) poly-
peptone, 0.005% (w/v) cholesterol, 1mM CaCl2, 1mM
MgSO4, 25mM potassium phosphate (pH6.0), and 0.17%
(w/v) agar with a lawn of Escherichia coli (E. coli) OP50 at
20°C [14].

2.2. Establishment of a Stable atm-1(tm5027) Worm Line.
However, its contribution to somatic cells was not clari-
fied. In order to analyze the function of CeATM-1 in
somatic cells, we first established a stable maintenance sys-
tem for atm-1(tm5027) worms, because it was previously
reported that CeATM-1 contributes to genome integrity
in C. elegans germ cells [11]. We backcrossed the atm-
1(tm5027) worms with wild-type N2 worms twice, and

then we crossed backcrossed atm-1(tm5027) worms with
JK2739 (hT2) worms to keep the worms heterozygous [12].
We maintained atm-1(tm5027/hT2) heterozygous worms
by picking GFP-positive worms until use and isolated atm-
1(tm5027) homozygous worms for experiments by picking
GFP-negative worms. Previous atm-1 knockdown worms
exhibited normal growth [15, 16]. Backcrossed atm-
1(tm5027) worms had the same percent growth (L1 to adult)
as N2 worms, suggesting that background mutation was suf-
ficiently restored (Figure S1).

2.3. Synchronizations ofWorms. Starved L1 larvae were pre-
pared in order to obtain synchronized worms as previ-
ously described [10]. In brief, worms on NGM plates
were harvested and incubated in alkaline hypochlorite
[500mM NaOH and 1.2% (v/v) hypochlorite] until their
bodies were completely dissolved (5–10minutes). Eggs
were then washed 3 times with S basal [50mM potassium
phosphate (pH6.0) and 100mM NaCl]. Eggs were
hatched and synchronized by incubation at 20°C over-
night without food.

2.4. L1 Growth Assay. The time-course drug treatments were
performed using synchronized L1 worms as previously
described [10]. The synchronized L1 larvae were treated
with several drugs in M9 buffer at 20°C. Then, the worms
were transferred to NGM plates and incubated for 4 days.
Synchronized L1 worms were irradiated with γ-rays and
UVC on NGM plates and then incubated for 4 days. After
4 days, the percentage of worms that grew from L1 to
adults was calculated. At least 150 animals were counted
for each condition.

2.5. Adult Worm Drug Resistance Assay. Drug resistance
assays using adult worms were performed as previously
described [10]. Briefly, synchronized L1 larvae were cultured
on NGM plates until they completely developed to the adult
stage (4 days). They were harvested and then treated with
drugs for 1 hour at 20°C in M9 buffer. They were transferred
to NGM plates and incubated for 1 day. The percent survival
was then calculated. At least 150 animals were counted for
each condition.

2.6. AO Staining. AO staining was performed as previously
described [10]. Briefly, synchronized L1 larvae were cultured
on NGM plates until they developed completely to the adult
stage (4 days). Adult worms were harvested and treated with
drugs in M9 buffer for 1 hour at 20°C. The worms were then
washed with M9 buffer twice and stained with 5mg/ml acri-
dine orange (AO) in M9 buffer for 5 minutes. The worms
were destained twice with 1ml of M9 buffer for 10 minutes
and fixed with phosphate-buffered saline (pH7.4) (PBS) con-
taining 4% paraformaldehyde (PFA). After washing twice
with 1ml of M9 buffer, they were observed by fluorescence
microscopy with excitation by a 488nm argon laser. At least
150 animals were counted for each condition. The micros-
copy was performed with a Carl Zeiss LSM510 microscope
(Carl Zeiss, Germany).
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2.7. Reporter Assay. The Lgg-1 reporter assay was performed
as previously described [10]. Briefly, lgg-1 reporter (tm5027
[lgg-1p::GFP::lgg-1+ odr-1p::RFP]) adult worms were har-
vested with M9 buffer and treated with drugs for 7 hours at
20°C in M9 buffer. The worms were fixed with PBS contain-
ing 4% PFA for 10 minutes at 20°C. After washing twice with
M9 buffer, the worms were observed by fluorescence micros-
copy with excitation by a 488 nm argon laser. At least 150
animals were counted for each condition. The microscopy
was performed with a Carl Zeiss LSM510 microscope (Carl
Zeiss, Germany).

2.8. Statistics. Qualitative data were representative data of at
least three experiments. Unless otherwise noted, quantitative
data were expressed as the mean± S.D. The significance of
differences was examined by Student’s t-test. p < 0 05 was
considered significant.

3. Results

3.1. atm-1(tm5027) Worms Were Sensitive to DNA-
Damaging Agents. Many studies using cultured mammalian
cells have demonstrated that dysfunction of ATM results in
sensitivity to ROSs and several DNA-damaging agents,
including γ-rays [17, 18]. Previous studies using C. elegansre-
ported that atm-1(tm5027) germ cells are sensitive to γ-rays
and UVC [11, 19]. We also found that atm-1(tm5027) L1
larvae are sensitive to the SN1-type alkylating agent N-
methyl-N′-nitro-N-nitrosoguanidine (MNNG) and SN2-
type alkylating agent MMS [10]. However, the sensitivity
to MNNG of amt-1(tm5027) larvae was dependent on mis-
match repair (MMR), whereas sensitivity to MMS was not
[10]. These differences in sensitivities to both types of alky-
lating agents suggest that the mechanism of DSB generation
is largely dependent on other DNA repair pathways in C.
elegans somatic cells. Therefore, a comprehensive analysis
using different DNA-damaging agents is needed to under-
stand which kinds of DNA damage generate DSBs. Thus,
we first performed drug treatment assays using L1 larvae
with several DNA-damaging agents.

We treated L1 larvae with γ-rays, UVC, and a crosslink-
ing agent (mitomycin C; MMC).

γ-rays induce DSBs in genomic DNA by two ways: direct
breaking or indirect breaking via generation of ROSs [20].
UVC generates pyrimidine dimers in genomic DNA [21].
As pyrimidine dimers strongly block transcription, they
result in DSBs [22, 23]. MMC is an antitumor drug that alkyl-
ates genomic DNA and forms interstrand crosslinking (ICL)
[24]. Due to the high ability of ICL to block the progression
of replication and transcription, the accumulation of ICLs
leads to generation of DSBs during replication and transcrip-
tion [25]. Different types of DNA-damaging agents all gener-
ate DSBs in different ways.

Using these different DSB sources, we assessed whether
they induce DSBs in C. elegans dividing somatic cells. As
shown in Figures 1(a)–1(c), atm-1(tm5027) larvae exhibited
sensitivity to almost all of the DNA-damaging agents.

Interestingly, atm-1(tm5027) adult worms were sensitive
to NaHSO3, a deaminating agent that induces DSBs via

formation of uracil in genomic DNA, but atm-1(tm5027)
larvae were not (Figures S2A and B).

3.2. atm-1(tm5027) Adult Worms Exhibited Resistance to
H2O2. Next, we evaluated the sensitivity of atm-1(tm5027)
worms to ROSs using H2O2 and MV. H2O2 is a typical
ROS generated in vivo [26] and is used in some signaling
pathways [27, 28]. MV generates O2

− in vivo [29, 30].
First, we tested the sensitivity of larvae, and atm-1(tm5027)
larvae exhibited sensitivity to both H2O2 and MV
(Figures 2(a) and 2(b)).

In general, ROSs also generate DSBs and activate cell
cycle checkpoints in dividing cells [31, 32]. Therefore,
because of the lack of cell cycle checkpoints, adult worms
were expected to have different responses to ROSs from
those of larvae. In order to analyze the response to ROSs
of CeATM-1, we treated fully matured worms with H2O2
and MV.

Drug resistance assays using adult worms demonstrated
that atm-1(tm5027) adult worms had significant resistance
to H2O2, but similar sensitivity to MV as wild-type
(Figures 2(c) and 2(d)).

3.3. CeATM-1 Induces Intestinal Cell Death in Response to
H2O2 Treatment. In order to address the mechanisms of
resistance of atm-1(tm5027) adult worms to H2O2, we per-
formed dead cell imaging using acridine orange AO [33].
AO is a nonfluorescent dye that fluoresces only when it stably
binds to nucleic acids [33]. As AO is actively exported out of
the living cells, fluorescence is observed only in dead cells
after sufficient destaining [33]. In nontreated worms, fluores-
cence was not detected in both wild-type and atm-1(tm5027)
worms (Figure 3(a)). The head, which contains the pharynx
and neurons, was severely injured by the MMS treatment in
atm-1(tm5027) worms, whereas that of wild-type worms
was not (Figures 3(a) and 3(b)). On the other hand, the intes-
tines of wild-type worms were severely injured by the H2O2
treatment, whereas those of atm-1(tm5027) worms were not
(Figures 3(a) and 3(b)).

For further confirmation, we next observed AO fluo-
rescence under caffeine treatment. Caffeine is often used
as an inhibitor of ATM and ATR proteins [34]. In a pre-
vious study, 1mM caffeine decreased ATM kinase activity
to approximately 20% [34]. We pretreated adult worms
with 2.5mM caffeine for 2 hours before the H2O2 treat-
ment and then treated them with 88mM H2O2 for 1 hour
followed by AO staining. Caffeine at 2.5mM did not affect
wild-type or atm-1(tm5027) worms without H2O2 treatment
(Figures 4(a) and 4(b)). In contrast, caffeine significantly sup-
pressed the intestinal cell death in wild-type worms, but it did
not in atm-1(tm5027) worms (Figures 4(a) and 4(b)). These
results indicate that CeATM-1 induced intestinal cell death
in response to H2O2.

3.4. CeATM-1 Induces Cell Death with Autophagy in
Response to H2O2 Treatment. Next, we tried to identify the
type of cell death induced by CeATM-1. In mammalian
dividing cells, ATM generally induces apoptosis via phos-
phorylation of p53 [35]. However, in C. elegans, CEP-1
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(p53 homologue in C. elegans) is abundantly expressed in
dividing cells like germ cells, but is hardly expressed in
nondividing somatic cells [36]. Therefore, we examined
p53-independent cell death pathway. Previously, we reported
that MMR induces cell death with autophagy in C. elegans
nondividing somatic cells [10]. In addition, emerging evi-
dence suggests that ATM plays key roles in autophagy,
mitophagy, and pexophagy [37, 38]. Thus, we examined
whether ATM induces cell death with autophagy in
response to H2O2.

In C. elegans, the increase of LGG-1 (Atg8/LC3 homo-
logue in C. elegans), a member of the autophagosome, is a
marker of autophagy [39]. We made an lgg-1 reporter
strain (tm5027 [lgg-1p::GFP::lgg-1+ odr-1p::RFP]) and per-
formed reporter assays. The expression of lgg-1 was ele-
vated by H2O2 treatment in wild-type intestinal cells
(Figures 5(a) and 5(b)). In contrast, the expression level
of lgg-1 was not increased in atm-1(tm5027) somatic cells,
but increased expression of lgg-1 was observed in the
embryos held in atm-1(tm5027) adult worms (Figure 5(a)).
In addition, we observed expression of lgg-1 after the
MMS treatment. The expression of lgg-1 was elevated by
MMS treatment in both the somatic cells and embryos
of atm-1(tm5027) worms, but its induction was not
observed in wild-type worms (Figures 5(a) and 5(b)). These

results suggest that H2O2 and MMS induced cell death
with autophagy.

4. Discussion

In the present study, we obtained interesting finding that
atm-1(tm5027) adult worms were resistant to H2O2.

A recent study revealed that ATM is directly activated
by H2O2 and becomes an active dimer [4]. Thus, ATM is
considered to be a sensor of ROSs. In addition, ATM is
known as a regulator of ROSs [37, 38]. Previous studies
reported that ATM downregulates cellular ROS levels via
phosphorylation of p53 [40]. Dysfunction of ATM is
known to result in diabetes by increasing ROSs followed
by abnormal activation of the ASK1/JNK pathway [41].
Therefore, ATM is considered to function as a sensor
and direct regulator of ROSs.

As a further role, we found that ATM can induce cell
death in response to H2O2 (Figure 3). H2O2 ATM depen-
dently induced intestinal cell death. The lack of ATM in
adult worms resulted in resistance to H2O2 (Figure 2(d)).
On the other hand, atm-1(tm5027) larvae exhibited sensi-
tivity to H2O2 (Figure 2(b)). This difference is considered
to be due to the cell cycle checkpoints. ATM plays a cen-
tral role in DDR, especially in DSB repair [2]. Therefore,
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Figure 1: atm-1(tm5027) worms were sensitive to several DNA-damaging agents. (a–c) Synchronized L1 larvae of N2 (white bar or black
diamond) and atm-1(tm5027) (gray bar and white bar) were irradiated with (a) 100Gy of γ-rays or (b) 15 J/m2 UVC light or underwent
time-course treatment with (c) 0.2mg/ml MMC at 20°C. After treatments, the worms were cultured for 4 days and we calculated the ratio
of adult worms/transferred L1 worms. All data are mean± SD and ∗ means significantly different by Student’s t-test (p < 0 05). The
photograph of a worm was obtained from TogoTV (© 2016 DBCLS TogoTV).
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dividing cells that have dysfunctional ATM are sensitive to
ROSs because ROSs induce DSBs in genomic DNA and
activate cell cycle checkpoints [31, 32]. On the other hand,
nondividing cells do not have cell cycle checkpoints. This
demonstrates the advantage of C. elegans for analyzing the
function of ATM.

Interestingly, atm-1(tm5027) adult worms did not
exhibit sensitivity to O2

− (Figure 2(c)). Previously, it was
reported that pretreatment of pyocyanin, one of the O2

−-
inducing chemicals, inhibits ATM activation induced by
γ-rays irradiation [42]. As H2O2 and O2

− have different
oxidation potentials [43], this difference implies that O2

−

cannot induce ATM-1 signaling in response to ROSs due
to too strong oxidation potentials, which may result in
excessive oxidation of ATM.

Recent studies highlighted the regulation of autophagy by
ATM. Alexandera et al. revealed that ATM induces autoph-
agy via the LKB/AMPK/mTOR pathway in human cultured
cells [44]. In addition, Qi et al. reported that Parkin accumu-
lates in response to spermidine treatment followed by
ATM activation, and mitophagy is activated [45]. In our

study, C. elegans adult worms exhibited ATM-dependent cell
death with autophagy (Figure 5). Our results suggest a new
significance of induction of autophagy by ATM. However,
cell death with autophagy may be unique to C. elegans.
Because C. elegans adult somatic cells have the unique
condition of little caspase or CEP-1, and ATM usually
induces apoptosis via p53 in mammalian cells [1, 36],
and abnormality of ATM induces ataxia-telangiectasia in
humans (3), atm-1(tm5027) did not have obvious abnor-
malities in behavior.

Previously, we reported that MMR induces intestinal
cell death with autophagy by MV treatment [10]. MMR
also induced cell death with autophagy by MNNG treat-
ment, but in the pharynx and neurons [10]. This type of
tissue-specific response was also observed in CeATM-1
(Figures 3 and 5). As discussed in the previous report,
the C. elegans intestine may be more sensitive to ROSs
than other tissues, and how those differences are estab-
lished needs to be elucidated.

In summary, we found that ATM induces cell death in
response to H2O2. In general, cells lacking ATM are thought
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to be sensitive to ROSs, but our results demonstrated that
lack of ATM results in resistance to H2O2 in nondividing
conditions (Figure 2(d)). Thus, the lack of ATM-
dependent cell death may be one reason why the cerebellar
ataxia is observed in AT patients but not in NBS patients
[3]. We are considering that the lacks of these ATM-
dependent cell deaths might be the one of the reasons of
the cerebellar ataxia. However, why do the resistant AT
patient’s cerebellar cells are dysfunctional is unknown. We
hypothesize that ATM prevents necrosis, which injures
other cells via release of lysosomal enzymes, by inducing cell
deaths with autophagy in response to H2O2, protecting the
tissue integrity.

5. Conclusion

In this study, we found that deficiency of ATM results in
tolerance to H2O2 in nondividing cells. We demonstrated
that ATM can induce cell death in response to H2O2,

but not O2
−, and this cell death is not apoptosis but cell death

with autophagy.
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1. Introduction

Breast cancer is a heterogeneous group of neoplasms originat-
ing from the epithelial cells lining themilk ducts and is a com-
plex disease characterized by disordered cell growth involving
differentmechanisms [1]. Among cancers, breast cancer is the
most common and lethal in women [2], with more than one
million cases diagnosed worldwide annually [3–5]. In Brazil,
it is the second most frequent cause of mortality among
women; first is skin cancer [5, 6]. Breast cancer is a multifac-
torial disease, where epidemiological studies indicate that in
addition to genetic predisposition, exposure to mutagenic
agents, nutritional habits, and lifestyle are relevant factors
that can trigger the carcinogenic process [7–9]. Associated
with this, reproductive age, involving events such as menar-
che, menopause, pregnancy, and hormone therapy, also con-
stitutes risks to induce neoplastic transformations [10, 11].

Early diagnosis indicates a good prognosis and is funda-
mental in patient survival, being able to signal a less aggressive
treatment [12, 13]. Mammography remains the primary
method of diagnosing breast cancer [14]. The performance of
surgery, chemotherapy (QT), radiotherapy (RT), and, in some
cases, hormone therapy is alternative that science has for the
treatmentof thispathology [15]. In recent years, thedescription
of well-defined molecular subtypes of breast cancer, together
with the identification of the driving genetic alterations and
signaling pathways, has led to the clinical development of a
number of successful molecular-targeted agents [4].

Cancer is intimately related to the accumulation of DNA
damage, as well as with DNA repair failures. Cytogenetic bio-
markers have attracted more attention from the scientific
community because they are potential indicators of biologi-
cal effects, including cancer risks [4, 16]. The use of Comet
assay has been used to detect genotoxicity and to human bio-
monitoring [17]. In addition, the micronucleus test, which
observes numerical chromosomal abnormalities (e.g., whole
chromosomal lagging or malsegregation at mitosis) or from
structural chromosomal abnormalities (e.g., the failure of
an acentric fragment or dicentric chromosome to segregate
at mitosis) or cell death, has been also used [18]. Besides, to
assist in the diagnosis, these methodologies could be used
to follow the patient in understanding their individual
response to treatment choices.

Thus, the aim of this study was to evaluate DNA damage
in patients with breast cancer before treatment (background)
and after QT and RT treatment using the Comet assay in
peripheral blood and micronucleus test in buccal cells. In
addition, we evaluated recovery DNA damage after stop
RT, as well as response of the patient’s cells before treatment
with an oxidizing agent (H2O2; challenge assay).

2. Materials and Methods

2.1. Ethics Statement. Human subject research was approved
by theCentroUniversitárioUNINOVAFAPI (CONEPproto-
col number 0408.0.043.000-11). Written documentation of
informed consent was obtained from all research participants.

2.2. Study Group and Sampling. A total of 100 patients pre-
sented with a diagnosis of breast cancer from the oncology

clinic of the Hospital São Marcos (Piauí, Brazil) (followed
up during the treatment; mean age 50.0± 12.0 years) and 50
women with a mammographic diagnosis negative for cancer
(control group; mean age 47.0± 13.0 years). Patients with
organic, renal, and hepatic dysfunction or other associated
chronic disease were considered as exclusion criteria. Only
10% of patients was considered smokers. All volunteers
answered an individual health questionnaire as recom-
mended by the International Commission for Protection
against Environmental Mutagens and Carcinogens [19].

The clinical stages of the patients associated with the his-
topathological results lead to the choice of the chemothera-
peutic scheme. The patients in this study underwent two
different QT schemes: (a) FAC, which represent 500mg/m2

of 5-fluorouracil, 50mg/m2 of doxorubicin, plus 500mg/m2

of cyclophosphamide, in 21-day cycles; (b) AC, which repre-
sents 60mg/m2 doxorubicin and 600mg/m2 cyclophospha-
mide, also in 21-day cycles. Patients undergoing the AC
regimen still receive 80mg/m2 of taxol per week for 12 weeks,
seeking a potentiation of this treatment. Regarding RT,
patients were exposed to 25 adjuvant radiotherapy sessions,
alone or after QT, with radiation doses of 4500 to 5000 cGy
total and with 180 to 200 cGy/fraction.

The blood and buccal cells sampling were performed on
the same days. In this study, five collections were performed
in patients with breast cancer: (1) at the time of diagnosis,
prior to treatment; (2) 3 weeks after begin chemotherapy,
after the different QT schemes; (3) prior to RT initiation;
(4) in the third week after RT initiation; and (5) 21 days after
the end of the RT sessions.

2.3. Alkaline Comet Assay. Samples were processed immedi-
ately after collection using heparin tubes. The method was
performed according to Tice et al. [20], and the slides were
stained with silver solution as described in Nadin et al. [21].
The results were expressed as damage index (DI) and damage
frequency (DF). For the evaluation of DNA damage, 100 cells
per subject were analyzed at 200x magnification under a light
microscope, using blinded slides. Cells were assessed visually
and received scores from 0 (no migration) to 4 (maximal
migration) according to tail intensity (size and shape). There-
fore, the total scores (DI, arbitrary units) for 100 cells ranged
from 0 (all cells with no migration) to 400 (all cells with max-
imal migration) [22]. Dusinska and Collins [23] demon-
strated that results expressed as either % tail DNA or
arbitrary units correlate extremely well. DF was calculated
by subtracting 100 cells with zero damage, that is, based on
the number of cells with damage versus those without dam-
age. For assessment of susceptibility to exogenous DNA
damage, two slides prepared from patients from diagnostic
moment (before treatment) were exposed to 0.25mM
recently prepared H2O2 (challenge treatment) for 5min, at
4°C [24]. After that, the slides were put in lysis solution for
1 h at 4°C. Subsequent steps were the same as in the alkaline
version of the Comet assay.

2.4. Buccal Micronucleus Cytome Assay (BMNCyt). The
BMNCyt test in exfoliated epithelial cells of oral mucosa
was performed according to the method described by
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Thomas et al. [25], with some alterations. Briefly, buccal cell
samples were collected from the inner cheeks of the subjects
with a cytobrush, which was immersed in 5mL of cold saline
solution (NaCl 0.9%), and after washed three times with
saline the cells were fixated on Carnoy’s solution. After the
slides had been prepared, they were stained with Schiff’s
reagent and Light Green. Cells were evaluated according
Thomas et al. [25] at 1000x magnification under a light
microscope, using blinded slides. The BMNCyt assay has
been used to measure biomarkers of DNA damage (micronu-
clei and/or elimination of nuclear material by budding,
BUDs), cytokinetic defects (binucleated cells), and cell death
(condensed chromatin, and karyorrhectic, pyknotic, and
karyolitic cells). For each volunteer, 2.000 buccal cells (1000
from each of the duplicate slides) were scored.

2.5. Statistical Analysis. The normality of the variables was
evaluated by the Kolmogorov-Smirnov test, and Student’s
t-test or MannWhitneyU test was used to compare the char-
acteristics of the study population and DNA damage in rela-
tion to characteristics of the study population. The statistical
differences of damage observed for groups by the comet assay
and BMNCyt assay were determined by ANOVA test. Values
of P < 0 05 were considered statistically significant. All anal-
yses were performed using the GraphPad PRISM statistical
software (GraphPad Inc., San Diego, CA, USA).

3. Results

In clinical diagnosis, tumor types were classified as 83% with
invasive ductal carcinoma, 6% with invasive lobular carci-
noma, 3% intraductal carcinoma, 3% medullary carcinoma,
and 3% phyllodes tumor, presenting staging of I to III.

Damage index and micronucleus frequency (mean ± SD)
during diagnostic of breast cancer in relation to clinical char-
acteristics of patients are presented in Table 1. Individuals
with negative receptors for estrogen and progesterone pre-
sented higher levels of DNA damage, observed by Comet
assay, than positive ones.

The genotoxicity data evaluated with the comet assay in
peripheral blood are shown in Table 2. All patient group
demonstrated a significant increase of DNA damage in rela-
tion to control but not in relation to different groups.

The micronucleus test in buccal cells also showed DNA
damage evidenced by the significant increase of micronuclei,
BUDs, and binucleated cells. Cell death was also increased in
the groups in relation to the control group (Table 3). In
addition, an increase in DNA damage and cell death during
treatment can be observed in relation to the patients at the
time of diagnosis.

Figure 1 shows that both DI and DF demonstrate a signif-
icant increase for challenge assay in all groups with breast
cancer, from diagnosis to the end of radiotherapy treatment
in relation to the control group exposed to H2O2.

Figures 2 and 3 demonstrate a relationship between DNA
damage using comet assay and micronucleus test in relation
to the different therapeutic regimens used by the patients in
this study (AC, FAC, or RT-isolated). No difference was
observed using comet assay, but micronucleus test for 21

days after the end of radiotherapy demonstrated the highest
values of micronucleus for all therapeutic regimen.

4. Discussion

Breast cancer is one of the most relevant causes of death
among women worldwide [3]. Data from the World Cancer
Report of the International Agency for Research on Cancer
(IARC) and the World Health Organization (WHO) show
a 2030 incidence of 27 million cases, resulting in 17 million
deaths and 75 million people annually, with cancer. This
increasing occurrence [26] characterizes it as one of the most
important public health problems today. This pathology,
which, in the 70s, was the fourth leading cause of death, cur-
rently occupies the second position of the global incidence
[27]. Understanding the risk factors for breast cancer is of
paramount importance for epidemiological, social, and indi-
vidual studies and is critical for the development of preven-
tion strategies and therapies [28].

Another crucial factor for this pathology is late diagnosis,
which signals advanced stages of the disease. Clinical stages 0,
I, and II of the American Joint Committee on Cancer system,
which considers the extent of primary tumor and metastases,
are classified as an early stage of breast cancer; late-stage
patients belong to the groups III and IV [29]. In our study,
although 41% of the patients had stages III and IV, signaling
an advanced disease, there was no statistically significant cor-
relation between the DI and micronucleus (MN) frequency
of the patients at diagnosis. This fact may be related to the
sensitivity of the comet assay, as a marker of genomic insta-
bility, and could be used since the beginning of the disease.
Genetic alterations, including telomere damage, chromo-
somal aberrations and amplification, and epigenetic modifi-
cations, are an initial step in the process of carcinogenesis
[30] and tumor progression [31]. Thus, the genomic instabil-
ity, detected by the “comet assay and MN test”, can be sug-
gested as markers for cancer [32, 33], and its monitoring is
important in therapeutics, especially with the changes in
the chromosomes [31, 34].

Breast cancer is a heterogeneous disease with multiple
types of intrinsic tumors [35], which can be classified into
distinct subgroups presenting different biological, clinical,
and behavioral parameters offered by immunohistochemical
examination. This biomarker is important for oncology,
since it has information of prognostic value and predictive
response to certain therapies, both for metastatic disease
and adjuvant therapy [36]. The literature reports that hor-
mone receptor positivity confers a better prognosis to meta-
static disease. Its major relevance lies in the signaling of
specific therapies [37]. The biomarkers Her2, ER, PR, and
Ki-67, associated with the clinical and histopathological
stages, guide the therapeutic management of cancer patients.
In our study, 67% and 72% of the patients presented positiv-
ity for estrogen and progesterone receptors, respectively.
Although the negativity for ER and PR was lower, 33% and
28%, respectively, the patients at diagnosis showed DNA
damage as evidenced by the statistically significant increase
in DI and frequency of MN. Júnior et al. [38] corroborated
with the data obtained in a study when monitoring patients
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with breast cancer who, at the time of diagnosis, already pre-
sented damages in the genetic materials (e.g., DNA and
RNA), demonstrating genomic instability. The request for
the immunohistochemical test for Ki-67 also has a prognostic
and therapeutic decision impact on breast cancer because it is
a marker of cell proliferation [39]. In our study, 78% of the
patients presented high Ki-67, suggestive of a disease with a
more aggressive biological behavior. However, in this study,
no influence of this factor on genetic damage was observed.

Early diagnosis indicates a good prognosis and is funda-
mental to patient survival [40, 41]; that for nonmetastatic
disease, the treatment options fall into surgery (radical

mastectomy or conservative surgery), QT, RT, QT, and hor-
mone therapy [42]. RT and QT, which have the cytotoxic
capacity to kill cancer cells, are one of the pillars of oncology
therapy used by half the cancer population [43]. The plan-
ning and association of QT, RT, and surgery have increased
the survival of cancer patients. However, the radiosensitivity
and radioresistance presented by ionizing radiation have
contributed to the limitation of therapeutic success [44]. Sim-
ilar to RT, chemotherapeutics also have limitations. DNA
damage assessed by the comet assay in peripheral blood
showed a statistically significant increase in all the treatment
steps and protocols, as well as in the micronucleus test, when
compared to the control group, especially for the group after
radiotherapy (after 21 days). Similar to our results, other
authors have observed increased DNA damage by the comet
assay and micronucleus test in breast cancer patients in dif-
ferent treatments and protocols [38, 45].

Studies developed by Iarmacovai et al. [46], conducting a
meta-analysis of the frequency of MN in peripheral blood
lymphocytes of cancer patients, evidenced a significant
increase in the frequency of this biomarker in patients not
treated with antineoplastic therapy. Corroborating with these
data, Santos et al. [47] demonstrated the high frequency of
MN in peripheral blood lymphocytes in 45 women with
untreated invasive or in situ breast cancer. Murgia et al.
[48], analyzing peripheral blood lymphocytes of 1650 indi-
viduals without diseases, showed strong predictive values of
MN frequency associated with the risk of cancer death. In
this study, significant increases were observed in MN fre-
quencies in all groups, from diagnosis (baseline damage) to
after RT, in relation to the control group and to baseline
damage. However, after RT, the data were significant

Table 1: Damage index and micronucleus frequency (mean± SD) during diagnostic of breast cancer in relation to clinical characteristics
of patients.

Parameters Characteristics (n) Damage index (0–400) MN/1000 cells

Family breast cancer
No (58) 201.30± 59.21 4.09± 1.92
Yes (42) 196.90± 60.60 3.80± 1.25

Clinical staging
I and II (59) 194.80± 62.36 4.36± 1.60

III and IV (41) 205.10± 55.64 3.18± 0.98

Estrogen receptors
Negative (33) 227.80± 48.58∗∗∗ 4.09± 1.22
Positive (67) 185.00± 59.61 3.94± 1.66

Progesterone receptors
Negative (28) 218.30± 56.31∗ 3.70± 1.15
Positive (72) 192.10± 59.50 4.05± 1.66

Her-2
Negative (30) 183.80± 63.56 3.75± 1.39
Positive (70) 203.60± 57.86 3.62± 1.40

Ki-67a
Low (7) 189.20± 53.96 3.00± 0.00

Moderate (15) 186.00± 45.53 4.20± 1.78
High (78) 204.30± 61.46 3.90± 1.50

Chosen treatment
FACb (8) 206. 90± 75.83 3.80± 1.34
AC-Tc (44) 183.80± 51.86 3.80± 1.29

Scheme Only RT (48) 211.30± 63.42 4.40± 2.50
aKi-67 = proliferation index: Ki-67 < 10% is low; Ki-67 of 10–25 is moderate; Ki-67 > 25 is high; bFAC: fluorouracil, doxorubicin, and cyclophosphamide;
cAC-T: doxorubicin, cyclophosphamide, and taxol; RT: radiotherapy; QT: chemotherapy; n: number of individuals with the characteristic. ∗Significant at
P < 0 05 in relation to progesterone positive receptor; ∗∗∗ P < 0 001 in relation to estrogen positive receptor; Mann Whitney U test was the test applied to
evaluate the table's variables.

Table 2: DNA damage (mean± SD) evaluation in peripheral blood
of patients with breast cancer before, during, and after treatment
and nonexposed control using comet assay.

Groups
Comet assay (100 cells/individual)

Damage index
(0–400)

Damage frequency
(%)

Control 22.90± 19.31 14.53± 8.24

Patients

Before treatmenta 180.90± 53.67∗∗∗ 91.57± 13.94∗∗∗

Chemotherapyb 187.2± 56.61∗∗∗ 94.83± 6.80∗∗∗

Before radiotherapyc 156.70± 69.68∗∗∗ 73.10± 21.54∗∗∗

Radiotherapyd 189.60± 66.61∗∗∗ 86.07± 12.34∗∗∗

After radiotherapye 229.10± 47.93∗∗∗ 90.20± 12.23∗∗∗
aPatient at the time of diagnosis; b3 weeks after beginning chemotherapy;
cBefore radiotherapy and after chemotherapy; d3 weeks after beginning
radiotherapy; e21 days after the end of radiotherapy; ∗∗∗Significant at
P < 0 001 in relation to control group (ANOVA and Kruskal-Wallis).
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compared to before radiotherapy (after chemotherapy), indi-
cating that, after RT, the patients were more genetically
unstable due to the probable aneugenic and/or clastogenic
effects, considering this biomarker of mutagenicity. Other
studies have also pointed to DNA damage in patients with
breast cancer exposed to RT by a significant increase in breast
cancer during cancer treatment [49]. MN are simple markers
routinely examined in cytological preparations, ensuring
credibility in the assessment of cytogenetic damage of popula-
tions exposed to mutagenic and carcinogenic agents [50, 51].
As they result from aggressions in the genetic material, they
represent a potential risk for the onset of cancer [8, 52]. It
has been reported that the frequency of MN resulting from
exposure to IR is dose-dependent [53].

Bonassi et al. [8] have shown evidence that the frequency
of MN in peripheral blood lymphocytes is predictive of can-
cer risk, suggesting that increased MN formation is associ-
ated with the latest events in carcinogenesis. Similar to our
data, in a review of human biomonitoring study with appli-
cation of the MN Test, Speit et al. [54] indicate that the
therapies used in cancer patients, QT and RT, result in an
increase in MN formation due to aggression to the genetic
material. By the micronucleus test, it has been observed
the increase of nuclear buds only after RT and binucleate
cells in QT, RT, and after RT. It is known that the nuclear
bud formation may be related to the chromosomal instabil-
ities resulting from genetic material damage or to gene ampli-
fication [55, 56]. The presence of binucleate cells is related to

Table 3: DNA damage and cell death evaluated using micronucleus test in buccal in patients with breast cancer before, during, and after
treatment and nonexposed control.

Parameters Control
Patients

Before
treatmenta

Chemotherapyb
Before

radiotherapyc
Radiotherapyd

After
radiotherapye

DNA damage

Micronucleus 1.76± 1.30 3.93± 1.50f 4.00± 1.14h 5.53± 2.77h 7.60± 3.19h, i 8.16± 3.69h, i

Buds 2.43± 1.71 2.56± 1.59 1.90± 1.18 2.96± 2.55 4.06± 2.72 6.06± 3.37h, i, and j

Binucleated cells 5.33± 2.23 7.16± 4.99 9.93± 3.42g 9.10± 6.17 14.80± 16.75g, i 18.40± 17.03h, i

Cell death

Condensed chromatin +
karyorrhectic cells

195.50± 112.50 272.80± 105.10 412.50± 110.50h, i 340.80± 200.90 389.70± 228.8g 457.40± 276.00h

Pyknotic cells 1.70± 3.40 14.50± 5.50h 16.97± 4.99h 27.90± 35.20g 35.40± 37.50h, i 52.40± 52.3h, i

Karyolitic cells 53.80± 38.60 97.70± 63.80f 63.07± 23.30 121.50± 99.90f 163.50± 126.00h 226.80± 229.00h

Values represent the mean ± SD of 2000 buccal cells analyzed. aPatient at the time of diagnosis; b3 weeks after beginning chemotherapy; cBefore radiotherapy
and after chemotherapy; d3 weeks after beginning radiotherapy; e21 days after the end of radiotherapy; fSignificant at P < 0 05; gP < 0 01; hP < 0 001 in relation
to control group. iSignificant at P < 0 05 in relation to the group: before treatment. jSignificant at P < 0 05 in relation to the group: radiotherapy (ANOVA,
Kruskal-Wallis).
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Figure 1: Damage index (a) and damage frequency (b) induced by H2O2 (challenge assay) to peripheral blood lymphocytes from breast
cancer patients at diagnosis, during and after treatments and healthy controls. ∗Significance at P < 0 05 and ∗∗∗P < 0 001 compared to
negative control (Kruskal-Wallis test).
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cytokinesis failures and to the occurrence of aneuploidies
resulting from the cytotoxic activity of chemotherapeutics
[55–57]. Most chemotherapeutics, used in clinical practice,
have diverse mechanism of actions that converge for changes
in the cell cycle and consequent impairment of cell division
and cell death. During this process, chemotherapeutic treat-
ment can alter the final events of the cell division, leading
to blocking of cytokinesis and formation of binucleate cells.
Despite these findings, Torres-Bugarín et al. [58], studying
genotoxic QT effects in 163 patients with various cancers,
found a decrease in the frequency of binucleate cells through-
out the treatment, justified by the fact that QT leads to cell
death before the end of the cell cycle. In the present study,
an increase of karyorrhectic cells due to QT and pyknotic
due to RT was observed, and the pyknotic cells remained
increased after RT compared to the pretreatment group, indi-
cating increased cell death by both QT and RT.

Antineoplastic agents, classified as cytotoxic, include
chemical agents that control the development of tumors by
killing actively growing cells. Among these, doxorubicin,
which despite its great therapeutic potential in a wide variety
of cancers [59], is limited by the severe side effects such as a
cardiotoxicity present in 50% of patients and myelosuppres-
sion. Exposure of the DNA molecule to radiation induces a
signal transduction cascade resulting in damage to the
genetic material, including the increase of reactive oxygen
species (ROS) [60]. There are records that signal IRs as
responsible for the induction of chromosomal aberrations
(AC) and apoptosis [61]. Tumor suppressor genes, such as
p53 and PTEN, can be dysregulated, resulting in impairment
of important functions such as induction of apoptosis, activa-
tion of the repair system, and cell cycle arrest [62]. Thus, ROS,
by different mechanisms of action, can lead to apoptosis and
tumor regression. In this study, when the patients’ samples
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Figure 2: Damage index in relation to the therapeutic regimen: (a) FAC, (b) AC, and (c) RT-isolated.
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were challenged to use an oxidizing agent (H2O2) in the dif-
ferent treatments, we observed a significant increase of dam-
ages when compared to the samples of the control subjects
(without cancer) exposed to the agent, which shows a suscep-
tibility of these individuals to agents inducing oxidative dam-
age. Blasiak et al. [63] also reported sensitivity of lymphocytes
from BC patients to hydrogen peroxide (H2O2). Despite this,
the control group shows a DI (comet assay) of about 22.9,
while patients shows a DI of 180.9 before any treatment.
However, after treatment with an oxidizing agent, the average
DI of the controls rises ~10 times and patients about ~1.7
times. Therefore, patients’ cells appear relatively less suscepti-
ble to oxidative damage than cells from individuals without
cancer. Possibly the dose of H2O2 was high, which probably
saturated the detection capacity of damage for patients by
comet assay (reaching a limit of damage, almost 100% of

damage). Brandão et al. [64], in a study on H2O2-induced
cytotoxicity in human cells deficient in DNA repair, revealed
that deficient lines in the nucleotide excision repair pathway
were more sensitive to an inducer of oxidative damage, such
as H2O2. In view of the above, a deficiency in the repair sys-
tem may justify the potentiation of the peroxide sensitivity,
culminating in the increase of damages.

Due to the different effects that could be induced by
the different chemotherapeutic treatments, a comparison
between induction of an increase in the DI and MN and
the different treatment protocols was performed. Our results
demonstrate that although there was no statistically signifi-
cant increase in DI, the frequency of MN was statistically
significant in the different cancer protocols, FAC, AC, and
RT-isolated. Guerreiro et al. [65] report an increased fre-
quency of MN and binucleate in breast cancer cells exposed
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Figure 3: Micronucleus frequency in relation to the therapeutic regimen: (a) FAC, (b) AC, and (c) RT-isolated. ∗Significant at P < 0 05;
∗∗P < 0 01; ∗∗∗P < 0 001 using Kruskal-Wallis test.
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to DOX. These data corroborate with Uriol et al. [66] who
report that most chemotherapeutic treatments induce differ-
ent DNA damage as observed in this study.

The different DNA damage induced by antineoplastics by
DNA is associated with the different classes of these agents.
Chemotherapy drugs classified as antimetabolites include
compounds of clinical use that have different mechanisms
of action that interfere with the synthesis of new precursors
of DNA and RNA, inhibitors of DNA synthesis and com-
pounds that alter the pattern of DNA methylation. As an
example, there is 5-fluorouracil, which is an antimetabolite
analogous to pyrimidine. Although the mechanisms of action
of anthracyclines, including doxorubicin, are still controver-
sial, we can consider DNA intercalation, free radical genera-
tion, DNA alkylation, and covalent bonding between DNA
strands (DNA crosslinks) [67]. Of the natural products, taxol
is a drug that acts as a poison of the mitotic spindle, increas-
ing the polymerization of tubulin. These antimitotic agents
stimulate the polymerization of the microtubules. This site-
specific binding seems to antagonize the breakdown of this
cytoskeletal key protein, with consequent formation of stable
and abnormal microtubules, blocking the progression of G2
and M phase in the cell cycle [68–70].

The comet assay is increasingly being used to detect gen-
otoxicity and human biomonitoring [38, 71], as well as the
MN test, which can detect clastogenesis, aneugenesis, and cell
death [18, 52]. Biomonitoring of molecular alterations can be
an important tool to better understand the molecular biology
of cancer, resulting in accurate diagnoses and successful
treatments, especially due to the lack of specificity and selec-
tivity in cancer therapy [72]. To this end, cytogenetic bio-
markers have attracted more attention from the scientific
community because they are potential indicators of biologi-
cal effects, including cancer risks.
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Pesticides used at tobacco fields are associated with genomic instability, which is proposed to be sensitive to nutritional intake and
may also induce epigenetic changes. We evaluated the effect of dietary intake and genetic susceptibility polymorphisms inMTHFR
(rs1801133) and TERT (rs2736100) genes on genomic and epigenetic instability in tobacco farmers. Farmers, when compared to a
nonexposed group, showed increased levels of different parameters of DNA damage (micronuclei, nucleoplasmic bridges, and
nuclear buds), evaluated by cytokinesis-block micronucleus cytome assay. Telomere length (TL) measured by quantitative PCR
was shorter in exposed individuals. Global DNA methylation was significantly decreased in tobacco farmers. The exposed group
had lower dietary intake of fiber, but an increase in cholesterol; vitamins such as B6, B12, and C; β-carotene; and α-retinol.
Several trace and ultratrace elements were found higher in farmers than in nonfarmers. The MTHFR CT/TT genotype
influenced nucleoplasmic bridges, nuclear buds, and TL in the exposed group, whereas TERT GT/TT only affected micronucleus
frequency. We observed a positive correlation of TL and lipids and an inverse correlation of TL and fibers. The present data
suggest an important role of dietary intake and subjects’ genetic susceptibility to xenobiotics-induced damages and epigenetic
alterations in tobacco farmers occupationally exposed to mixtures of pesticides.
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1. Introduction

Tobacco fields occupy 757,521 hectares in Brazil, and 95.4%
of these are located in the South Region [1]. Tobacco leaf
production plays an important role in the Brazilian econ-
omy, employing an enormous number of subjects in its
entire production chain. This crop is farmed by families,
involving whole communities in this stage of the productive
chain [2]. It is therefore relevant that tobacco demands a
great amount of pesticides to keep it free from pests [3].
More than 100 different pesticides are used worldwide for
the production of tobacco, and the active ingredients of most
pesticides are organic and/or inorganic. The latter in general
include elements such as copper, sulfur, and potassium,
while organophosphates are a class of pesticides more com-
monly used in agricultural areas.

Based on scientific evidence, it is fully justified to
investigate the real, predicted, and perceived risks of pesti-
cides endured by humans. Pesticides used at tobacco fields
have been shown to increase DNA damage, as observed in
cell lines [4–6], animal models [7, 8], and human studies
[9–11]. They were also already evaluated either as single
chemicals [6, 7, 12] or as mixtures (reviewed by [13]). The
latter is the standard method of pesticide application in crop
farming worldwide [13], including for Brazilian tobacco
farmers [14–17]. Sensitive methods such as Comet assay
[9, 18, 19], cytokinesis-block micronucleus (CBMN) assay
[13–15, 20], and buccal micronucleus (BMCyt) assay [18,
19, 21] have been successfully applied in identification of
DNA damage as a result of occupational risk to pesticides.

Formulations of pesticides used at tobacco fields con-
tain inorganic elements, solvents, and metals [3]. Farmers
working at tobacco fields have been found to present higher
concentrations of several inorganic elements and metals
[14, 16]. One of the major mechanisms of metals in carci-
nogenesis is inhibition of DNA repair through generation
of reactive oxygen species. Generation of oxidative stress
can lead to a homeostatic imbalance between pro- and anti-
oxidant factors, resulting in oxidative damages to several
molecules, including DNA [22]. Genetic conditions, such
as different polymorphic metabolizing genes, and acquired
conditions are thought to modify trace elements and metal
homeostasis [22, 23].

More recently, telomere length has been introduced as
a new biomarker in occupational exposure evaluations,
including pesticides (reviewed by [24]). Telomeres mark the
end of chromosomes and play a critical role in genomic sta-
bility by preventing chromosome end fusions. Telomerase
is a reverse transcriptase enzyme particular to telomeres,
working to maintain telomere length by adding the DNA
repeat TTAGGG in human chromosome ends. The core
enzyme is composed by a protein component with reverse
transcriptase activity (TERT) and a RNA component
(TERC). Several studies indicate that TERT rs2736100 poly-
morphism, located at intron 2 of the TERT gene, may modify
telomere homeostasis and is mostly related to different types
of cancers (reviewed by [25]).

Genome stability is proposed to be sensitive to nutrient
intake. It has been a few years since recommended dietary

allowances based on DNA damage were first proposed [26],
although they were not changed based on those evidences,
so far. It is known that several micronutrients are involved
in DNA synthesis and repair, prevention of DNA damage,
and maintenance of DNA methylation [27]. More than that,
the telomere maintenance in vivo has been linked to intake
and/or restriction of different nutrients and foods ([24],
reviewed by [28]). The accurate significance of these data is
still unclear as they are results from single studies ([24],
reviewed by [28]), but the separate association of telomere
maintenance and nutritional intake with cancer is widely
known and accepted [24].

Alterations in DNA methylation patterns have been
associated with different health outcomes, carcinogenesis
being one of the major aspects [29]. A bulk of investigations
have identified several classes of pesticides that modify epige-
netic marks [30], including persistent organic pollutants [31],
glyphosate [9], paraquat, and arsenic, among others [30]. The
most common genetic variant in the MTHFR gene affecting
its function is the 677C>T polymorphism (rs1801133), being
highly investigated as a potential modifier on folate status
and DNA methylation [27–29]. The methylenetetrahydrofo-
late reductase (MTHFR) gene plays a key role in folate
metabolism and in the methyl donor pathway. MTHFR
enzyme activity determines the bioavailability of folate for
synthesis of dTTP or methionine, in addition to exertion of
a function in arsenic metabolism and toxicity. Genetic varia-
tions in this gene can lead to impaired function or inactiva-
tion of its enzyme [26].

In this study, we hypothesized if dietary intake and
genetic susceptibility of MTHFR (rs1801133) and TERT
(rs2736100) have an effect on genetic and epigenetic insta-
bility borne by tobacco farmers due to occupational exposure
to pesticides.

2. Materials and Methods

2.1. Study Design. This study was approved by the
National Ethics Committee for Research, CONEP, Brazil
(CAAE 35639814.5.1001.5349), and written inform con-
sent was obtained from each individual before the research
began. Individuals from Santa Cruz do Sul (S 29°43′59″ W
52°24′52″) and Sobradinho (S 29°25′17″ W 53°01′43″) (Rio
Grande do Sul state, southern Brazil) were sampled between
June and September 2015. The study involved a total of
80 individuals: 40 nonexposed and 40 exposed (tobacco
farmers) to pesticides. In each group, subjects were paired
by age and gender. All participants were nonsmokers.

All farmers were regularly exposed to pesticides about
three days per week, 6–8 hours per day, comprising ~360
hours from June to September. Work was done mainly in
an open field, and pesticide application was done via costal
pump. According to farmers’ questionnaires from this study,
the main classes of pesticides (main active ingredients)
used by them are organophosphates (glyphosate-based),
dithiocarbamates (mancozeb), inorganic compounds (mag-
nesium aluminium phosphide), and copper oxide (copper).
While copper oxide and dithiocarbamates act as fungicides,
glyphosate-based pesticides are herbicides and magnesium
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aluminium phosphide works as insecticide. Additionally,
farmers mentioned to make a bulk use of fertilizers.

The nonexposed group consisted of indoor office workers
living in the same area of exposed individuals, but at least
15 km away from any tobacco field. Blood samples collected
by venipuncture were transported to the laboratory at 4°C
and processed within 24 h after collection. Blood samples
were collected during the pesticide application period, from
both groups. All subjects involved in the study completed
an adapted version of a questionnaire as regard lifestyle, work
habits, and demographic data [32], in addition to complet-
ing the “The Alcohol Use Disorders Identification” Test
(AUDIT; [33]). Participants consuming 300mL of alcoholic
beverages per week were considered habitual drinkers [33].
Participants suffering from any chronic disease and under
18 years were not included in the research.

2.2. Nutritional Data. Based on Fenech et al. [34], all par-
ticipants were asked to fill in a food frequency question-
naire record intake of every meal, during a normal day
in their routine, using food pyramid as reference. Average
daily consumption was based on individuals’ report of food
frequency intake. The record intake was used to evaluate sub-
jects’ daily intake of kilocalories, carbohydrates (%), proteins
(%), lipids (%), cholesterol (mg), dietary fibers (g), and satu-
rated fat (g, %), as well as micronutrients [vitamin B2 (mg),
vitamin B3 (mg), vitamin B5 (mg), vitamin B6 (mg), vitamin
B8 (mg), folate (μg), vitamin C (mg), vitamin E (mg), β-
carotene (mg), and α-retinol (μg)]. This data was obtained
according to the software “Diet Win Professional” (Win-
dows), recommended by the Brazilian Association of Nutri-
tion (ASBRAN), which uses “Food Guide for the Brazilian
population,” and the Institute of Medicine on Healthy Eating
Index [35]. In addition, subjects’ height and weight were
obtained to calculate their body mass index (BMI), using
the World Health Organization Food and Agricultural
Organization [36] guideline.

2.3. Vitamin B12 Dosage. Vitamin B12 was dosed on each
individual’s serum by electrochemiluminescence by com-
petition in a Cobas e601 equipment (Roche Diagnostics,
Indianapolis, USA).

2.4. Trace and Ultratrace Element Dosage. Samples were ana-
lyzed by an inductively coupled plasma mass spectrometer
(ICP-MS Agilent 7900, Hachioji, Japan). Prior to the analysis,
1mL of blood was placed in a 15mL tube and freeze-dried
(L101, Liobrás, São Carlos, Brazil). Approximately 400μL
of double-distilled HNO3 (Synth, Brazil) was added in each
15mL tube. The tubes were heated during 3 h at 90°C in a
digester block (Analab, Bischheim, France). After cooling,
the volume was made up to 14mL with deionized water
(Milli-Q Millipore, USA) and injected in the ICP-MS. Blanks
were analyzed in each batch. Certified reference materials for
whole blood (Seronorm Trace Elements Blood L-2, ALS
Scandinavia AB, Lulea, Sweden, and CRM-Agro caprine-
blood low and high, USP, São Paulo, Brazil) and animal tis-
sue (TORT-3, National Research Council Canada, Ontario,
Canada) were run for method accuracy.

The monitored isotopes were 27Al, 121Sb, 75As, 138Ba, 9Be,
209Bi, 111Cd, 43Ca, 52Cr, 59Co, 63Cu, 56Fe, 208Pb, 7Li, 24Mg,
55Mn, 202Hg, 95Mo, 60Ni, 39K, 78Se, 107Ag, 23Na, 51V, and
68Zn. The found detection limits were 0.0725, 0.0002,
0.0201, 0.0230, 0.0, 0.0115, 0.0010, 27.32, 0.0060, 0.0037,
0.0281, 0.1465, 0.0003, 0.00825, 0.227, 0.00777, 0.0012,
0.0080, 0.04067, 0.8844, 0.0788, 0.0050, 18.68, 0.0088, and
0.1027 ng·mL−1, respectively. Instrumental conditions were
previously described by Pedron et al. [37]. All the values
found by ICP-MS are presented as ppb (ng/mL of blood)
for ultratrace levels and ppm (μg/mL) to trace levels.

2.5. Cytokinesis-Block Micronucleus (CBMN) Assay. The
CBMN assay was performed accordingly to Fenech [38], with
slight modifications. Cultures of whole blood in duplicate
(0.5mL each) were set up. Culture medium was composed
by RPMI-1640 medium (Gibco, Billings, USA) containing
10% of fetal bovine serum (Gibco), 2mM L-glutamine
(Gibco), and 1mM sodium pyruvate (Invitrogen). Phytohe-
magglutinin (Invitrogen, Carlsbad, USA) was added at
202μg/mL to stimulate cell division at time 0h. Cultures
were incubated at 37°C and 5% of CO2 in a humidified incu-
bator. Cytochalasin B (Sigma, St. Louis, USA) was added at
6μg/mL after 40 h of culture, and cells were harvested 24h
later by density centrifugation with Ficoll (GE, Chicago,
USA). Cells were transferred to slides by cytocentrifugation,
fixed, and stained using Panoptic staining (New Prov, Pin-
hais, BR). Slides were labeled and scored blindly. From each
subject, 400 cells were evaluated for mono-, bi-, multinuclear
cells, apoptosis, and necrosis frequencies. Subsequently, 1000
binucleated (BN) cells were scored to determine the fre-
quency of BN cells with one or more micronucleus (MN),
nuclear plasmatic bridges (NPB), and nuclear buds (NBUD),
to evaluate genome damage [38].

2.6. Telomere Length Assay. Telomere length was measured
by quantitative real-time PCR assay [39, 40]. Firstly, genomic
DNA was extracted from isolated lymphocytes using Pure-
Link Genomic DNA isolation kit (Invitrogen, Waltham,
USA) and then quantified by a NanoDrop 1000 spectropho-
tometer (Thermo Fisher Scientific, Scoresby, Australia). Each
sample was then diluted as per experimental requirement
(5 ng/μL). Each qPCR reaction was performed in triplicate
using both telomere and 36B4-specific primers in a 96-well
plate using the ABI 7300 Real-Time PCR Detection System
(Life Technologies, Carlsbad, USA). In each run, a reference
DNA sample isolated from the 1301 cell line was also
included. The final concentrations of PCR reagents were as
follows: 1x SYBR Green Master Mix (Life Technologies),
20 ng DNA, 0.2μmol of each telomere-specific primers (F:
5′-GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGA
GGGT-3′; R: 5′-TCCCGACTATCCCTATCCCTATCCCT
ATCCCTATCCCTA-3′), and 36B4 single copy gene primers
(F: 5′-CAGCAAGTGGGAAGGTGTAATCC-3′; R: 5′-CC
CATTCTATCATCAACG GGTACAA-3′). Amplification
conditions were the same for both telomere and 36B4 runs:
10min at 95°C, followed by 40 cycles of 15 sec at 95°C, and
1min at 60°C, followed by dissociation stage. The ratio of
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the telomere (T) repeat copy number to the single-copy gene
(S) was determined for each sample. A standard curve with a
high correlation factor (R2 > 0 96) was required to accept the
results from plates. Results were expressed as base pairs (bp).

2.7. Global DNA Methylation Assay. Global DNA methyla-
tion assay was performed as previously described [41]. Each
sample was analyzed in duplicate. The percentage (%) of
global DNA methylation was measured in DNA isolated
from lymphocytes employing relative quantification of 5-
methyl-2′-deoxycytidine (5-mdC) using liquid chromatogra-
phy by HPLC. Genomic DNA (1μg) from each subject
involved in study was denatured for 10min at 94°C and
cooled quickly for 5min. Subsequently, samples were hydro-
lyzed with nuclease P1 and alkaline phosphatase to create
2′-de-oxymononucleosides, which were then column sepa-
rated by HPLC dC18 Atlantis (Waters, Milford, USA) of
reverse phase (2.1× 20mm). A mixture of the nucleosides
deoxyadenosine (dA), deoxythymidine (dT), deoxygua-
nosine (dG), deoxycytidine (dC), 5-methyl-deoxycytidine
(5mdC), and deoxyuridine (dG) was used as standard.
Results were calculated by integration of the 5mdC peak
area relative to global cytidine (methylated or not). Sam-
ples showing either a difference of more than 3% in 5mdC
content or having low HPLC resolution were removed from
the analysis (n = 3).

2.8. Genotyping Assays. MTHFR (rs1801133) and TERT
(rs2736100) were genotyped by qPCR using SNP geno-
typing (TaqMan®) assays [Assay ID C_1202883_20 and
C_1844009_10 for MTHFR and TERT, respectively (Applied
Biosystems, Carlsbad, CA, USA)] according to the manufac-
turer’s instructions in a ABI 7300 Real-Time PCR Detection
System (Life Technologies, Carlsbad, USA).

2.9. Statistical Analysis. The Kolmogorov-Smirnov test was
used to test the normality of variables. Analysis of variance
(ANOVA) and Student’s t-test were used to evaluate the var-
iability within and between categories of nonexposed and
exposed and to compare results among variables. Fisher’s
exact test was performed to analyze the frequencies of alleles
in genotyping and categories within categorical variables
between groups. The chi-square test was used to evaluate
Hardy-Weinberg equilibrium and significance of differences
in genotype frequency. Spearman’s correlation (with Bonfer-
roni correction) was performed to assess the relationship
among variables for nonexposed and exposed groups. Differ-
ences were considered significant at p < 0 05. GraphPad
Prism version 5.01 (GraphPad Inc., San Diego, CA, USA)
and SPSS Inc. version 23.0 (IBM Corp., Armonk, NY, USA)
were used for statistical analysis.

3. Results

This study evaluated 80 individuals, divided in two groups:
nonexposed and exposed to pesticides. Each group was com-
posed of 40 individuals, including 19 males and 21 females
(Table 1). The average age of individuals of the nonexposed
group was 45.6 (±1.7; standard error (SE)) years, while that

for the exposed subjects was 45.0 (±1.8) years. There was
no significant difference of gender frequency between groups,
as much as the average age of males and females within and
between each group (Table 1).

Exposed subjects declare to work since youth, with an
average of 28.3 (±2.1) years working in tobacco fields, with
no significant difference between males and females in this
aspect (Table 1). As regard use of protective personal equip-
ment (PPE), 32.5% of farmers enrolled in this study declared
not to use it all, while 25.0% use only gloves. On the other
hand, only 10.0% make use of complete PPE, which includes
overall, boots, gloves, mask, hat, and goggles.

Individuals’ nutritional intake data were obtained from
nonexposed and exposed groups, based on individuals’
reminder intake reports (Table 1). Fat intake (cholesterol)
was significantly higher in the exposed group (p = 0 003;
unpaired t-test). Among the investigated micronutrients,
farmers also had significantly elevated dosages of vitamin
B6 (p = 0 007), vitamin C (p = 0 041), and β-carotene (p =
0 006). Additionally, serum vitamin B12 level was also mea-
sured and found significantly elevated in the exposed group
as well (p = 0 0004). There was no significant difference
between nonexposed and exposed groups for BMI data, nei-
ther for males and females (Table 1).

CBMN assay was used to investigate DNA damage
(Table 2). The exposed group had significantly higher
frequencies of MN (p < 0 001), NPB (p < 0 001), NBUD
(p < 0 001), and binucleated cells (p < 0 001), when com-
pared to the nonexposed group. Furthermore, exposed indi-
viduals had significantly shorter telomeres (p = 0 015)
and decreased level of global DNA methylation (p = 0 006)
in comparison with nonexposed subjects (Table 2). For
all parameters in Table 2, there was no significant differ-
ence between males and females within each group (data
not shown).

Table 3 shows the blood concentration of trace and ultra-
trace elements, evaluated through ICP-MS. Exposed subjects
had significantly increased concentrations of aluminum
(p = 0 047), arsenic (p = 0 006), chromium (p = 0 027), cop-
per (p = 0 003), nickel (p = 0 008), potassium (p = 0 037),
and zinc (p = 0 030), in relation to nonexposed individ-
uals. We also examined a possible correlation between
the concentrations of Al, As, Cr, Cu, Ni, K, and Z, with
years of exposure for tobacco farmers, and we found no
significant correlation.

The genotype frequency data of the studied polymor-
phisms for the nonexposed and exposed groups are shown
in Table 4. There was no deviation from Hardy-Weinberg
expectations. The allele and genotype frequencies of the
MTHFR gene were significantly different between nonex-
posed and exposed groups (p = 0 006 and p = 0 004, resp.).
There was no statistical difference between the two groups
for the TERT polymorphism frequencies (Table 4).

Spearman’s test (with Bonferroni correction) was used
to examine if there was any correlation between parameters
in this study. NPBs were significantly correlated with MN
(rs = 0 391; p = 0 002) and NBUD with BMI (rs = 0 373;
p = 0 001). In the exposed group, there was a positive corre-
lation of NBUD with MN (rs = 0 470; p = 0 001). Also for
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farmers, telomere length was positively correlated with lipids
(rs = 0 385; p = 0 002) and inversely correlated with fibers
(rs = −0 364; p < 0 001). Although not statistically significant,
the older the individuals are in the exposed group, and they
had higher frequencies of NBUD (rs = 0 290; p = 0 074).

We assessed the effects of MTHFR and TERT genotypes
in different parameters of this study (Table 5). Individuals
from the exposed group who carried the MTHFR CT/TT
genotype showed significantly less NPB (p = 0 034) and
NBUD (p = 0 013) frequencies, in addition to higher levels

Table 1: Population descriptive, including nutritional intake data (based on individuals’ reminder intake) and vitamin B12 serum level.

Parameters Nonexposed (n = 40) Exposed (n = 40) p valuea

Gender (n, %)

Male 19 (47.5) 19 (47.5) >0.999b

Female 21 (52.5) 21 (52.5)

Age (mean ± SE) 45.6± 1.7 45.0± 1.8 0.797

Male 45.3± 2.6 44.5± 2.7 0.824

Female 45.8± 2.4 45.4± 2.5 0.891

pc 0.8907 0.8173

Years of work in tobacco fields (mean ± SE) — 28.3± 2.1
Male 0 29.8± 3.2
Female 0 26.8± 2.8
pc — 0.4919

Body mass index (BMI) 27.8± 0.8 27.6± 0.9 0.844

Male 27.2± 0.8 25.5± 0.8 0.120

Female 27.1± 1.0 28.4± 1.2 0.439

pc 0.9360 0.1000

Dietary intake

Lipids (%)d 31.8± 1.2 30.4± 0.8 0.333

Cholesterol (mg) 247.1± 20.5 339.1± 22.0 0.003

Fibers (g) 26.5± 1.0 24.8± 1.4 0.312

Vitamin B6 (mg) 1.86± 0.07 2.24± 0.11 0.006

Folate (μg) 177.5± 15.3 180.3± 13.0 0.890

Vitamin C (mg) 91.5± 11.3 124.2± 10.7 0.041

Vitamin E (mg) 34.8± 2.2 36.4± 2.8 0.666

B-carotene (mg) 474.2± 56.2 724.5± 66.1 0.006

A-retinol (μg) 556.8± 52.5 473.7± 34.3 0.362

Vitamin B12 (pg/mL) 400.6± 18.2 564.0± 33.7 0.0004
ap value between nonexposed and exposed groups; bFischer’s exact test; cp value betweenmale and female individuals within each group; don a daily 2000 calorie
diet. SE: standard error.

Table 2: CBMN parameters, telomere length (bp), and global DNA methylation (%) results for nonexposed and exposed groups. Data
presented as mean ± standard error (SE).

Parameters Nonexposed (n = 40) Exposed (n = 40) p valuec

CBMN

Micronucleusa 2.9± 0.4 6.0± 0.5 <0.001
Nucleoplasmic bridgea 2.6± 0.4 6.0± 0.5 <0.001
Nuclear budsa 2.0± 0.4 4.0± 0.4 <0.001
Binucleated cellsb 61.3± 8.2 120.6± 8.4 <0.001
Apoptosisb 3.4± 0.4 3.9± 0.6 0.479

Necrosisb 3.6± 0.6 3.7± 0.8 0.978

Telomere length (bp) 4551± 145.5 4098± 105.3 0.015

DNA global methylation (%) 3.804± 0.206 3.023± 0.131 0.006
aFrequency per 1000 BN cells; bfrequency per 500 cells; cp value between nonexposed and exposed groups; unpaired t-tests.
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of DNA global methylation (p = 0 049; Table 5). For the non-
exposed group, these same genotypes were associated with
decreased frequencies of BN cells (p = 0 046; Table 5).
Farmers with the GT/TT genotype in TERT showed signifi-
cantly lower frequencies of MN (p = 0 029; Table 5) when
compared to the TERT GG genotype. TERT GT/TT geno-
types also showed associations in the nonexposed group by
significantly reduced telomere length (p = 0 048; Table 5).

4. Discussion

Pesticides are complex mixtures and present genotoxic
agents, and several studies have strongly associated occu-
pational exposure with DNA damage [10, 14–16, 18, 19],
oxidative stress generation [10, 14, 42], impairments to
reproductive [42] and immune systems [43], and epigenetic
alterations (reviewed by [25]), among others. Recently, a
consortium called Agricultural Health Study (AHS) has
approached the influence of exposure to pesticides in crop
farms to telomere length, although those studies are not clear
which pesticides, whether as pure or mixture use, and which
crop are being investigated [44, 45]. Our group demonstrated
shorter telomere length in tobacco farmers, exposed to both
pesticides and nicotine from tobacco leaves, is associated

Table 3: Concentration of trace (μg/mL) and ultratrace elements (ng/mL) determined in whole blood for both nonexposed and exposed
groups. Data presented as mean ± standard error (SE). Unpaired t-test.

Element Nonexposed (n = 40) Exposed (n = 40) p value

Aluminium (Al) 112.60± 12.00 230.50± 37.10 0.046

Antimony (Sb) 16.15± 2.64 19.17± 3.27 0.474

Arsenic (As) 3.61± 0.70 7.88± 1.27 0.006

Barium (Ba) 25.37± 3.30 19.62± 2.08 0.310

Beryllium (Be) 0.11± 0.01 0.09± 0.01 0.548

Bismuth (Bi) 0.83± 0.09 0.67± 0.09 0.211

Cadmium (Cd) 0.83± 0.07 0.99± 0.08 0.169

Calcium (Ca) 312,752± 34,868 271,559± 36,957 0.420

Chromium (Cr) 5.08± 0.66 8.44± 1.30 0.026

Cobalt (Co) 0.48± 0.06 0.59± 0.07 0.261

Copper (Cu) 3322± 267.60 4785± 380.90 0.003

Iron (Fe)a 2,580,203± 109,596 2,657,316± 110,552 0.622

Lead (Pb) 73.49± 8.48 97.88± 12.42 0.181

Lithium (Li) 0.17± 0.79 0.96± 0.90 0.513

Magnesium (Mg)a 158,025± 4678 149,515± 3298 0.145

Manganese (Mn) 74.92± 4.33 71.08± 2.71 0.651

Mercury (Hg) 2.74± 0.45 1.80± 0.22 0.251

Molybdenum (Mo) 1.95± 0.30 2.41± 0.28 0.269

Nickel (Ni) 2.75± 0.50 5.90± 0.85 0.008

Potassium (K)a 6,380,585± 728,826 8,300,853± 284,196 0.038

Selenium (Se) 762.50± 37.21 640.50± 23.27 0.007

Silver (Ag) 0.54± 0.07 0.47± 0.09 0.514

Sodium (Na)a 6,232,252± 737,640 5,730,624± 795,854 0.645

Vanadium (V) 20.48± 1.65 19.76± 1.63 0.758

Zinc (Zn)a 24,793± 1396 29,155± 970.60 0.030
aTrace elements.

Table 4: Genotype frequency distribution and allelic frequencies of
MTHFR (rs1801133) and TERT (rs2736100) polymorphisms for
nonexposed and exposed groups.

Genotype Nonexposed (n = 40) Exposed (n = 40)
MTHFR

CC 17 10

CT 21 15

TT 2 13

Allelic frequencies

C 0.69 0.46

T 0.31 0.54

TERT

GG 12 7

GT 16 19

TT 12 13

Allelic frequencies

G 0.50 0.42

T 0.50 0.58
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with increased oxidative stress levels and trace and ultratrace
element status [17, 46]. Along with the available data in
literature, the influence of pesticides on telomere length
demonstrates that occupational exposure to pesticides pre-
sents a long-term effect on farmers [7, 11, 13, 21, 30, 31, 42,
44, 47]. The wild type of PON1 Gln192Arg, a polymorphism
directly involved in metabolizing organophosphate pesti-
cides, was found to be associated with an increase in buc-
cal micronucleus in tobacco farmers [16]. A significantly
increased frequency of cell death in buccal cells was observed
in tobacco farmers in all periods of the crop season [48].

A systematic review explored the influence of some clas-
ses of pesticides on cellular metabolism of lipids, proteins,
and carbohydrates [49]. Their results indicated that organo-
phosphates and carbamates impair the enzymatic pathways
involved in metabolism of carbohydrates, fats, and proteins
[49]. A study analyzed the influence of diet on the level of
oxidative DNA damage and incorporated uracil and DNA
repair capability in two groups of individuals with antagonist
diets: the first group had a diet rich in organic products,
whole grain, fruits, and vegetables, while the diet of the sec-
ond group was rich in processed foods [50]. Results showed
no differences as regard levels of misincorporated uracil or
DNA repair ability. As expected, the group with a healthier
diet (more fruits, vegetables, and no industrialized food) pre-
sented higher levels of vitamins A, B6, B12, and C and folic
acid. This same group presented lower levels of oxidized
purines and pyrimidines [50]. Tobacco farmers also showed

increased levels of vitamins B6 and C and β-carotene on
record nutritional intake data and of serum vitamin B12 level.
However, increased genomic instability and epigenetic alter-
ations were also observed in the exposed group, evidencing
that this diet, although rich in micronutrients, was not suffi-
cient to counterbalance the damage. Nascimento et al. [51]
analyzed vitamin C content in children living in a tobacco
farming area in addition to investigating health effects of
environmental exposure to pesticides. They found increased
oxidative damage and still higher levels of vitamin C, during
blood sampling, in children whose parents are tobacco
farmers. Authors suggest that, despite the elevated oxidative
stress, children had also a higher defense against oxidative
damage, mainly explained by an increased consumption of
fruits and vegetables rich in vitamin C, such as orange and
tangerine [51].

The CBMN assay is a reliable method in the investigation
of cytogenetic damage in individuals exposed to several che-
micals, in addition to investigating diet intake influence on
genomic stability [52]. In the currently study, farmers
exposed to mixtures of pesticides in tobacco fields for an
average of 28 years had significantly increased frequencies
of MN, NPBs, NBUD, and binucleated cells. Although there
are different findings as regard crops, formulation of pesti-
cide mixtures, and schedule of crop treatments, among
others, most studies that evaluate pesticide sprayers found
an increase in MN frequencies [13]. Spraying increases the
different routes of pesticide absorption, which may occur

Table 5: Micronucleus (MN), nucleoplasmic bridge (NPB), nuclear buds (NBUD), and binucleated (BN) cell frequencies, telomere length
(bp), and % of global DNA methylation for nonexposed and exposed groups according to MTHFR and TERT polymorphisms. Data
presented as mean ± standard error (SE).

Parameters
MTHFR (rs1801133) pa TERT (rs2736100) pb

CC (n) CT/TT (n) GG (n) GT/TT (n)

CBMN

Micronucleusc

Nonexposed 3.2± 0.7 (16) 2.6± 0.4 (23) 0.427 2.6± 0.5 (11) 2.9± 0.5 (28) 0.766

Exposed 5.0± 0.8 (10) 6.2± 0.6 (28) 0.307 7.6± 1.4 (7) 4.9± 0.5 (32) 0.029

Nucleoplasmic bridgec

Nonexposed 2.2± 0.4 (17) 2.7± 0.7 (23) 0.555 2.2± 0.6 (11) 2.7± 0.5 (28) 0.589

Exposed 6.6± 0.7 (10) 4.7± 0.5 (28) 0.034 5.0± 1.0 (7) 5.5± 0.5 (32) 0.641

NBUDc

Nonexposed 1.5± 0.4 (17) 2.2± 0.5 (23) 0.439 2.0± 0.5 (11) 2.0± 0.6 (28) 0.937

Exposed 4.7± 0.4 (10) 3.0± 0.3 (28) 0.013 3.6± 0.6 (7) 3.1± 0.3 (32) 0.535

Binucleated cellsd

Nonexposed 56.3± 7.0 (17) 38.1± 3.9 (20) 0.046 49.5± 7.1 (12) 44.9± 4.9 (28) 0.616

Exposed 106.7± 18.6 (10) 121.8± 9.6 (28) 0.441 135.3± 15.0 (7) 115.1± 9.7 (31) 0.359

Telomere length

Nonexposed 4266± 150.7 (16) 5497± 468.4 (23) 0.053 5824± 713.9 (11) 4392± 125.1 (28) 0.049

Exposed 3918± 206.9 (10) 4406± 200.3 (28) 0.164 4504± 765.9 (7) 4161± 122.4 (31) 0.656

Global DNA methylation

Nonexposed 3.779± 0.34 (16) 3.821± 0.26 (23) 0.922 3.659± 0.32 (10) 3.862± 0.26 (25) 0.662

Exposed 2.784± 0.24 (10) 3.335± 0.14 (28) 0.049 2.596± 0.26 (5) 3.075± 0.12 (30) 0.161
ap value between the CC genotype and the combination CT/TT within groups; bp value between the GG genotype and the combination GT/TT within groups;
cevaluated in 1000 BN cells per individual; devaluated in 500 cells per individual.

7Oxidative Medicine and Cellular Longevity



via cutaneous, respiratory, and oral routes mainly [42].
About 90% of tobacco farmers involved in this work did
not use PPE properly, which makes the occurrence of differ-
ent genotoxic damages highly likely. A recent study with
tobacco farmers showed that the use of at least part of PPE
protected farmers from an increase in MN frequency [14].
The increased risk of Parkinson’s disease (PD) has been
widely linked to pesticide exposure through many epidemio-
logical studies (reviewed by [42]). The AHS, in association
with other prospective studies, observed that use of gloves
and hygiene at the workplace can reduce significantly the
association of pesticide exposure and PD [53]. However, Fur-
long et al. [53] were able to show that use of protective gloves
demonstrated no association of PD with pesticide permeth-
rin and paraquat occupational exposure.

Telomere length has become a prospective biomarker of
occupational exposure. Duration of work exposed to welding
fumes was associated with longer telomeres in one study
[54, 55], besides an interaction with LINE-1 and Alu meth-
ylation levels, reflecting the epigenetic pathway involved.
Workers of fitness equipment manufacturing had shorter
telomeres than office workers from the same industry, in
addition to increased levels of Cr and Mn [56]. The occupa-
tional exposure to coal tar pitch leads to a decrease in TL in
coal miners; however, no methylation of promoter genes
was found [57]. Ziegler et al. [11] showed accelerated telo-
mere shortening in blood leukocytes after occupational expo-
sure to biphenyls, while Bassig et al. [58] reported an opposite
result in individuals occupationally exposed to benzene. In
the case of occupational exposure to pesticides, most of the
studies arise from the AHS consortium, evidencing, in the
majority, telomere reduction [45]. A recent work demon-
strates that children environmentally exposed to pesticides
at the same tobacco-producing region of samples from our
study had increased oxidative damages, in addition to
increased levels of Cr associated with alterations in hemato-
logical parameters [51]. Our current results show, beyond
significantly shorter telomere length in tobacco farmers
occupationally exposed to mixtures of pesticides, global
DNA hypomethylation. Another recent study from our
group proposed, by a systems biology approach, a mecha-
nism by which pesticides used in tobacco farming may
decrease telomere length. Through an epigenetic process,
pesticides may block AKT1 protein, decreasing ubiquitin-
proteasome system activity, which increases levels of TRF1
and TERT. TRF1 is a major component of the shelterin com-
plex. In other words, while TERT promotes telomerase activ-
ity, the shelterin complex becomes tighter, ultimately
blocking telomerase activity [47].

There is increasing evidence that nutritional factors are
associated with telomere length (reviewed by [22]), although
these findings are still under investigation. Folate and vita-
min B12 play an important role in the maintenance of nuclear
integrity. Their deficiency was related, until recently, to
decreased telomere length [26]. In our study, there was no
significant difference in folate between nonexposed and
exposed groups; still, vitamin B12, measured in serum, was
significantly elevated for farmers, and yet, a decrease in telo-
mere length was found for the same group. In other study,

folate deficiency leads to long but dysfunctional telomeres,
associated with higher chromosome instability, probably
due to DNA hypomethylation (reviewed by [24]). Paul
et al. [59] observed that levels of folate above the median have
a positive correlation with telomere length. Authors suggest
that folate influences telomere by modifying DNA integrity
and by exerting an epigenetic regulation on telomere length
through DNA methylation [59]. The adequate intakes of
folate and vitamin B12 were associated with increased geno-
mic instability in tobacco farmers when compared to the
ones with inappropriate intake of those micronutrients
[60]. Our study differs from this one because participants
from the current work, whether exposed or not, had appro-
priate intake of folate and B12. This adds to growing evidence
that, actually, there is a complex relationship of telomere
length with B vitamins (reviewed by [24]). In the general
US population exposed to cadmium, leukocyte telomere
length was found to be decreased and a diet pattern was also
evaluated. Similarly, to our data, Nomura et al. [61] did not
find any association of vitamin B12 with TL, and regardless
of which vitamins and carotenoids were evaluated, their con-
centrations did not modify blood cadmium and leukocyte
TL associations [61]. The high complexity of mixtures of
pesticides may also impose a quite different challenge for
DNA repair and integrity maintenance, even if individuals
have a proper diet.

In our study, we observed a positive correlation between
telomere length and intake of lipids and an inverted correla-
tion with fiber intake. Fiber is a dietary factor that can reduce
lipids levels through absorption of fat (reviewed by [24]). A
high-fat diet intake was inversely associated with telomere
length in more than 2000 American women, and individuals
making use of vitamin complexes may have telomeres
~273 bp longer than those not using (reviewed by [24]).
Human diet has a multifactorial nature: the relation between
nutrition, xenobiotics exposure, and genetic structure is
complex and can affect similar biological pathways. Besides,
interindividual differences in activating and detoxifying sub-
stances are crucial for human health.

A recent study reported the association between lower
levels of global DNA methylation and shorter telomere
length in healthy adolescents, mainly linked to ethnicity
[62]. Risk factors for lower DNA global methylation include
environmental factors, such as exposure to persistent organic
pollutants, benzene, and arsenic [29]. A longitudinal study of
boilermakers found significant positive associations between
global DNA hypomethylation and decreased telomere length
in peripheral blood leukocytes [54]. In the current analysis,
we did not find a correlation between telomere length and
DNA methylation, but both biomarkers were found signifi-
cantly altered in the exposed group. However, when farmers
were genotyped for the MTHFR gene, exposed individuals
with the minor allele (CT or TT) showed hypermethylation
in relation to the CC ones. Interestingly, the polymorphic
genotype increased DNA methylation in farmers, in addition
to folate as well, although not significantly (data not shown).
An intervention study showed an increase in global DNA
methylation after 7 weeks of supplementation with folate
only for individuals with the polymorphic MTHFR C677T
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genotype (reviewed by [29]). Another pilot intervention trial
induced methylation changes in genes involved in mitochon-
drial oxidative metabolism, by exposing individuals to partic-
ulate matter (PM2.5). B-vitamin supplementation, containing
B6, folate, and B12, avoid those changes [63]. This outcome
was linked to inflammatory response after exposure, which
is highly possible as DNAmethylation plays a role on protein
biomarkers of the immune system, as analyzed in over 10
million SNPs [64].

The CC polymorphism of MTHFR was adverse in
tobacco farmers, promoting an increase in NBUD and NPB
in relation to the CT/TT polymorphism. NBUD were 27%
lower in MTHFR TT human lymphocytes than in MTHFR
CC [65]. Folate deficiency was shown to induce MN, NPB,
and NBUD. There was no significant difference in folate
levels between nonexposed and exposed groups in our study.
Regardless of folate levels, our data is coherent with findings
in literature in relation to a decrease in nuclear abnormalities,
including MN frequencies, and theMTHFR C677T polymor-
phism: in the study of Kimura et al. [65], MN were found to
be decreased in individuals carrying the CC genotype, and
although it was not significant, the same was found in our
exposed group.

Telomerase reverse transcriptase (TERT), the telome-
rase catalytic subunit, maintains telomere stability. The
rs2736100 T>G polymorphism has been widely associated
with a variety of neoplasia, mainly with shortened telomeres
as a result, although the findings are yet inconclusive [66].
The micronucleus has been reported as an important bio-
marker in carcinogenesis [52]. In the current study, farmers
harboring the TERT GG genotype had nearly 1.5-fold
increased levels of MN when compared to farmers who were
harboring the TERT GT/TT genotype. On the other hand, in
the exposed group, the GG genotype did not influence telo-
mere length, showing neither favorable nor unfavorable role.
Different studies have confirmed that rs2736100 T>G poly-
morphism confers increased overall cancer risk [25, 66].
The GG genotype may upregulate TERT expression through
which its oncogenic effect is exerted [66]. Interestingly, TERT
mRNA expression was found to be significantly associated
with arsenic (As) concentrations of drinking water and sub-
jects’ nails in a Chinese population exposed to this metal
[67]. In addition to water and nail concentrations of As,
Mo et al. [67] observed that pesticide use (mainly organo-
chlorines and organophosphates) was significantly associated
with TERT expression. MCF-7 cells treated with the organo-
chlorine endosulfan showed increased levels of TERTmRNA
expression [68], demonstrating that TERTmay exert a role in
pesticide exposure.

Although it can be found naturally, As is known as a
water contaminant and as carcinogenic to humans, in addi-
tion to causing epigenetic modifications (reviewed by [69]).
This metal was found significantly elevated in tobacco
farmers in relation to the nonexposed group. Children whose
parents are tobacco farmers were found to have increased
levels of As as well, probably due to exposure to As following
pesticide application, through inhalation of dusts [51]. Many
tobacco farmers use As-based insecticides to avoid insect
infection, such as glyphosate-based pesticides [69]. Repeated

oxidative methylation and reduction reaction of As lead to a
generation of methylated metabolites [70]. Altered DNA
methylation is among the more plausible biological explana-
tions for As-induced carcinogenesis. Hypomethylation may
result from S-adenosyl methionine (SAM) depletion as it is
required for both DNA methylation and inorganic As bio-
methylation [70].

Tobacco farmers during the pesticide application period
also had significantly increased levels of aluminum (Al),
chromium (Cr), copper (Cu), nickel (Ni), potassium (K),
and zinc (Zn) in comparison with the nonexposed group.
Two other studies with tobacco farmers observed increased
levels of Al, Cr, K, and Zn [14, 16], notably because those ele-
ments are components of pesticides, including the ones used
at tobacco crops [3]. It is worth noting that glyphosate-based
pesticides can contain As, Cr, and Ni; dithiocarbamate
may have Zn as a compound, while inorganic compounds,
such as magnesium aluminum phosphide, contain K and
Al. Nickel is known to be a human carcinogen, although
the mechanism is largely unheard [70, 71]. It has been
suggested that Ni carcinogenic potential relates to its ability
to accelerate epigenetic changes including DNAmethylation.
On a former study from our group, the shorter TL in
tobacco farmers was related to hypermethylation of the p16
gene [46]. Nickel was found to promote gene-specific hyper-
methylation of the tumor suppressor p16 in several studies
(reviewed by [70]).

Chromium was found increased in tobacco farmers in
relation to the nonexposed group. Chromium has been
reported to prompt a wide spectrum of DNA damage
[71, 72], increasing the risk of neoplasm [72]. This metal
was also found to promote gene-specific methylation on
p16 and on the 45S RNA gene [72]. Cr blood levels were
above the recommended limits by the World Health Organi-
zation in samples from children living in tobacco farms,
where their parents use pesticides with high Cr content, such
as Orthene® and Talstar® [51]. A recent study showed that
Cr content levels in tobacco farms are above or very close
to the Brazilian limit established for agricultural use [3] and
that glyphosate-based pesticides may contain Cr [69]. Chro-
mium and copper (Cu) seem to be some of the most studied
metals as regard human exposure. Copper is found in copper
oxide fungicides used in tobacco fields [15]. Occupational
exposure to Cu has shown also to result in different DNA
damages (reviewed by [71]). Although methylation was still
not related to human Cu occupational exposure, in addition
to its genomic toxicity, Cu can alter histone acetylation and
histone deacetylase activity [73]. Excessive exposure to Cu
in a processing industry leads to increased DNA damage
and several parameters of oxidative stress, along with alter-
ations in pulmonary function parameters [74]. In fact, oxida-
tive stress may facilitate tumorigenesis by dysregulating
cellular antioxidants, disrupting cell growth and proliferation
[75], which are enabled by telomere balance in length, struc-
ture, and proper function [76]. This disruption can be highly
dependent on the duration of persistent exposure to carcino-
genic elements [75], even when there is no dose-response in
trace-element exposure. Such status is due to the metal-
induced oxidative stress-potentiating manner contributing

9Oxidative Medicine and Cellular Longevity



to carcinogenicity. Low doses of metals can induce tumor ini-
tiation while highly cytotoxic doses, such as found in our
study, evoke free radicals [75].

In a recent review, high Se exposure showed to lead to
inhibition of DNA methyltransferase expression and/or
activity [77]. The evidence arises from studies in human can-
cer cell lines, rodents, and human studies cancer-free subjects
[77]. The role of Se-induced DNA damage was shown to be
oxygen-mediated, highlighting its oxidative stress pathway.
This trace element was found significantly decreased in
tobacco farmers from our study, although it is an essential
micronutrient to humans. Supplementation with Se may
protect DNA against formation of adducts, DNA or chromo-
some breakage (including one main mechanism of telomere
fusion, called breakage-fusion-bridge cycle), and chromo-
some gain or loss. Sodium selenite was shown to improve
cellular telomerase activity. Telomere length was extended
after a 4-week treatment of Se in hepatocytes L-02 with
a nutritional dose [78]. Selenium also affects methylation
of human tumor-specific genes [77], modulation of global
DNA methylation, and inhibition of histone deacetylation
[79]. Different xenobiotic exposures may influence trace
elements and metals’ homeostasis, according to two differ-
ent reviews [22, 23].

Our study has some limitations. Although subjects from
both groups were paired by age and gender, the sample size
is small. Additionally, dietary intake was assessed using a
food frequency questionnaire. Only vitamin B12 and trace
and ultratrace elements were quantified in biological sam-
ples. This highlights the need of future studies, mainly
follow-up ones, that need to be undertaken with tobacco
farmers. Knowledge of the genetic structure of populations
is an important factor considering public health, including
individual’s nutrition, lifestyle, and environment. In this
aspect, the current study sheds some light on the complex
picture of occupational exposure to pesticides and its associ-
ation with different biomarkers of DNA damage and the
effects of nutritional intake and genetic susceptibility.

5. Conclusion

Altogether, results from this study highly link genomic insta-
bility, as shown by an increase in DNA damage in CBMN
assay and by shorter telomere length, to the occupational
exposure to mixtures of pesticides at tobacco fields. Our data
also shows the role played by dietary intake and polymor-
phismsMTHFR C677T and TERT rs2736100 on the genomic
instability of those farmers. It is already known that genome
stability is sensitive to nutritional intake, particularly to those
nutrients and foods that have a more significant effect on
DNA synthesis and repair. Diet patterns may also play a role
in telomere length dynamics. We have found an association
of telomere length and micronutrients and with DNA hypo-
methylation in tobacco farmers. TERT and MTHFR genes
were shown to have an influence on the frequency of nuclear
aberrations and telomere length. The use of the genetic
structure to understand the predisposition of subjects to
xenobiotics-induced damages and epigenetics to compre-
hend expression is fundamental to providing a more refined

recommendation of work safety guidelines for tobacco
farmers. We suggest that further studies be undertaken with
this population to enhance understanding of nutrigenomics
and epigenetic effects on occupational exposure biomarkers.
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Aged population is increasing worldwide due to the aging process that is inevitable. Accordingly, longevity and healthy aging
have been spotlighted to promote social contribution of aged population. Many studies in the past few decades have reported
the process of aging and longevity, emphasizing the importance of maintaining genomic stability in exceptionally long-lived
population. Underlying reason of longevity remains unclear due to its complexity involving multiple factors. With advances in
sequencing technology and human genome-associated approaches, studies based on population-based genomic studies are
increasing. In this review, we summarize recent longevity and healthy aging studies of human population focusing on
DNA repair as a major factor in maintaining genome integrity. To keep pace with recent growth in genomic research,
aging- and longevity-associated genomic databases are also briefly introduced. To suggest novel approaches to investigate
longevity-associated genetic variants related to DNA repair using genomic databases, gene set analysis was conducted,
focusing on DNA repair- and longevity-associated genes. Their biological networks were additionally analyzed to grasp
major factors containing genetic variants of human longevity and healthy aging in DNA repair mechanisms. In summary,
this review emphasizes DNA repair activity in human longevity and suggests approach to conduct DNA repair-associated
genomic study on human healthy aging.

1. Introduction

Aging is an inevitable process in human life. Many countries
are rapidly transitioning to an aging society due to increasing
life expectancy and advanced medical supports [1–3]. Over
the last few decades, the advent of aging society is considered
a crucial issue that may cause future decline in productivity
of community [1, 4]. Many researchers have recently warned
that urban environmental pollutants can cause physiological
weakness and increase the risk of premature aging or chronic
diseases in the elderly population [5–9]. Thus, interest in
antiaging and healthy longevity is constantly increasing.
“Active aging” or “successful aging” has been spotlighted as

a strategy to promote social contribution of the elderly [10].
The definition of successful aging remains controversial.
However, its main point is to live a healthy life in physical,
cognitive, and biomedical aspects [10–12]. Although many
studies have dealt with the topic of aging in the past, it is
too complex to clearly understand fundamental causes of
the aging process.

Longevity is usually defined as living until life expectancy
that is typically over 85 years old. Exceptional longevity such
as centenarians is considered when one is more than 95 years
old with a healthy life [10, 13]. Several researchers have
emphasized the importance of in-depth studies on longevity
to cope with an aging society [14, 15] because such studies
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could suggest various biomedical clues for living a long and
healthy life. Oldest-old individuals, often centenarians,
represent an adequate model to investigate the complex phe-
notype of healthy longevity. Among enormous population-
based studies on centenarians, one major focus is on people
with exceptionally long lives without functional impairment
[10, 16–21]. Several landmark studies on healthy centenar-
ians have found that the progression of major diseases such
as cancer, cardiovascular disease, and stroke is delayed in
the oldest group compared to that in the other younger or
same-aged control groups, suggesting a substantial relation-
ship between healthspan and longevity [10, 20, 22].

Although successful longevity traits are modulated by
various factors, such as environmental, behavioral, and/or
endogenous causes, genetic factor might be a major factor
that contributes to healthy aging. Within the past few
decades, many researchers have tried to identify longevity-
associated genes using diverse species, ranging from less
complex organisms to higher organisms [18, 23–26]. With
development in genomic technology, genetic factors associ-
ated with longevity have been suggested in human popula-
tion studies and human genome-wide association studies
[18, 21, 27]. It has been found that variants of APOE and
FOXO3A are highly associated with longevity. This finding
has been consistently replicated in many different
population-based studies [21, 28–30]. Despite the complexity
of healthy longevity in human due to various influences,
genetic factors are thought to be exceedingly important to
understand the genetic basis of longevity. Accordingly, many
studies have investigated various genetic factors, including
nuclear genomic variants, mitochondrial variants, telomere,
and epigenetics, to elucidate the substantial contribution of
genetic factors to longevity [31–34].

Accumulation of DNA damage is associated with func-
tional decline in the aging process [35–37]. Thus, mainte-
nance of genomic integrity might be a crucial factor for
healthy life and longevity. Genome instability generally
increases with age. DNA repair machineries control genome
stability [38]. Previous studies on centenarian have shown
that oldest-old population have enhanced DNA repair
activity with significant lower frequency in genomic and
cellular damage compared to their younger counterparts
[35, 39, 40]. Thus, DNA repair plays an important role
in understanding exceptionally long-lived individuals.

In this review, we focus onmajor DNA repairmachineries
associated with longevity. We also explored longevity-
associated population studies using genome-wide approaches.
With brief introductions of genomic databases in aging
and longevity field, ample genomic resources of normal
long-lived human population were utilized for DNA
repair-focused approach. Herein, we suggest a new aspect
of longevity study to investigate the complex interplay
between DNA repair and longevity by processing human
genetic variations based on previous studies, providing a
brief interpretation of their molecular networks. This
review not only provides an overview of the importance
of DNA repair mechanism in longevity but also suggests
a novel approach to select candidate genes associated with
healthy aging in human.

2. Healthy Traits of Long-Lived Population

As concerns about longevity increase, many research studies
have investigated longevity using model organisms to under-
stand the association between genetic contribution and life-
span [23, 24, 26, 41–43]. However, human lifespan is too
complex to clearly elucidate its biological and sociocultural
factors. Therefore, many studies on human longevity have
been conducted epidemiologically by comparing populations
divided by age [44–47]. Recently, older population with good
health and longevity has been investigated to characterize
healthy aging phenotypes and differences compared to those
with same age or younger to provide better public health care
[48–51]. Nolen et al. have published a comprehensive review
on cancer prevalence in the oldest-old population and found
that centenarians and the oldest-old have lower risk of cancer
[50]. In Japan, where there is a relatively high population of
centenarians, the Okinawa Centenarian Study, the world’s
longest-running population-based study of centenarians,
has been performed to understand the contribution of
genetic and environmental factors to exceptional longevity
[18]. Interestingly, these studies commonly concluded that
not all elder people showed higher degree of age-associated
disorders. In fact, long-lived individuals with inherited pre-
disposition and their offspring showed beneficial profiles of
major disabilities [18, 48–50, 52, 53]. However, understand-
ing about the effect of genetic factors on longevity is still lim-
ited. Novel gene and/or genetic variations and contribution
of different aspects to longevity need to be determined in
the future.

Enhanced DNA repair capacity is thought to be a crucial
factor for healthy longevity based on previous studies using
oldest-old population [40, 54]. Evidence for improved DNA
repair system that leads to delayed aging has been accumu-
lated based on several human population studies [55–57].
Indeed, the frequency of DNA damages such as cytogenic
aberrations and micronuclei is significantly lower in the old-
est age group than that in the other groups, suggesting more
genomic stability in the oldest-old population [58]. However,
Chevanne et al. [40] have reported that DNA repair capacity
in centenarians is similar to that in young generations. In
accordance to these findings, the importance of DNA repair
activity in longevity needs to be clarified to elucidate factors
associated with longevity.

3. DNA Repair and Longevity

Disturbance of genome integrity is commonly known as a
staple factor in the etiology of age-related cellular dysfunc-
tion and pathogenesis, although a plethora of extrinsic and
intrinsic factors can also threaten genome stability. Accumu-
lated DNA damage can lead to cellular dysfunction, cell
death, and carcinogenesis. Generally, DNA repair mecha-
nisms in cellular protection system can rescue various cyto-
toxic and mutagenic lesions to maintain DNA integrity.
Accordingly, studies on the association between DNA
repair mechanism and aging are increasing. In this review,
we only focused on DNA double-strand break repair, base
excision repair (BER), and nucleotide excision repair (NER)
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associated with aging and longevity in terms of maintaining
genome integrity. Although there are many kinds of DNA
repair mechanisms to prevent genomic instability, other
pathways have been more related to diseases such as cancer
and disorders other than aging [59–62].

Age-related increase of DNA double-strand breaks is
consistently considered as a genetic blueprint of progeroid
syndromes because DNA double-strand breaks cause the
most deleterious damage to DNA [63–65]. Major repair
pathways for DNA double-strand breaks are homologous
recombination (HR) and nonhomologous end joining
(NHEJ). HR uses undamaged sister chromatid as template
during cell division. It is an error-free pathway [66]. NHEJ
occurs even in G1 phase of the cell cycle where sister chroma-
tid does not exist. It can join the ends of a double-stand break
without a template [67]. Several studies have shown that
DNA double-strand break repair is reduced in the aging pop-
ulation [63, 68, 69]. Many proteins involved in the NHEJ
process need to maintain telomeres. Ku70, Ku80, DNA-
PKCS, WRN, and PARP1 are key proteins of genome integ-
rity [70–73]. Deficiency of these proteins induces premature
aging and age-associated disorders [74–76]. Recently, it has
been found that SIRT6, one longevity gene, is involved in
DNA double-strand break repair by recruiting PARP1 to
damaged DNA region [77].

One major hypothesis on aging is that exposure to reac-
tive oxygen species (ROS) is increased over the lifespan [63,
69, 78]. The production of ROS can be induced by multiple
extrinsic and intrinsic factors. It causes various kinds of
DNA damage, including apurinic/apyrimidinic sites due to
DNA base lose, single-strand break, and double-strand break
[79, 80]. Accumulated DNA damages due to ROS frequently
lead to cellular dysfunction, a known consequence of chronic
oxidative stress with aging [78]. Several defense mechanisms,
including DNA repair machinery, can cope with the threat of
ROS [81]. BER predominantly corrects oxidative lesions [82].
Indeed, many subunits such as APE1, PCNA, and HSP70
related to BER pathway are involved in the defense mecha-
nism against cellular oxidative stress, including DNA repair
[82]. Many studies have shown the association between
BER and aging. For example, BER capacity is significantly
decreased in brain and liver tissues of old mice [83]. Many
studies have also reported that the decline of major compo-
nents (polβ, polγ, APE1, and Sirt6) of BER pathway is asso-
ciated with aging [84–89]. Interestingly, deficiency of APE1,
a vital element of BER initiation, leads to telomere dysfunc-
tion and segregation, suggesting that BER plays a role in
aging through telomere protection [90, 91].

NER, another type of DNA repair pathway, copes with a
wide range of lesions that distort the double helix structure of
DNA [81]. DNA bulky damages recognized by NER can
cause premature aging and/or cancer [92, 93]. NER is subdi-
vided into global genome NER and transcription-coupled
NER depending on where it occurs, covering lesions that
can be detected by NER subunits [60, 94]. Some NER pro-
teins are thought to be important factors in the aging process
due to their direct association with progeroid syndromes
such as trichothiodystrophy (TTD), Cockayne syndrome
(CS), and xeroderma pigmentosum (XP) [95–98]. A point

mutation at different sites in XPD gene can trigger TTD or
CS [96]. A defect in XP gene family (XPA-XPG) induces
XP. The patient with such defect has shown dramatically
accelerated skin aging [99]. Although whether decline of
NER efficiency is associated with aging remains controversial
[100–102], defect in NER machinery virtually provokes age-
related pathology and premature aging. Hermetic effects on
this aspect supports the crucial role of NER in healthy aging
through conserved pathway [103–105]. A prominent mecha-
nism of cellular protective responses is regulation of IGF-1
signaling that leads to somatotropic attenuation by RNA
polymerase II stalling. Interestingly, this prosurvival
response was commonly found in naturally aged, progeroid,
and long-lived mutant mice [106–108]. However, the mech-
anism eventually enhances longevity assurance in wild type,
while it has severe consequences in NER defects [104, 105].
In this regard, the modulation of DNA damage is thought
to be a more significant factor with a prosurvival harbor
[107]. Other intrinsic or extrinsic factors, of course, should
have to be considered for elucidating this complicated pro-
cess. Thus, understanding longevity in terms of DNA repair
is crucial in the aspect of genome integrity preservation.
The complex interplay between DNA repair and longevity
remains unclear.

4. Genomic Resources for Understanding Aging
and Longevity

Although longevity is a multifactorial process, genomic
approaches can be used to elucidate biological aspects of
longevity by identifying standardized parameters such as
biomarkers [109]. With development of next-generation
sequencing, a large number of long-lived individuals have
been studied to obtain their specific genomic information
such as single nucleotide polymorphisms, copy number
variations, transcriptomics, and epigenomics [110–114].
Although disease-susceptibility alleles are well characterized
in genome-wide association study (GWAS) catalog by the
National Human Genome Research Institute, research data
for illustrating low frequency of disease alleles in exceptional
longevity are limited or controversial [115]. Up to date,
APOE and FOXO3A have been consistently suggested as
well-described candidate genes in human longevity by vari-
ous cross-sectional studies [21, 116, 117]. Furthermore, joint
roles of genetic variants and phenotypes in longevity have
been suggested to improve our understanding on aging and
longevity [48]. Pathway-based candidate gene studies have
been performed to encompass their molecular and biological
networks in longevity [118–121]. However, their roles in lon-
gevity remain controversial.

Based on exponentially accumulated data, major aging
research groups have started global interdisciplinary collabo-
ration to share large scale genomic resources obtained from
sequencing data [122]. Human Ageing Genomic Resources
(HAGR; http://genomics.senescence.info) provides in-depth
information about the biology and genetics of aging [123].
HAGR now includes six core databases: GenAge, AnAge,
GenDR, DrugAge, and LongevityMap. GenAge contains
benchmark database of genes associated with aging. It is
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now subdivided into two: (1) potential aging-related genes in
human and (2) lifespan-associated genes in model organisms
[124]. AnAge is a database of aging and longevity in animals
for comparative and evolutionary studies in this field [124].
Since there are many theories and factors of aging and lon-
gevity, HAGR has been expanded. It now has new categories
to deal with different aspects of this issue. GenDR is focused
on dietary restriction. DrugAge is a database of life-extending
drugs in model organisms. CellAge is a very recent database
to support overall cellular longevity study [125]. Longevity-
Map is an inclusive database based on genomic studies of
human longevity and healthy aging, excluding long-lived
individuals who have unhealthy traits such as disease, disor-
der, and/or dysfunction [126]. Utilizing these open source
data may aid biogerontologists to interpret human aging

and longevity in diverse aspects of the complex process
involved in aging and longevity.

5. DNA Repair and Longevity-Associated
Genetic Variation

With valuable longevity population data in longevity data-
bases, we investigated healthy longevity-associated genetic
variations in terms of major elements of DNA repair
mechanism. We focused on people with normal phenotype
in elder population. Data of human genetic variants asso-
ciated with longevity were retrieved from LongevityMap.
Contents of enormous studies on human longevity and
healthy aging ranging from cross-sectional investigations
to extreme longevity are curated in LongevityMap [126].

Table 1: Summary of DNA repair-associated genes with significant genomic variants in longevity.

Genes Variations Region Populations References

ATM rs189037 5′-UTR
Chinese (Han) [132]

Italian [133]

ATRIP rs9876781 Upstream American (Caucasian) [134]

EGFR

rs2072454 Exon (synonymous)

Korean [135]
rs2293347 Exon (synonymous)

rs3807362 3′-UTR
rs884225 3′-UTR

ERCC2 Lys751Gln§ Missense (stop-gain) Polish [136]

EXO1

rs1776180 Upstream

German [137]rs735943 Exon (missense; H/R)

rs4149965 Exon (missense; V/M or V/L)

HSPA1A
−110A/C Upstream§§ Italian (Southern) [138]

Danish [139–141]

G190C §§ Chinese (Uighur in Xinjiang) [142]

HSPA1B A1267G §§ Danish [141]

Chinese (Uighur in Xinjiang) [142]

HSPA1L T2437C §§ Danish [141]

Chinese (Uighur in Xinjiang) [142]

MLH1
C670, A676, T1172 §§ Korean [143]

rs13320360 Intron Danish [119]

POLB rs2953983 Intron Danish [119]

RAD23B rs1805329 Exon (missense; A/V) Danish [119]

RAD52 rs11571461 Intron Danish [119]

SIRT1

rs3758391 Upstream
Chinese (Han) [144]

rs4746720 3′-UTR
rs7896005 Intron American (Caucasian) [145]

rs12778366 Upstream Dutch [146]

TP53
rs1042522 Exon (missense; P/R or P/H)

Danish [127]

Italian (Central) [128]

rs9616906 Upstream American (Caucasian) [134]

WRN rs13251813 Intron Danish [119]

XRCC5 rs705649 Intron Danish [119]
§Variation in amino acid; §§studies on haplotype analysis.
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We trimmed these data by their significance in association
with longevity. To elucidate correlations between human
healthy longevity and DNA repair in the aspect of genetic var-
iants, we collected genes associated with canonical DNA repair
mechanisms from well-reviewed publications. DNA repair-
associated genes were obtained through search using keywords
such as NER, BER, NHEJ, HR, and MMR in human-oriented
samples. Gene sets that had significant association with lon-
gevity and DNA repair were analyzed to identify common
genes in these two groups. As a result, 16 genes were obtained,
including key factors of DNA repair mechanism such as TP53,
ATM, WRN, and POLB (Table 1). These results should be
cautiously grasped. For instance, in case of rs1042522 on
TP53 gene, two different population studies suggested oppo-
site interpretations on the same SNP [127, 128]. However,
the two studies also described common cellular effects of each
allele as well. This may be due to differentially designed

population studies (cross-sectional versus prospective follow-
up). Their advantages and pitfalls in each methodological
strategy must be considered seriously to understand popula-
tion studies, especially, for aging and longevity, because these
are very complex and multifactorial processes. Therefore,
complicated interactions instead of a single factor should be
taken into account. In addition, integrative approach should
be used to understand aging and longevity.

6. Complex Interplay on DNA
Repair Mechanism

To interpret the meaning of these common genes, biological
network analysis was conducted using Pathway Studio, a text
mining-based pathway analysis program. Recently, analyzing
molecular network is considered a more critical part than just
detecting alteration of DNA sequence and/or gene expression
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Figure 1: Direct networks among genes obtained by comparison of gene sets associated with DNA repair and human longevity. The analysis
of molecular and biological networks was conducted by using Pathway Studio Web (version 11.4.0.8). Green highlighted entities indicate 16
common genes obtained by gene set comparison. These networks were built with careful curation considering the number of reference (>10)
and their correlation with longevity, aging, and DNA repair.
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Figure 2: Major enriched networks of common genes and the top ranked pathway suggesting key contributors to longevity in aspect of DNA
repair. (a) Pathways and ontologies enriched in these genes shown in a bar graph. x-axis indicates the number of overlapped genes with
elements of each pathway/ontology while y-axis shows the name of statistically meaningful pathways/ontologies (p value< 0.05). (b) The
most enriched pathway, “persisted DNA repair triggers genomic instability,” and direct pathway analyzed previously were combined using
Pathway Studio Web (version 11.4.0.8) to explore major genes including candidate longevity-associated loci in DNA repair to provide
better visualization. Green highlighted entities indicate common genes collected by gene set comparison.
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to understand difference in phenotype. Various tools have
been developed to conduct network analysis for genes of
interest due to advance in bioinformatics industry and accu-
mulating research products. Pathway Studio as a commercial
software for biological pathway analysis can navigate related
biological processes using data mining interface [129]. In this
review, we explored interacting networks of these 16 com-
mon genes to elucidate the role of DNA repair in longevity
using Pathway Studio. These genes were initially analyzed
for their direct interactions and correlations with lifespan-
associated genes and cell processes (Figure 1). Many of these
genes are known as genetic parameters of genomic instability
and premature aging. According to results of our network
analysis, TP53, ATM, and SIRT1 were the top three elements
with high number of connections with others, suggesting that
their genetic variants might be considered as key nodes to
elucidate genetic contribution of major DNA repair factors
to longevity and healthy aging.

We also conducted gene set enrichment analysis using
the Pathway Studio software to explore which pathways
and ontologies might be mostly involved in these common
genes associated with DNA repair and longevity. Statistical
enrichment in this gene set was collected. We curated the
result by a p value of less than 0.05 (Figure 2(a)). Approxi-
mately half of these 16 common genes had overlapped
biological function, namely, “persisted DNA repair triggers
genomic instability.” For better visualization, pathways of
biological function derived from this software and those
of direct network from our analysis were combined
(Figure 2(b)). The results showed that ATM and TP53
played a major role in DNA repair by detecting DNA damage
and modulating downstream DNA repair machineries.
Although further meticulous study is needed to confirm their
roles in longevity, longevity-associated human genetic vari-
ants in TP53, ATM, and SIRT1 are worth considering to
identify potential key factors and understand the linkage of
DNA repair to longevity and healthy aging.

7. Conclusions

Although the importance of genomic stability in longevity is
continuously discussed [35, 130, 131], studies using genomic
and molecular approaches to understand genetic variations
of extremely old population in the aspect of DNA repair are
limited. In this review, we focused on DNA repair mecha-
nisms associated with longevity and healthy aging to eluci-
date their effects on the aging process. As reported in many
studies, this review also emphasized the role of DNA repair
in maintaining genome integrity as a crucial factor for
healthy longevity. With enormous resources of human lon-
gevity population that are freely available online based on
NGS studies, DNA repair-focused approach is useful for
identifying the association of genes with longevity by inte-
grated network analysis. This research approach could be
ideal and valuable for handling genomic data. The present
reviewmay provide a clue to utilize genomic databases to elu-
cidate contribution of genetic factors to longevity in many
different aspects. Although we only dealt with DNA repair
associated with longevity, comprehensive data from lifestyles

should be considered to better understand the process of
healthy aging. It might lead to the development of personal-
ized antiaging strategy.
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DUOX1 is an H2O2-generating enzyme related to a wide range of biological features, such as hormone synthesis, host defense,
cellular proliferation, and fertilization. DUOX1 is frequently downregulated in lung and liver cancers, suggesting a tumor
suppressor role for this enzyme. Here, we show that DUOX1 expression is decreased in breast cancer cell lines and also in
breast cancers when compared to the nontumor counterpart. In order to address the role of DUOX1 in breast cells, we stably
knocked down the expression of DUOX1 in nontumor mammary cells (MCF12A) with shRNA. This led to higher cell
proliferation rates and decreased migration and adhesion properties, which are typical features for transformed cells. After
genotoxic stress induced by doxorubicin, DUOX1-silenced cells showed reduced IL-6 and IL-8 secretion and increased
apoptosis levels. Furthermore, the cell proliferation rate was higher in DUOX1-silenced cells after doxorubicin medication in
comparison to control cells. In conclusion, we demonstrate here that DUOX1 is silenced in breast cancer, which seems to be
involved in breast carcinogenesis.

1. Introduction

Cancer is the leading cause of death in economically devel-
oped countries and the second in developing countries, only
behind deaths related to cardiovascular disease. In women,
breast cancer is the second main cause of cancer death,
exceeded only by lung cancer [1]. Breast cancer has an exten-
sive list of risk factors associated with its development, such
as age, sex, genetic predisposition, breast density, personal
and familiar history of breast cancer, obesity, and early
menarche [2]. Several authors suggest that a common point

between various risk factors is an imbalance of redox homeo-
stasis, which is related to the establishment and development
of several tumors [3].

Reactive oxygen species (ROS), such as superoxide,
hydroxyl radical, and hydrogen peroxide (H2O2), comprise
a large group of oxygen-derived small molecules that include
radical and nonradical species. ROS avidly interact with a
large spectrum of cellular constituents, including small inor-
ganic molecules, proteins, lipids, and nucleic acids, altering
their structures and functions [4]. Many authors classify
these molecules as harmful to biological organisms; however,
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the role of ROS has been revisited, assuming its importance
in cellular redox signaling controlling several physiological
mechanisms [5]. ROS can be formed as a by-product of
enzyme activities, such as xanthine oxidase, cytochrome
P-450, or mitochondrial electron transport chain, or directly
by the NADPH oxidase (NOX) family of enzymes [6]. Unlike
other oxidoreductases, NOX enzymes produce ROS in a reg-
ulated way, which is correlated to a wide range of biological
features, such as hormone synthesis, host defense, cell prolif-
eration, and fertilization. As a consequence, it is reasonable to
think that any deregulation of the expression and/or activity
of these enzymes can impact cellular physiology and the
development of several diseases [7].

The NOX/DUOX family is composed of seven members,
NOX1–NOX5 and DUOX1 and DUOX2, which are differen-
tially expressed among tissues [8]. DUOX1 (dual oxidase 1) is
present in different cell types of various tissues, but its most
characterized function is in mucosal surfaces of the gastroin-
testinal and respiratory tracts, where it is involved in host
defense [9]. Interestingly, while other NOX enzymes are
upregulated in cancer cells, explaining the higher amount of
ROS generated by them in comparison to their normal coun-
terparts [10], previous studies have shown a decreased
DUOX1 expression in lung and liver cancers [11, 12]. Here,
we show that DUOX1 is downregulated in breast cancer
and that its expression is crucial to the physiology of mam-
mary epithelial cells, once nontumor cells silenced for
DUOX1 show increased proliferation rate and decreased
migration, adhesion, and cytokine secretion. Finally, the
physiological alterations elicited by the downregulation of
DUOX1 seem to modify the cellular responses to doxorubi-
cin, one of the most commonly used chemotherapeutic agent
for breast cancer treatment [13].

2. Materials and Methods

2.1. Chemicals, Reagents, and Cells. All chemicals and
reagents were purchased from Sigma-Aldrich Co. (St. Louis,
MO, USA), unless otherwise specified. Nontumor human
mammary epithelial cell lineage MCF12A was maintained
in phenol red-free DMEM/F12 medium containing 5% horse
serum (Gibco®/Life Technologies, Carlsbad, CA, USA),
penicillin and streptomycin (2%), and amphotericin B
(1mg/mL) and supplemented with cholera toxin (100ng/mL),
EGF (20 ng/mL), insulin (10μg/mL), and hydrocortisone
(500 ng/mL). The MCF7 (ER-positive) and the MDA-MB-
231 (triple-negative) human breast tumor cell lines (ATCC)
were maintained in phenol red-free DMEM and RPMI
medium, respectively, containing 10% fetal bovine serum
(Gibco/Life Technologies, Carlsbad, CA, USA), penicillin,
and streptomycin (2%). All cells were maintained at 37°C in
an atmosphere of 5% CO2/95% air.

Doxorubicin (Sigma-Aldrich) was used as a genotoxic
agent in some experiments. The cells were incubated with
25 nM doxorubicin in medium for 24 or 48 h. After treat-
ment, the cells were harvested at the indicated time.

2.2. Tissue Samples and Immunohistochemistry. Ten women
diagnosed with breast cancer were chosen for the study.

Recruitment of patients was carried out in the service of
Gynecology and Obstetrics of University Hospital Clemen-
tino Fraga Filho, UFRJ, and at Moncorvo Filho Institute of
Gynecology, UFRJ, during hospitalization for performing
surgery of patients already diagnosed with breast cancer
through biopsy. Patients that have previously undergone
hormone treatment and/or chemotherapy and/or neoadju-
vant radiotherapy were excluded. We also excluded patients
with a history of second primary tumor of any location
subjected or not to previous treatment. Tumor and nontu-
mor tissues were evaluated by a pathologist present in the
operating room during surgery. Tissues were collected from
surgical resection, quick frozen, and stored in liquid nitrogen
immediately after excision. All histopathological findings and
immunohistochemistry were performed at the Clinical
Pathology Laboratory of the University Hospital Clementino
Fraga Filho, UFRJ, and reviewed. Written informed consent
was obtained from each participant when they enrolled in
the follow-up study. All methods in this study were per-
formed in accordance with the relevant guidelines and regu-
lations. The project was approved by the Ethics Committee of
the University Hospital Clementino Fraga Filho, UFRJ
(CEP15294913.8.0000.5257).

2.3. Quantitative PCR (qPCR). Total RNA was extracted
using RNeasy Mini Kit (Qiagen, Venlo, Netherlands), and
2μg was used for reverse transcription with High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA). Quantitative real-time PCR was
performed with SYBR Green Master Mix (Thermo Fisher
Scientific, Waltham, MS, USA). Data were analyzed using
the 2−ΔΔCtmethod.GUSwas used as the housekeeping control
gene. Primers used were DUOX1 forward: 5′-AGGAGTGGC
ATAAGTTTGAGG-3′, DUOX1 reverse 5′-GCGTCACCC
AGATGAAGTAG-3′, IL-6 forward: 5′-GGCACTGGCAG
AAAACAACC-3′, IL-6 reverse: 5′-GCAAGTCTCCTCAT
TGAATCC-3′, IL-8 forward: 5′-CTGGCCGTGGCTCTCT
TG-3′, IL-8 reverse: 5′- CCTTGGCAAAACTGCACCTT-3′,
GUS forward 5′-AGGTGATGGAAGAAGTGGTG-3′, GUS
reverse 5′- AGGATTTGGTGTGAGCGATC-3′.

2.4. Cellular Proliferation and Adhesion Assay (xCELLigence).
Cells were seeded onto a 96-well E-Plate (Roche, Basel,
Switzerland), with interdigitated microelectrodes at the bot-
tom of each well, at a concentration of 3× 103 cells per well.
After 30min at room temperature, the E-Plate was placed
onto an xCELLigence real-time cell analyzer (RTCA) SP sys-
tem device (Roche), located inside a tissue culture incubator,
where cells were left to grow. Impedance was continuously
measured over time. The increase in the number and size of
cells attached to the electrode sensors leads to impedance
increase, from which the cell index values displayed at the
plot, used for the evaluation of cell proliferation, were
derived. To assess cellular adhesion, the cell index values
were collected after 9 h of plating. The cell index correlates
with the number of cells attached to the bottom of the well.
In some experiments, 25 nM doxorubicin was added 24 h
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after plating and the cellular proliferation was evaluated
over time.

2.5.Migration and InvasionAssays.Cells were plated on top of
chambers of 8μm pore transwells (EMD Millipore, Billerica,
MS, USA) in low-serum medium. The medium present in
the bottom chamber, supplemented with 5% horse serum,
was used as a chemoattractant. These cells were allowed to
migrate over a period of 24 h. For the invasion assays, the
chambers were previously coated with Matrigel® (Corning,
Corning, NY, USA) and the cells were allowed to invade
for 48 h. Cells remaining at the top chamber were removed,
and those present at the bottom of the filter were stained and
fixed with Coomassie Blue 0.125% in methanol: acetic acid:
H2O (45 : 10 : 45, v/v/v) for 15min. Representative images
using a 10x objective lens were taken. Triplicate wells were
used per condition in two independent experiments. Using
the ImageJ® program, the relative cellular migration and
invasion were quantified from the images obtained (10x
objective lens) under each experimental condition.

2.6. Intracellular and Mitochondrial ROS Levels. Cells were
dissociated and incubated with 10μM H2DCF-DA (Invi-
trogen®/Life Technologies) for 30 minutes or with 5μM
MitoSOX Red (Invitrogen/Life Technologies) for 10 minutes
at 37°C. Mean fluorescence intensity was detected by flow
cytometry using Guava easyCyte (Millipore). Excitation and
emission settings were 495/520 nm for H2DCF-DA and
510/580 nm for MitoSOX Red.

2.7. Extracellular H2O2 Production. Extracellular H2O2 pro-
duction was quantified by the Amplex Red/HRP assay, which
detects the accumulation of a fluorescent oxidized product.
The cells were treated or not with 25nM doxorubicin for
24 h. After that, 1× 105 cells in phenol red-free balanced salt
solution (BSS) were incubated with D-glucose (1mg/mL),
SOD (100U/mL; Sigma-Aldrich), HRP (0.5U/mL; Roche),
and Amplex Red (50μM; Molecular Probes, Eugene, USA)
and the fluorescence was measured in a microplate reader
(Victor X4; PerkinElmer, Waltham, MS, USA) for 40min
in the wavelength of 530nm excitation and 595nm emission.
H2O2 generation (nmol H2O2×h−1× 105 cells) was calcu-
lated using standard calibration curves.

2.8. Cytokine Secretion in Culture Supernatants. Cells were
treated or not with 25 nM doxorubicin for 48 h. After that,
the cell medium was collected, centrifuged at 800×g and
stored at −80°C. After that, we performed the CBA assay
using the Human Inflammatory Cytokines Kit (BD Biosci-
ences, San Jose, CA, USA) following the manufacturer’s
instructions. For the acquisition of data, we used the soft-
ware “BD Accuri C6” using the settings “BD Accuri CBA
Template Kit.” The analysis was performed using the FCAP
3.0 software.

2.9. Active Caspase 3 Analysis. Cells were treated or not with
25 nM doxorubicin for 48h. After that, they were trypsi-
nized, washed once with PBS, and then fixed with 70% cold
ethanol (v/v) for at least 24 h at −20°C. To quantify the active
form of caspase 3, the immunostaining was performed at

room temperature for 1 h and 30min using a FITC-
conjugated antiactive caspase 3 antibody (559341 BD Phar-
mingen, San Diego, CA, USA) diluted at 1/10. Samples were
applied on a Guava flow cytometer (Millipore) and the data
were analyzed with CytoSoft Data Acquisition and Analysis
Software (Millipore).

2.10. Statistical Analysis. All results were expressed as
mean± standard error of the mean (SEM) and were ana-
lyzed using one-way ANOVA followed by Bonferroni’s
multiple comparison test, except those related to doxorubi-
cin treatment in which two-way ANOVA was utilized.
Statistical analyses were performed using GraphPad Prism
software (version 5.01, GraphPad Software Inc., San Diego,
USA). P < 0 05 was considered statistically significant.

3. Results

3.1. DUOX1 Expression Is Downregulated in Tumor Tissues
and Tumor Cell Lineages. Previous studies have shown a
decreased DUOX1 expression in lung and liver cancers
[11, 12]. As DUOX1 is expressed in mammary nontumor
cells, we decided to compare DUOX1 expression between
nontumor and tumor breast cell lines and human breast
tissues. As shown in Figure 1(a), tumor cells (MCF7 and
MDA-MB-231) have less DUOX1 mRNA levels than non-
tumor cells, MCF12A. Strikingly, we could not detect any
DUOX1 mRNA expression in the MCF7 cell line. Impor-
tantly, when comparing tumor breast tissue samples with
nontumor samples from the same patient, we observed
that tumor samples expressed significantly less DUOX1
mRNA levels (Figure 1(b)). Interestingly, the histopathologi-
cal and immunohistochemical characterization of human
breast cancer samples shows that they are very heterogeneous
in relation to its expression of ER, PR, and HER-2 receptors,
as well as proliferation rates (Table 1).

3.2. Effect of DUOX1 Depletion on Cell Proliferation,
Adhesion, Migration, and Invasion. To understand the role
of DUOX1 in breast tumorigenesis, we downregulated the
expression of DUOX1 in the nontumor cell line MCF12A,
using a specific shRNA sequence (shDUOX1). As shown in
Figure 2(a), there was a significant decrease of DUOX1
expression in the MCF12A shDUOX1 cell line, when com-
pared to MCF12A cells transduced with the shRNA scramble
control sequence (shCTRL). However, there were no signifi-
cant differences neither in the levels of intracellular ROS
(Figure 2(b)) nor in mitochondrial ROS (Figure 2(c))
between shDUOX1 and shCTRL cells. On the other hand,
cellular proliferation was higher in shDUOX1 cells in com-
parison to its control (Figure 3(a)), while cellular adhesion
(Figure 3(b)) and migration (Figure 3(c)) were lower. No
differences were observed in cellular invasion capacity
(Figure 3(d)).

Three-dimensional (3D) epithelial culture model is a use-
ful approach to understand histological abnormalities found
in breast cancer, once the tissue architecture can be recapitu-
lated in 3D culture, but not in 2D [14]. Thus, shDUOX1 cells
and their controls were cultivated in 3D for 10 days, but no
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changes in their morphological phenotypes were observed
(data not shown).

3.3. DUOX1 Downregulation Decreases Extracellular H2O2
Production and IL-6 and IL-8 Expression and Secretion after
Genotoxic Stress. It was shown that DUOX1 is related to
the increased secretion of IL-6 and IL-8 [15, 16]. Interest-
ingly, these cytokines are secreted by cells in response to
stressful stimuli, including genotoxic stress. In damaged cells,
IL-6 and IL-8 are involved in cell growth inhibition and

enhancement of DNA damage response [17, 18]. As shown
in Figure 4, doxorubicin treatment increased extracellular
H2O2 production in shCTRL cells, but this response was
blunted in shDUOX1 cells.

Interestingly, we observed lower basal levels of IL-6 and
IL-8 concentrations and mRNA expression in the culture
medium of shDUOX1 cells compared to control cells
(Figure 5). Doxorubicin treatment increased IL-6 and IL-8
gene expression and secretion in the control cells, but no
stimulatory effect was observed in shDUOX1 cells, suggesting

Table 1: Histopathological and immunohistochemical report of breast tumors.

Patients Histopathological report ER (%) PR (%) HER-2 KI-67 (%)

1
Invasive ductal carcinoma

Grade III
Negative Negative Negative 10–20

2
Invasive ductal carcinoma

Grade III
Negative Negative Negative 10

3 Ductal carcinoma in situ >90 20–30 Inconclusive (2+) <5
4 Infiltrating mucinous carcinoma 90–95 90–95 — 1–5

5
Invasive ductal carcinoma

Grade III
80–90 80–90 Negative 10–15

6
Invasive ductal carcinoma

Grade II
100 90–95 Negative 1

7
Invasive ductal carcinoma

Grade II
90–95 3–5 Positive 15–20

8
Invasive ductal carcinoma

Grade III
10 Negative Negative 60

9 Ductal carcinoma in situ 80–90 70–80 Inconclusive (2+) 5

10 Ductal carcinoma in situ 5 5 Positive 5

ER: estrogen receptor; PR: progesterone receptor; HER-2: human epidermal growth factor receptor 2; KI-67: cellular proliferation index.
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Figure 1: DUOX1 expression is downregulated in breast cancer cell lines and tissues. DUOX1 mRNA levels were evaluated by quantitative
RT-PCR in breast cancer cell lines (a) and in paired cancerous and adjacent breast tissue samples (b). Data are expressed as fold change
relative to MCF12A for breast cancer cell line comparison and relative to the respective control to breast tissue samples. Results are
expressed as mean± SEM of three independent experiments. ∗∗P < 0 01; ∗∗∗P < 0 001.
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that DUOX1 may be involved in IL-6 and IL-8 secretion
induced by genotoxic stress (Figures 5(a)–5(d)).

3.4. DUOX1Depletion Alters Doxorubicin-Induced Cytotoxicity.
As shown in Figure 6(a), after doxorubicin treatment, the
proliferation rate was higher in shDUOX1 cells when
compared to the control cells. To gain further insight into
the mechanisms related to the differences observed in
doxorubicin-treated cells, active caspase 3-positive cells were
quantified by flow cytometry, indicating cellular death by
apoptosis (Figure 6(b)). As expected, doxorubicin treatment
significantly increased active caspase 3-positive cell levels in
both cell lines; however, we observed a more pronounced
effect in the shDUOX1 cell line than the shCTRL cell line.

4. Discussion

Tumor cells are generally subjected to higher levels of ROS
than the corresponding normal cells [3, 19, 20]. It has been
suggested that the greater ROS generation observed in tumor
cells may be attributed, at least in part, to an increased
expression of NADPH oxidase enzymes, as observed in
tumor tissues and tumor cell lines of various types [21–23].
Interestingly, we observed a lower DUOX1 expression in
breast tumor cells and tumor tissues in comparison to its
control. The levels of DUOX1 expression does not seem to

correlate with tumor prognosis, because the triple negative
cell line MDA-MB-231 presented the same levels of DUOX1
mRNA than the ER-positive breast tumor cell MCF7.
Moreover, the histopathological and immunohistochemical
characterization of the tumor samples shows that they are
very heterogeneous in relation to the expression of hormone
receptors and proliferation, but nevertheless, DUOX1
mRNA was lower in almost all of them, when compared to
their controls.

DUOX1 is present in different cellular types of various
tissues, but its most characterized function is in mucosal sur-
faces of the gastrointestinal and respiratory tracts, where it is
involved in host defense [9]. Interestingly, there is no data in
the literature concerning DUOX1 function in breast epithe-
lial cells. In order to understand the cause-effect relationship
between DUOX1 loss and breast tumorigenesis, we decreased
DUOX1 levels in the mammary nontumor cell line MCF12A
using the shRNA approach. MCF12A shDUOX1 cell line
presented a higher proliferative rate and decreased adhesion,
which suggests that DUOX1 may exert a tumor suppressor
role. DUOX1 loss has been reported in other tumor types,
where it was also related to increased cellular proliferation,
decreased migration in human lung cancer, and increased
proliferation in human hepatocellular carcinoma [11, 12].
Interestingly, it has been shown in lung cancer cell lines that
DUOX1 expression seems to be highly associated to the loss
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Figure 2: Characterization of DUOX1-silenced cell. Nontumor MCF12A cells were silenced for DUOX1 by shRNA (shDUOX1) and
compared to the scramble control (shCTRL). DUOX1 mRNA levels were evaluated by quantitative RT-PCR (a), while intracellular reactive
oxygen species (ROS) levels (b) and mitochondrial ROS production (c) were evaluated by flow cytometry utilizing the CM-H2DCF-DA and
MitoSOX probes, respectively. Results are expressed as mean± SEM of two independent experiments. ∗∗∗P < 0 001.
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of E-cadherin. Moreover, DUOX1 silencing in lung epithelial
and cancer cell lines was associated to epithelial-to-
mesenchymal transition, which is linked to metastasis [24],
and transient overexpression of DUOXA1, a maturation
factor of DUOX1, in breast cancer cells affected cell-cell
adhesion [25]. Our data suggest that in epithelial mammary
cells, the loss of DUOX1 is not associated to an invasive phe-
notype, since shDUOX1 cells presented no alterations in
invasion and in morphogenetic phenotype in 3D culture.
Several studies have shown the role of DUOX1 in wound
healing [26–29], in which H2O2 produced by DUOX1 acts
as a signaling molecule, modulating adhesion and migration
in epithelial regeneration after injury. In the present study,
we observed a decreased migration and adhesion capacity
after DUOX1 silencing. Thus, we hypothesize that this
enzyme could be involved in mammary epithelial regenera-
tion, as previously reported in other cell types.

Several studies in airway cells have shown that extracellu-
lar H2O2 production mediated by DUOX1 is related to IL-6
and IL-8 secretion [15, 16]. Interestingly, these cytokines are
secreted by cells in response to various stressful stimuli,
resulting in cell growth inhibition, increased ROS production,
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Figure 3: DUOX1 silencing increases proliferation and decreases adhesion and migration in nontumor MCF12A cells. Cellular proliferation
(a) and adhesion (b) were evaluated by the xCELLigence system in DUOX1-deficient (shDUOX1) and control (shCTRL) cells. For migration
(c) and invasion (d), the cells were allowed to migrate through uncoated transwells for 8 h or invade through Matrigel-coated transwells for
24 h. The number of cells at the bottom of the transwell filters was counted at the end of each assay. Results are presented as means± standard
errors from three independent experiments. ∗∗∗P < 0 001.
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Figure 4: Extracellular H2O2 generation is increased after genotoxic
stress. DUOX1-deficient (shDUOX1) and control (shCTRL) cells
were treated or not with 25 nM doxorubicin for 24 h. Extracellular
H2O2 generation was evaluated by Amplex Red/HRP assay.
Results are expressed as mean± SEM of three independent
experiments. ∗∗P < 0 01.
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enhancement of DNA damage response (DDR), and attrac-
tion of immune system cells, acting as a potent tumor
suppressor mechanism by elimination of the damaged cell
[17, 18]. In addition, Ameziane-El-Hassani and collaborators
[30] recently showed that DUOX1 is upregulated in human
thyrocytes and in thyroid tumors after genotoxic stress
induced by γ-ray irradiation. Moreover, these authors dem-
onstrated that H2O2 produced by DUOX1 after irradiation
is involved in the generation of DNA strand breaks and
DNA damage response [30]. Based on this, we hypothesized
that in normal condition, DUOX1 could be involved in IL-6
and IL-8 secretion after genotoxic stress in mammary epithe-
lial cells; however, the physiological relevance of the lower
DUOX1 expression found in breast tumor remains to be elu-
cidated. After doxorubicin-induced genotoxic stress, extra-
cellular H2O2 generation significantly increased in control
cells, but not in DUOX1-silenced cells. Moreover, shDUOX1
cells presented lower levels of mRNA and lower secretion of
IL-6 and IL-8 in basal condition when compared to control
cells. Thus, our results suggest that the secretion of these
cytokines is under DUOX1 control in mammary epithelial
cell models. To our knowledge, this is the first data indicating
such control.

Anthracycline doxorubicin is one of the most effective
chemotherapeutic agent available for breast cancer treatment
[13]. The mechanisms of action of this drug are based on its
ability to interact with topoisomerase II and intercalate into
DNA and free radical formation [31]. Doxorubicin treatment
increased extracellular H2O2 generation and IL-6 and IL-8
mRNA secretion, only in control cells, with no evident effect
on shDUOX1 cells. This result prompted us to investigate
doxorubicin-induced cell death in our study model.
shDUOX1 cells presented higher apoptosis levels after doxo-
rubicin treatment. shDUOX1 had higher proliferation rates
in comparison to its control, which led to a more pronounced
effect of doxorubicin in relation to DNA damage and, conse-
quently, cell death.

In summary, we demonstrate for the first time that
DUOX1 is downregulated in breast cancer. The downregula-
tion of DUOX1 in MCF12A cells is accompanied by higher
cell proliferation rate and decreased adhesion and migration.
Finally, DUOX1 enzyme seems to be involved in the cellular
response against genotoxic stress induced by doxorubicin, in
which the lack of this enzyme seems to blunt IL-6 and IL-8
secretion after drug exposure. Thus, our novel findings might
contribute to the understanding of the biology of cancers that
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Figure 5: DUOX1 silencing blunts IL-6 and IL-8 mRNA levels and secretion increase after genotoxic stress. DUOX1-deficient (shDUOX1)
and control (shCTRL) cells were treated or not with 25 nM doxorubicin for 48 h. IL-6 (a) and IL-8 (b) mRNA levels were evaluated by
quantitative RT-PCR; IL-6 (c) and IL-8 (d) secretion was measured by flow cytometry utilizing the CBA assay. Results are expressed as
mean± SEM of three independent experiments. ∗∗∗P < 0 001.
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have decreased DUOX1 expression, which could be useful to
the development of future therapeutic approaches.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

The authors thank the following Brazilian institutions for
financial support: Conselho Nacional de Desenvolvimento
Científico e Tecnológico (CNPq), Fundação de Amparo à
Pesquisa do Estado de São Paulo (FAPESP, São Paulo, Grant
nos. 2014/15982-6 and 2013/21075-9), Fundação de Amparo
à Pesquisa do Estado do Rio de Janeiro (FAPERJ), Fundação
do Câncer, and Coordenação de Aperfeiçoamento de Pessoal
de Nível superior (CAPES).

References

[1] R. L. Siegel, K. D. Miller, and A. Jemal, “Cancer statistics,
2016,” CA: a Cancer Journal for Clinicians, vol. 66, no. 1,
pp. 7–30, 2016.

[2] American Cancer Society, Breast Cancer Facts & Figures 2015-
2016, American Cancer Society, Inc, Atlanta, 2015.

[3] V. Sosa, T. Moliné, R. Somoza, R. Paciucci, H. Kondoh, and
M. E. Lleonart, “Oxidative stress and cancer: an overview,”
Ageing Research Reviews, vol. 12, no. 1, pp. 376–390, 2013.

[4] F. Hecht, C. F. Pessoa, L. B. Gentile, D. Rosenthal, D. P.
Carvalho, and R. S. Fortunato, “The role of oxidative stress
on breast cancer development and therapy,” Tumour Biology,
vol. 37, no. 4, pp. 4281–4291, 2016.

[5] R. Brigelius-Flohé, “Commentary: oxidative stress reconsid-
ered,” Genes & Nutrition, vol. 4, no. 3, pp. 161–163, 2009.

[6] J. Aguirre and J. D. Lambeth, “Nox enzymes from fungus to fly
to fish and what they tell us about Nox function in mammals,”

140 28 42 56 70 84

Time (hour)

N
or

m
al

iz
ed

 ce
ll 

in
de

x
shCTRL

shDUOX1

−2.0

−3.0
96

−1.0

1.0

0.0

2.0

3.0

4.0

24

Doxorubicin

(a)

shCTRL0

10

20

30

40

C
el

ls 
po

sit
iv

e f
or

ac
tiv

e c
as

pa
se

 3
 (%

)

Doxorubicin (25 nM)

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎ ⁎⁎⁎

shDUOX1shCTRLshDUOX1

(b)

Figure 6: DUOX1 silencing alters genotoxic stress cellular responses. Real-time curves of cellular proliferation were obtained using the
xCELLigence system for DUOX1-deficient (shDUOX1) and control (shCTRL) cells pretreated with 25 nM doxorubicin, for 24 h (arrows)
(a). The active form of caspase 3 was quantified by flow cytometry, 48 h after doxorubicin treatment (b). Results are expressed as mean
± SEM of at least two independent experiments. ∗∗∗P < 0 001.

8 Oxidative Medicine and Cellular Longevity



Free Radical Biology &Medicine, vol. 49, no. 9, pp. 1342–1353,
2010.

[7] K. Berdad and K. H. Krause, “The NOX family of ROS-
generating NADPH oxidases: physiology and pathophysiol-
ogy,” Physiological Reviews, vol. 87, no. 1, pp. 245–313, 2007.

[8] U. Weyemi and C. Dupuy, “The emerging role of ROS-
generating NADPH oxidase NOX4 in DNA-damage
responses,” Mutation Research, vol. 751, no. 2, pp. 77–81,
2012.

[9] M. Geiszt, J. Witta, J. Baffi, K. Lekstrom, and T. L. Leto, “Dual
oxidases represent novel hydrogen peroxide sources support-
ing mucosal surface host defense,” The FASEB Journal,
vol. 17, no. 11, pp. 1502–1504, 2003.

[10] K. Roy, Y. Wu, J. L. Meitzler et al., “NADPH oxidases and
cancer,” Clinical Science (London, England), vol. 128, no. 12,
pp. 863–875, 2015.

[11] S. Luxen, S. A. Belinsky, and U. G. Knaus, “Silencing of DUOX
NADPH oxidases by promoter hypermethylation in lung
cancer,” Cancer Research, vol. 68, no. 4, pp. 1037–1045, 2008.

[12] Q. Ling, W. Shi, C. Huang et al., “Epigenetic silencing of dual
oxidase 1 by promoter hypermethylation in human hepatocel-
lular carcinoma,” American Journal of Cancer Research, vol. 4,
no. 5, pp. 508–517, 2014.

[13] M. Khasraw, R. Bell, and C. Dang, “Epirubicin: is it like doxo-
rubicin in breast cancer? A clinical review,” Breast, vol. 21,
no. 2, pp. 142–149, 2012.

[14] C. Hebner, V. M.Weaver, and J. Debnath, “Modeling morpho-
genesis and oncogenesis in three-dimensional breast epithelial
cultures,” Annual Review of Pathology, vol. 3, no. 1, pp. 313–
339, 2008.

[15] S. Chang, A. Linderholm, L. Franzi, N. Kenyon, H. Grasberger,
and R. Harper, “Dual oxidase regulates neutrophil recruitment
in allergic airways,” Free Radical Biology & Medicine, vol. 65,
pp. 38–46, 2013.

[16] N. Pongnimitprasert, M. Hurtado, F. Lamari et al., “Implica-
tion of NADPH oxidases in the early inflammation process
generated by cystic fibrosis cells,” ISRN Inflammation,
vol. 2012, Article ID 481432, 11 pages, 2012.

[17] T. Kuilman, C. Michaloglou, L. C. W. Vredeveld et al., “Onco-
gene-induced senescence relayed by an interleukin-dependent
inflammatory network,” Cell, vol. 133, no. 6, pp. 1019–1031,
2008.

[18] J. C. Acosta, A. O’Loghlen, A. Banito et al., “Chemokine signal-
ing via the CXCR2 receptor reinforces senescence,” Cell,
vol. 133, no. 6, pp. 1006–1018, 2008.

[19] T. P. Szatrowski and C. F. Nathan, “Production of large
amounts of hydrogen peroxide by human tumor cells,” Cancer
Research, vol. 51, no. 3, pp. 794–798, 1991.

[20] C. Gorrini, I. S. Harris, and T. W. Mak, “Modulation of oxida-
tive stress as an anticancer strategy,” Nature Reviews Drug Dis-
covery, vol. 12, no. 12, pp. 931–947, 2013.

[21] S. D. Lim, C. Sun, J. D. Lambeth et al., “Increased Nox1 and
hydrogen peroxide in prostate cancer,” Prostate, vol. 62,
no. 2, pp. 200–207, 2005.

[22] U. Weyemi, B. Caillou, M. Talbot et al., “Intracellular expres-
sion of reactive oxygen species-generating NADPH oxidase
NOX4 in normal and cancer thyroid tissues,” Endocrine-
Related Cancer, vol. 17, no. 1, pp. 27–37, 2010.

[23] R. Ameziane-El-Hassani, M. Schlumberger, and C. Dupuy,
“NADPH oxidases: new actors in thyroid cancer?,” Nature
Reviews Endocrinology, vol. 12, no. 8, pp. 485–494, 2016.

[24] A. C. Little, D. Sham, M. Hristova et al., “DUOX1 silencing in
lung cancer promotes EMT, cancer stem cell characteristics
and invasive properties,” Oncogene, vol. 5, no. 10, article
e261, 2016.

[25] E. A. Ostrakhovitch and S. S. C. Li, “NIP1/DUOXA1 expres-
sion in epithelial breast cancer cells: regulation of cell adhesion
and actin dynamics,” Breast Cancer Research and Treatment,
vol. 119, no. 3, pp. 773–786, 2010.

[26] P. Niethammer, C. Grabher, A. T. Look, and T. J. Mitchison,
“A tissue-scale gradient of hydrogen peroxide mediates rapid
wound detection in zebrafish,” Nature, vol. 459, no. 7249,
pp. 996–999, 2009.

[27] S. Rieger and A. Sagasti, “Hydrogen peroxide promotes injury-
induced peripheral sensory axon regeneration in the zebrafish
skin,” PLoS Biology, vol. 9, no. 5, article e1000621, 2011.

[28] M. T. Juarez, R. A. Patterson, E. Sandoval-Guillen, and
W. McGinnis, “DUOX, Flotillin-2, and SRC42A are required
to activate or delimit the spread of the transcriptional response
to epidermal wounds in Drosophila,” PLoS Genetics, vol. 7,
no. 12, article e1002424, 2011.

[29] S. H. Gorissen, M. Hristova, A. Habibovic et al., “Dual
oxidase-1 is required for airway epithelial cell migration and
bronchiolar reepithelialization after injury,” American Journal
of Respiratory Cell and Molecular Biology, vol. 48, no. 3,
pp. 337–345, 2013.

[30] R. Ameziane-El-Hassani, M. Talbot, M. C. de Souza Dos
Santos et al., “NADPH oxidase DUOX1 promotes long-
term persistence of oxidative stress after an exposure to irradi-
ation,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 112, no. 16, pp. 5051–5056, 2015.

[31] C. DeSantis, J. Ma, L. Bryan, and A. Jemal, “Breast cancer sta-
tistics, 2013,” CA: a Cancer Journal for Clinicians, vol. 64, no. 1,
pp. 52–62, 2014.

9Oxidative Medicine and Cellular Longevity



Research Article
Hypermethylation of TRIM59 and KLF14 Influences Cell Death
Signaling in Familial Alzheimer’s Disease

Michalina Wezyk ,1 Magdalena Spólnicka,2 Ewelina Pośpiech,3,4 Beata Pepłońska,1

Renata Zbieć-Piekarska,2 Jan Ilkowski,5 Maria Styczyńska,1 Anna Barczak ,1

Marzena Zboch,6 Anna Filipek-Gliszczynska,7 Magdalena Skrzypczak,8 Krzysztof Ginalski,8

MichałKabza,9 Izabela Makałowska,9Maria Barcikowska-Kotowicz,1,6Wojciech Branicki,2,4

and Cezary Żekanowski1

1Laboratory of Neurogenetics, Department of Neurodegenerative Disorders, Mossakowski Medical Research Centre of the Polish
Academy of Sciences, 5 Pawinskiego Street, 02-106 Warsaw, Poland
2Central Forensic Laboratory of the Police, 7 Aleje Ujazdowskie Street, 00-583 Warsaw, Poland
3Department of Genetics and Evolution, Institute of Zoology of the Jagiellonian University, 9 Gronostajowa Street,
30-387 Krakow, Poland
4Malopolska Centre of Biotechnology of the Jagiellonian University, 7A Gronostajowa Street, 30-387 Krakow, Poland
5Faculty of Health Sciences, Department of Emergency Medicine, Poznan University of Medical Sciences, 10 Fredry Street,
61-701 Poznan, Poland
6Center of Alzheimer’s Disease of Wroclaw Medical University, 12 Jana Pawla II Street, 59-330 Scinawa, Poland
7Clinical Department of Neurology, Extrapyramidal Disorders and Alzheimer’s Outpatient Clinic, Central Clinical Hospital of the
Ministry of Interior in Warsaw, 137 Woloska Street, 02-507 Warsaw, Poland
8Laboratory of Bioinformatics and Systems Biology, Centre of New Technologies, University of Warsaw, 93 Zwirki i Wigury Street,
02-089 Warsaw, Poland
9Laboratory of Bioinformatics, Institute of Molecular Biology and Biotechnology, Adam Mickiewicz University, 89 Umultowska
Street, 61-614 Poznan, Poland

Correspondence should be addressed to Michalina Wezyk; michalina.marija@gmail.com

Received 6 October 2017; Revised 14 January 2018; Accepted 4 February 2018; Published 4 April 2018

Academic Editor: Juliana da Silva

Copyright © 2018 Michalina Wezyk et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Epigenetic mechanisms play an important role in the development and progression of various neurodegenerative diseases.
Abnormal methylation of numerous genes responsible for regulation of transcription, DNA replication, and apoptosis has been
linked to Alzheimer’s disease (AD) pathology. We have recently performed whole transcriptome profiling of familial early-onset
Alzheimer’s disease (fEOAD) patient-derived fibroblasts. On this basis, we demonstrated a strong dysregulation of cell cycle
checkpoints and DNA damage response (DDR) in both fibroblasts and reprogrammed neurons. Here, we show that the aging-
correlated hypermethylation of KLF14 and TRIM59 genes associates with abnormalities in DNA repair and cell cycle control in
fEOAD. Based on the resulting transcriptome networks, we found that the hypermethylation of KLF14 might be associated with
epigenetic regulation of the chromatin organization and mRNA processing followed by hypermethylation of TRIM59 likely
associated with the G2/M cell cycle phase and p53 role in DNA repair with BRCA1 protein as the key player. We propose that
the hypermethylation of KLF14 could constitute a superior epigenetic mechanism for TRIM59 hypermethylation. The
methylation status of both genes affects genome stability and might contribute to proapoptotic signaling in AD. Since this study
combines data obtained from various tissues from AD patients, it reinforces the view that the genetic methylation status in the
blood may be a valuable predictor of molecular processes occurring in affected tissues. Further research is necessary to define a
detailed role of TRIM59 and KLF4 in neurodegeneration of neurons.
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1. Introduction

Alzheimer’s disease (AD) is the most common type of
dementia characterized by massive neuronal loss, primarily
in the hippocampus and prefrontal cortex. Predominantly,
AD is caused by the changed ratio between the long and short
forms of β-amyloid (Aβ) peptides (Aβ40/Aβ42) and the for-
mation of cytotoxic β-sheet structured oligomers resulting in
progressive neuronal death and eventual loss of cognitive
functions. The deposition of Aβ mono- and oligomers into
senile plaques is accompanied by hyperphosphorylation of
microtubule-associated protein tau forming pathological
neurofibrillary tangles [1]. There are two major types of
AD, early-onset (fEOAD), overlapping with familial AD
(FAD), and late-onsetAD(LOAD), overlappingwith sporadic
AD (SAD). The fEOAD represents 1–5% of all AD cases, and
40% fEOAD cases are associated with autosomal dominant
mutations in PSEN1 on chromosome 14 (encoding presenilin
1),PSEN2 on chromosome 1 (encoding presenilin 2), andAPP
on chromosome 21 (encoding amyloid β precursor protein).
To date, 230 mutations in PSEN1, 39 in PSEN2, and 67 in
APP have been registered in the AD/FTD mutation database
[2], including several identified by our team [3–6]. Next to
the amyloid and tau pathogenesis, Alzheimer’s disease
involves several other pathological processes, including
inflammatory states, oxidative stress, and cell cycle reentry of
postmitotic neurons leading to their death [7].

Clearly, pathogenesis and etiology of Alzheimer’s disease
depend on the complex genetic and environmental back-
ground. This demands fine-tuned activation or repression
of gene expression, and its imbalance may favor pathological
conditions, including neurodegeneration [8]. Global DNA
hypomethylation in neurons has been described already in
the cerebral cortex of AD patients [9, 10]. Moreover, several
variants of the methylation pattern of AD-related genes
(e.g., PSEN1, APP) have been identified in the brain tissue
of AD patients. On the other hand, a recent analysis of genes
involved in the production of Aβ (PSEN1 and BACE1), DNA
methylation (DNMT1, DNMT3A, and DNMT3B), and car-
bon metabolism (MTHFR) showed no differences in their
methylation status in blood DNA of LOAD patients or
healthy controls [11]. Similarly, no methylation of PSEN1
and APP has been found in different brain tissues of fEOAD
patients [12]. In contrast, the promoter of MAPT was hypo-
methylated in a brain region-specific manner in fEOAD
patients [13]. Also, the promoter of PIN1, encoding a protein
involved in cell survival, cell cycle, and protein ubiquitina-
tion, was hypomethylated and expressed at higher levels in
AD, while in frontotemporal dementia, it was hypermethy-
lated and expressed at lower levels [14]. Other studies
demonstrated an increased global DNA methylation in
LOAD subjects [15]. Overall, methylation studies in AD
patients have recently been collected in an excellent review
by Qazi and colleagues [16]. One of the most latest studies
demonstrated a hypomethylated region of the BRCA1 pro-
moter in AD postmortem brains accompanied by an
upregulation and cytoplasmic mislocalisation of the
BRCA1 [17], which fully agrees with our recent results
pointing to BRCA1 as the central player in DNA damage

response- (DDR-) related pathology in Alzheimer’s disease
[18]. Finally, the existing epigenome-wide association stud-
ies (EWAS) did not so far pointed to the role of KLF14
and TRIM59 hypermethylation in AD. The existing EWAS
data has so far described general hypomethylation, differ-
ential methylation of selected genes, for example, S100A2,
ALPPL2, and MYO1G, or the altered content of histones
and histone deacetylases (HDAC) [19–23].

Listed above data underline the importance of epigenetic
modifications in AD pathology, which vary depending on the
tissue or AD subtype. These data indicate the need to search
for epigenetic molecular markers in relation to the type or
stage of the disease. Importantly, age-associated changes in
DNAmethylation may regulate gene activity in developmen-
tal processes, making them accurate markers of pathological
aging in AD [24]. It has been shown that hypermethylation of
age-associated genes results in their general low gene expres-
sion [25]. It should be emphasized that the relationship
between DNA methylation and gene expression is not
straightforward, as the high transcription level can be accom-
panied by an elevated methylation over the gene body while
hypermethylation of promoters usually leads to gene silenc-
ing [26]. Notably, it has been demonstrated that CpG sites,
the methylation of which is correlated with a gene expression
depending on DNA sequence variation, associated histone
marks, and chromatin accessibility, play an important role
in both brain development and brain disorders [27]. Finally,
several reports demonstrated an influence of the methylome
on the gene expression pattern, predisposing to different dis-
ease phenotypes, including obesity [28], inflammation in
cancer [29], and schizophrenia and bipolar disorders [30].

In the light of the above data, Alzheimer’s disease with a
still not fully recognized genetic background might largely
depend on epigenetic DNA modifications influencing the
regulatory elements and binding affinity of transcriptional
regulators. To meet this challenge, our latest research based
on fEOAD blood samples revealed hypermethylation of
the promoter regions of two genes correlated with aging,
TRIM59 and KLF14, encoding tripartite motif containing
59 and Kruppel-like factor 14, respectively [31]. This
prompted us to further investigate the potential molecular
implications of the hypermethylation of the two loci.
Therefore, based on the transcriptomic data of fEOAD
patients, in this study, we present the genetic networks
for hypermethylated KLF14 and TRIM59 with their down-
stream signaling pathways, potentially relevant in the
pathology of Alzheimer’s disease.

2. Materials and Methods

2.1. Ethics. The local Ethics Committee of the Department of
Neurology of the Central Clinical Hospital of the Ministry of
Interior in Warsaw approved the protocol of the acquisition
of skin biopsies and blood samples (decision number 31/
2013). A written informed consent for the study and for a
publication was obtained from patients (or their legal repre-
sentatives) and controls, according to the Declaration of
Helsinki (BMJ 1991; 302:1194). The study was approved in
compliance with the national legislation and the Code of
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Ethical Principles for Medical Research Involving Human
Subjects of the World Medical Association and at the Insti-
tute of Cardiology in Warsaw (decision number IK-NP-
0021-79/1396/13).

2.2. Patient Cell Lines. Primary fibroblast cell lines were
derived from six fEOAD patients and sixteen healthy, age-
and sex-matched donors and used for whole transcriptome
profiling (Table 1) as described before [18].

For DNA methylation studies, peripheral blood collected
in EDTA containing tubes from 31 fEOAD patients and
57 healthy controls was used. The healthy control group
was matched to the fEOAD patients using criteria of mean
age and age distribution as confirmed using nonparametric
Kolmogorov-Smirnov test (Table 2). The study group of
31 fEOAD patients used for blood DNA methylation stud-
ies included the same six fEOAD patients that were used
for transcriptomic profiling of the fibroblast lines as
described above.

2.3. RNA Isolation, cDNA Library Preparation, and RNA
Sequencing. RNA was extracted and prepared for sequencing
as described before [18]. Briefly, total RNA was isolated from
fibroblast using RNeasy Mini Kit (Qiagen) according to the
manufacturer’s protocol. RNA quantity and quality were
estimated on Qubit 2.0 using RNA BRAssay Kit and on Bioa-
nalyzer 2100 (Agilent) using RNA 6000 Pico Kit, respec-
tively. RNA samples with integrity number (RIN)≥ 8 were
converted to cDNA libraries using TruSeq Stranded Total
RNA with Ribo-Zero kit (Illumina) according to the manu-
facturer’s protocol and paired-end sequenced 2× 76 bp on a
HiSeq2500 Illumina platform. At least 20M reads per sample
were obtained with mean quality score (≥Q30) >94%. The
sequencing data were converted to FASTQ format.

2.4. Bioinformatic Analysis. FASTQ files were subjected to
trimming and rRNA removal and were mapped with the
STAR splice junction mapper as described before [18]. The
mapped reads were counted using Subread tool [32], and
the FPKM (fragments per kilobase of exon per million frag-
ments mapped) normalization method was used to quantify
transcript expression [33]. Genes differentially expressed
between fEOAD patients and controls were identified using
edgeR software in R Bioconductor environment [34]. Cuffdiff
was used to determine differential usage of promoters, differ-
ential transcription starting sites (TSS), and differential splic-
ing [35]. Transcripts found to be differentially expressed
(fold change≥ 2, FDR≤ 5%, p value≤ 0.01) were summarized
in heatmaps, volcano plots, MA plots, and dispersion plots
and were subjected to principal component analysis
(PCA). Differentially expressed genes were analyzed func-
tionally by Ingenuity Pathway Analysis (IPA) software
(http://www.ingenuity.com) and Reactome tools (http://
www.reactome.org). The significant canonical pathways were
filtered according to IPA algorithms and −log (p value) at cut-
off=1.3, calculated by right-tailed Fisher’s exact test. z score
was calculated according to the IPA algorithm.

2.5. DNA Methylation and Statistics. Total DNA was
extracted from blood samples using a standard salting out

procedure. Five CpG sites in ELOVL2, C1ORF132, KLF14,
TRIM59, and FHL2 were analyzed using pyrosequencing. 1-
2μg of DNA was subjected to bisulfite conversion using the
EpiTect 96 bisulfite conversion kit (Qiagen, Hilden, Ger-
many) and was determined using previously applied PCR,
and sequencing protocols were used to measure the DNA
methylation status of the studied cytosines of interest [36].
DNA methylation percentage measured for five age-related
CpG sites in gene promoter regions (ELOVL2_C7 chr6:
11044634, C1orf132_C1 chr1: 207823681, TRIM59_C7
chr3: 160450199, KLF14_C1 chr7: 130734355, and FHL2_C2
chr2: 105399288) was compared between patients and con-
trols using independent sample Student’s t-test.

3. Results and Discussion

Previously implemented analysis of DNA methylation of five
age-associated genes revealed hypermethylation in the pro-
moter regions of TRIM59 at C7 and KLF14 at C1 in fEOAD
patients compared to healthy controls [31, 36]. In this report,
we tested whether the indicated genetic status of KLF14 and
TRIM59 could correlate with the transcriptomic profile of
fEOAD patients and on which downstream processes may
have an impact. For this purpose, whole transcriptome data
from fibroblast cell lines were tested for differential gene
expression (DGE) using edgeR, differential usage of tran-
scription starting sites (TSS), and splicing using Cufflinks.
The analysis revealed 2654 differentially expressed genes,
571 TSS, 23 promoters, 22 splicing, and 231 isoforms, listed
in Supplementary Table 1. Further functional in silico analy-
sis of DGE showed wide-range disturbances in cell cycle
checkpoints and DDR pathways in fEOAD patients, which
were confirmed in our previous report at biochemical and
molecular biology levels in fEOAD patient-derived fibro-
blasts and neuronal cell lines [18]. At this point, it is worth
emphasizing that by using various tissues from the same
group of fEOAD patients, we were able to indicate common
biological processes extracted in transcriptomic data and
related to the found hypermethylated genes. This use of

Table 1: Characteristics of the tested groups used for RNA-seq.

Tested groups N
Mean age

± SD
Min
age

Max
age

Male
(%)

Healthy
controls

16 41.1± 20.2 41 81 50

fEOAD patients 6 47± 10.7 31 67 50

Table 2: Characteristics of the tested groups used for methylation
studies.

Tested groups N
Mean age

± SD
Min
age

Max
age

Male
(%)

Healthy
controls

57 46.44± 10.5 28 66 63.2

fEOAD patients 31 44.2± 10.2 31 68 48.4
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KLF14
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Figure 1: Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) networks for TRIM59 and KLF14. Based on “evidence type of
interaction comparison” applied in STRING, we extracted the dataset of 2718 genes/proteins in the functional network of TRIM59 (a) and the
dataset of 2004 genes/proteins in the functional network of KLF14 (b).
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Figure 2: Differential gene expression analysis in TRIM59 and KLF14. The KLF14 and TRIM59 networks contained 21 differentially
expressed genes each and were visualized on the heatmaps (a, b) and volcano plots (c, d). Multidimensional scaling analysis of the
networks revealed high level of specificity of individual genes in the two compared datasets of fEOAD and controls, which is highlighted
in red and black circles on the graphs (e, f).
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various tissues strengthens the obtained biological conclu-
sions, which may indicate a more general mechanism of dis-
ease and therefore a marker, rather than only tissue specific.
On the other hand, we are aware of the limitations of these
studies and the need to investigate whether aberrant methyl-
ation of KLF14 and TRIM59 occurs in AD neurons. It is
worth noting that one of the guidelines in AD research is to
identify markers from the readily available tissue, that is,
blood, to predict pathological mechanisms in the brain tissue,
access to which is difficult during the patient’s lifetime.

The top altered biological processes based on tran-
scriptome profile were related to “Control of Chromosomal
Replication,” “Role of CHK Proteins in Cell Cycle Checkpoint,”
“Mitotic Roles of Polo-Like Kinase Signaling,” “Role of BRCA1
in DNA Damage Response,” “ATM Signaling,” “G2/M DNA
Damage Checkpoint Regulation,” “Estrogen-Mediated S-
Phase Entry,” “BRCA1 Cancer Signaling,” “DNA Damage-
Induced 14-3-3σ Signaling,” “DNA Double-Strand Break
Repair by Homologous Recombination,” and “Cyclins and Cell
Cycle Regulation.” Importantly, the top enriched biological
processes assigned to differentially expressed TSS were
related to similar clusters, including “Cell Cycle Control of
Chromosomal Replication,” “G2/M DNA Damage Checkpoint

Regulation,” “Role of BRCA1 in DNA Damage Response,”
and “Protein Ubiquitination Pathway,” as well as signifi-
cantly enriched “Major and Minor mRNA Splicing.”Discrep-
ancies at the start of transcription in the abovementioned
processes suggest that epigenetic modifications affect the
found TSS themselves.

Thus, we further assessed the correlation between the
methylation status of age-related genes, KLF14 and TRIM59,
and the whole transcriptome profile of fEOAD patient cell
lines. We asked whether the hypermethylation of KLF14
and TRIM59 influences biological processes crucial for the
development of the fEOAD phenotype. For that, we gener-
ated functional genetic networks of TRIM59 and KLF14
using the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) biological database. Based on “evi-
dence type of interaction comparison” applied in STRING, we
extracted 2718 genes/proteins in the functional network of
TRIM59 and 2004 genes/proteins in the functional network
of KLF14 (Figures 1(a) and 1(b)). Both networks contained
21 differentially expressed genes found in fEOAD transcrip-
tomes, as visualized in the heatmap (Figures 2a and 2(b))
and volcano plots (Figures 2(c) and 2(d)). Multidimensional
scaling analysis of these networks confirmed high level of

14-3-3𝜌

UV

Short telomeres

MDM4

TRIP12

1.554
5.960E – 3
4.389E – 2

MDM4
MDM2

p53

CKS1

Cytoplasmic sequestration
of Cdc2 and cyclin B

Prediction legend
More extreme Less

Upregulated
Downregulated

More confidence Less
Predicted activation
Predicted inhibition

Predicted relationships
Leads to activation
Leads to inhibition
Effect not predicted

HIPK2

p19Arf

Nuclear sequestration and
stabilizationof p53

p19Arf

MDM2

p53
p300

PCAP

TOP2 14-3-3𝜌

14-3-3𝜌

RPRM p21
CIP1 GADD45 CDK7 Myt1

EP300/
PCAF p90RSK

CDC2

cyclin B
CDC2

cyclin B

CKS1

CKS1

WEE1

SCF

AURKA

CDC25B/CPLK1

BORA

BRCA1

5.243
6.359E – 9
2.575E – 7

BRCA15.243
6.359E – 9
2.575E – 7

PPM1D

CHEK2

DNA-PK
1.476

9.695E – 3
4.389E – 2

c-ABL

P

ATM/
ATR

CHEK1
3.327

1.088E – 6
2.938E – 5

ATM

P

MDM4

MDM2

CDC25B/C

14-3-,3 (𝛽, 𝜀, 𝜁)

Nuclear export
of CDC25

−1.564
7.548E – 3
4.703E – 2

197.018
1.158E – 4
1.563E – 3

14-3-,3 (𝛽, 𝜀, 𝜁)

Figure 3: DNA damage stress response in the TRIM59 network. The pathway with upregulated or downregulated components has been
extracted using Ingenuity Pathway Analysis (IPA), and the activation or inhibition of mutual relationships between the components was
predicted by IPA algorithms.

6 Oxidative Medicine and Cellular Longevity



specificity of individual genes in the two compared datasets
of fEOAD and controls, as highlighted by the circles on the
graphs (Figures 2(e) and 2(f)). The differentially expressed
genes of the TRIM59 and KLF14 networks (Supplementary
Table 1) were subjected to the functional analysis using IPA
and Reactome. This analysis revealed that the DEGs of the
TRIM59 network were enriched in signaling pathways
related to the cell cycle and DDR disturbances similar to
those described above, while the KLF14 network was
enriched in biological processes connected with the regula-
tion of gene expression, including chromatin organization,
mRNA processing, splicing, maintenance of mRNA stability,
and mRNA decay (Supplementary Table 2).

Overall, the TRIM59 network consisted of several key
players of the cell cycle regulation (cyclin B1, cyclin-
dependent kinase 2, and cyclin D1), proapoptotic signaling
(BCL2-like 1), DNA damage response (BRCA1 and check-
point kinase 1 (Chk1)), and proteasomal ubiquitination sys-
tem (ubiquitin-conjugating enzyme E2N, proteasome 26S
subunit, non-ATPase 2 and 14, and BRCA1). This is in agree-
ment with our latest functional study showing molecular
mechanisms of cell death in fEOAD fibroblasts and neurons
with an underlying role of overactive and subcellularly mislo-
calized BRCA1 in both abnormal DNA damage response and
improper turnover of presenilin 1, the key protein in amyloid

pathology in AD [18]. Remarkably and consistently with our
data, it has been recently suggested that the observed hypo-
methylation of BRCA1 in AD brains might adversely affect
BRCA1 functions, leading among others to its upregulation
and cytosolic relocation in AD brain [17]. Presented in this
report, the TRIM59 network was enriched in abnormally
activated elements of the cell cycle checkpoint and the DDR
process with the leading role of BRCA1 (Figure 3). The
altered methylation of TRIM59 could influence the content
and functions of DDR elements, including BRCA1.

Asmentioned,we found that theKLF14network consisted
of a number of the key epigenetic regulatory proteins, includ-
ing DNA (cytosine-5-)-methyltransferase 1 (DNMT1), DNA
(cytosine-5-)-methyltransferase 3 beta (DNMT3b), Sin3A-
associated protein (SAP3A), histone deacetylase 7 (HDAC7),
histone deacetylase 4 (HDAC4), and components of exo-
somes involved in the transport of microRNAs. The com-
position of the KLF14 network suggested its contribution
to modifications of the gene architecture and gene expression
machinery. Thus, KLF14 hypermethylation could drive the
dysregulations in the cell cycle and DNA damage and repair
downstream TRIM59, as discussed below.

TRIM59 and KLF14 networks revealed a different enrich-
ment in the biological pathways. The network of hyper-
methylated KLF14 in fEOAD patients was distinguished by
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Figure 4: DNAmethylation and transcriptional repression signaling in the KLF14 network. The pathway with upregulated or downregulated
components has been extracted using Ingenuity Pathway Analysis (IPA), and the activation or inhibition of mutual relationships between the
components was predicted by IPA algorithms.
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the processes responsible for epigenetic regulation of gene
expression, including chromatin organization and modifica-
tions, maintenance of mRNA stability, and mRNA decay, as
well as regulation of mRNA splicing. Hypermethylated
KLF14-driven destabilization in the machinery responsible
for the maintenance of genome architecture was in agree-
ment with differential usage of TSS and differential mRNA
splicing estimated by Cufflinks with a Cuffdiff mode in
fEOAD transcriptomes. According to the Reactome-based
enrichment analysis, the differential usage of TSS in fEOAD
was assigned to altered major and minor pathways of the
mRNA splicing. These data suggest that hypermethylation
of KLF14 could affect the chromatin architecture and gene

expression pattern in Alzheimer’s disease. In addition, we
found that the network of hypermethylated KLF14 was
enriched in signaling pathways regulating DNA methylation
and transcription repression (Figure 4). Recently, it has been
reported that KLF14 associates with H3K9me3 histone marks
and with the corresponding histone methyltransferase com-
plex, contributing to the reshaping of T cell fate by influenc-
ing their differentiation program [37]. Moreover, the KLF
family was found to be involved in the transcriptional mod-
ulation of neuronal genes, for example, dopamine D2 recep-
tor [38]. On the other hand, KLF14 reduction was reported to
be responsible for an abnormal centrosomal amplification
and aneuploidy [39]. This suggests that KLF14 could be
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involved in modulation of gene expression in neurons, lead-
ing to neuronal cell cycle reentry and an abnormal DNA
damage response under pathological conditions in Alzhei-
mer’s disease [40].

Opposite to KLF14, the network of hypermethylated
TRIM59 in fEOAD patients was enriched in the processes
related to cell cycle regulation, including cell cycle phase
checkpoint regulation (mainly G2/M) and p53-dependent
regulation of transcription of DNA repair genes as well as
ubiquitin-dependent degradation of cyclins. These data sug-
gested separated mechanisms between KLF14 and TRIM59
hypermethylation in AD, despite the fact that both may
potentially contribute to the accelerated pathological aging.
The networks could cooperatively lead to a loss of genome
integrity and cell death, and KLF14 could play an overriding
role and provide an upstream mechanism in this process.
Furthermore, TRIM59 which encodes an ubiquitin ligase
might be involved in the affected proteostasis in the neurode-
generation process, for instance, by contributing to the accu-
mulation of the neurofilament light chain, similar to TRIM2
[41]. In turn, other data suggested a proapoptotic coopera-
tion of p53 and TRIM59, where upregulation of TRIM59
resulted in ubiquitination and degradation of p53 [42]. Con-
sistently, our studies suggested that hypermethylation-driven
inhibition of TRIM59 expression in fEOAD could indeed cor-
respond to the increased activation of p53 observed in fibro-
blasts and neurons [18]. This conclusion is based both on
the in silico bioinformatic analyses with IPA and Reactome
tools performed for the given RNA-seq dataset (Figure 5); it
is supported by the observed increase in the level of p53 pro-
tein phosphorylated at Ser15, especially upon DNA damage
induction [18]. Our results suggest that hypermethylation of
TRIM59 might play a role in proapoptotic signaling in AD
mediated by p53. In addition to p53, the majority of altered
canonical pathways in the TRIM59 network were related to
DDR that was shown by RNA-seq-based IPA prediction of
the destabilization of the ATM-Chk1-BRCA1-p53 axis,
with upregulation of BRCA1 and Chk1 in fEOAD patients
(Figure 3), which is in agreement with our other data val-
idating these predictions at protein levels [18]. Impor-
tantly, the p53 transcription factor is a key regulator of
senescence via different mechanisms, including nuclear
lamin defects that activate p53 and induce expression of the
target genes of p53 [43], induction of DDR and telomere
shortening, or posttranslational regulation of p53-mediated
DDR [44]. Based on the above, we suggest that TRIM59
and the methylation status of its promoter region could
constitute a molecular switch between biological and patho-
logical aging via the p53 pathway.

4. Conclusion

Overall, the hypermethylation pattern of the promoter
regions of TRIM59 and KLF14 in fEOAD patients might
contribute to genetic instability in fEOAD patients. To elim-
inate any limitations rising from tissue differences, hyperme-
thylation of TRIM59 and KLF14 should be tested in the
future in neurons derived from patients with fEOAD. Never-
theless, our data obtained for different tissues provide the

view that the DNA methylation pattern in promoters of
KLF14 and TRIM59 in blood can be used not only as a pre-
dictor of age but also as a marker of specific molecular patho-
mechanisms present in AD neuronal cells, an example of
which is abnormal signaling of DNA damage. Summarizing,
based on the above, our results suggest that hypermethyla-
tion of KLF14 and TRIM59 might contribute to cell death
and progression of Alzheimer’s disease accompanied by
accelerated and premature aging.
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Supplementary Materials

Supplementary 1. Table 1: analysis of differentially expressed
genes (DEGs) of six familial early-onset Alzheimer’s disease
patients with PSEN1 mutations versus sixteen neuropsycho-
logical healthy age- and sex-matched controls. RNA was
isolated from established fibroblast cell lines and sequenced
as described in Materials and Methods. DGE analysis
performed by edgeR software revealed 2654 DEGs (“EDGE-
R_biotype 8EOADv.16CTRL”_excel sheet), 21 DEGs exclu-
sive for the KLF14 network (“KLF14_edger_biotype”_excel
sheet), and 21 DEGs unique for the TRIM59 network
(“TRIM59_edger_biotype”_excel sheet), and analysis per-
formed with Cufflinks revealed 571 transcription starting
sites (“TSS”_excel sheet), 23 promoters (“PROMOTER-
S”_excel sheet), 22 splicing (“SPLICING”_excel sheet), and
231 isoforms (“ISOFORMS”_excel sheet).

Supplementary 2. Table 2: enrichment of canonical signaling
pathways in familial early-onset Alzheimer’s disease patients
compared with controls. KLF14 and TRIM59 DEG datasets
from Supplementary Table 1 were subjected to functional
enrichment analysis with IPA (“KLF14_IPA”_sheet and
“TRIM59_IPA”_sheet) revealing lists of canonical pathways,
upstream regulator, diseases and biofunctions, Tox func-
tions, and regulator effects. The −log of p value was calculated
by right-tailed Fisher’s exact test, and the cutoff of 1.3 was
applied, meaning that pathways with a p value equal to or
lower than 0.05 are displayed. The z score≤ 1 identified
functions with the strongest predictions for a drop of
the activity of the tested signaling pathway and z score≥ 1
identified functions with the strongest predictions for an
increase in the activity of the tested signaling pathway. The
enrichment analysis was also performed with the Reactome
online tool (“KLF14_REACTOME” and “TRIM59_REAC-
TOME”_sheet), sorted by “Entities pValue” with statistical
significance at p ≤ 0 05 level, revealing that the TRIM59 net-
work was enriched in signaling pathways related to the cell
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cycle and DDR disturbances, while the KLF14 network was
enriched in biological processes related to the regulation of
gene expression, chromatin organization, mRNA processing,
splicing, maintenance of mRNA stability, and mRNA decay.
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Statins are 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors, and this class of drugs has been studied as
protective agents against DNA damages. Alkylating agents (AAs) are able to induce alkylation in macromolecules, causing DNA
damage, as DNA methylation. Our objective was to evaluate atorvastatin (AVA) antimutagenic, cytoprotective, and
antigenotoxic potentials against DNA lesions caused by AA. AVA chemopreventive ability was evaluated using antimutagenicity
assays (Salmonella/microsome assay), cytotoxicity, cell cycle, and genotoxicity assays in HepG2 cells. The cells were cotreated
with AVA and the AA methyl methanesulfonate (MMS) or cyclophosphamide (CPA). Our datum showed that AVA reduces the
alkylation-mediated DNA damage in different in vitro experimental models. Cytoprotection of AVA at low doses (0.1–1.0 μM)
was observed after 24 h of cotreatment with MMS or CPA at their LC50, causing an increase in HepG2 survival rates. After all,
AVA at 10 μM and 25μM had decreased effect in micronucleus formation in HepG2 cells and restored cell cycle alterations
induced by MMS and CPA. This study supports the hypothesis that statins can be chemopreventive agents, acting as
antimutagenic, antigenotoxic, and cytoprotective components, specifically against alkylating agents of DNA.

1. Introduction

Alkylating agents (AAs), at the widest sense, are compounds
able to substitute a hydrogen atom in other molecules by an
alkyl radical, involving electrophilic attack by the AA. The
definition is extended to the reactions involving addition of
the radical to a molecule containing an atom in a lower
valence state, as the sulfonates [1]. These agents that induce
DNA methylation can act through covalent modification of
DNA to generate mismatching base derivatives and lesions
that interrupts genetic replication [2].

Statins are drugs largely used to inhibit cholesterol
synthesis by blockage of HMG-CoA reductase [3]. Statin

pleiotropic effects are the nonhypocholesterolemic-related
new roles that this class of drugs presents [4]. In eukary-
otic cells, the antineoplastic effect of statins occurs by
suppression of mevalonate biosynthesis, a precursor of
important isoprenoid intermediates which are added dur-
ing posttranslational modification of a variety of proteins
such as subunits Ras and Rho of small G protein [5]. These
modifications in Rho GTPases can induce actin cytoarchi-
tectonic rearrangement by reducing the focal adhesion
regions, stress fiber formation, and cell pseudopod emis-
sion, disfavoring cellular migration and phagocytosis
[6]. In this sense, our intent was to observe possible
chemopreventive effects of the compounds on different
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biological models exposed to chemical injury induced
by AA.

2. Materials and Methods

2.1. Compounds. For antimutagenesis and cytoprotection
assays, AVA (CAS #134523-00-5) and the AA (methyl
methanesulfonate (MMS; CAS #66-27-3), cyclophosphamide
(CPA; CAS #50-18-0)) stock solutions were prepared in
dimethyl sulfoxide (DMSO) with the final concentrations of
the solvent never exceeding 1.0%, which did not exert any
toxicity (data not shown), and aliquots were stored at −20°C.

2.2. Scavenging of 2,2-Diphenyl-1-picrylhydrazyl (DPPH)
Assay. The free radical scavenging activity was measured by
following microplate procedures as previously described
[7]. One hundred microliters of the sample dilutions with five
concentration levels (varying from 0 to 2000μM in DMSO)
was added to two identical groups of wells in a 96-well micro-
plate. The same volume of 0.1mM DPPH-methanol solution
was added to each well of one group (samples), and methanol
(100mL) was added to the other group (blanks). The control
was prepared by mixing the DPPH-methanol solution with
the sample solvent or butylated hydroxytoluene (BHT). The
solutions were mixed thoroughly, covered, and allowed to
react in the dark at room temperature for 40min. The absor-
bance was measured at 517 nm using a microplate reader
(Quant, BioTek Instruments Inc.), and the scavenging activ-
ity was calculated from the absorbance values according to
the following equation: % scavenging = (control sample)/
(control blank)× 100%. The antioxidant properties of the
samples were expressed as half the maximal effective concen-
trations (EC50) obtained by interpolation from the linear
regression analysis. BHT was used as the positive control.

2.3. Biological Models

2.3.1. Bacteria. Salmonella enterica serovar typhimurium (S.
typhimurium) strains TA100, TA1535, TA104, and TA102
from the authors’ laboratory stock were used as described
by Maron and Ames [8] in the antimutagenicity assay.

2.3.2. Cell Culture. Human hepatocellular carcinoma cells
(HepG2) obtained from the American Type Culture Collec-
tion (Manassas, VA) were cultured in a minimum Eagle’s
medium (MEM, Gibco®, USA) containing 10% fetal bovine
serum (FBS) plus 100μg/mL streptomycin and 100μg/mL
penicillin at 37°C in a 5% CO2 atmosphere. Logarithmic-
phase cells were used in all the experiments [9].

2.4. Antimutagenicity in a Bacterial Model. We carried out
the coexposure protocol of the antimutagenicity assay to
investigate the potential of the compound to protect against
alkylation-mediated genetic mutation in S. typhimurium
TA100, TA102, TA104, and TA1535 strains according to
Ajith and Soja [10]. The test proceeded both in the absence
and presence of a metabolic activation system (4% S9 mix,
Aroclor preinduced, from MOLTOX Inc., USA). DMSO 1%
served as the negative control. For the assays without meta-
bolic activation, 0.5mL of a 0.1mol/L sodium phosphate

buffer (pH7.4) was added, and for the assays in the presence
of metabolic activation, 0.5mL of S9 mix was mixed with a
0.1mL culture medium (2 × 108 cells/mL) plus 0.1mL of
AVA solutions (0–1000μM) and 0.1mLMMS (100μg/plate)
in the absence of metabolic activation and CPA (100μg/
plate) in metabolic active conditions. The mixtures were
incubated in a shaker at 37°C (preincubation) under light
protection. After a total of 60min of cotreatment, the mix-
tures were added to and mixed with 2mL top agar containing
0.05mmol/L L-histidine and D-biotin for the S. typhimurium
strains. Each of these was then spread on a minimal glucose
agar (1.5% agar, Vogel-Bonner medium E, containing 2%
glucose) plate. After the top agar solidified, the plates were
incubated at 37°C for 60–72h. Each tester strain was assayed
in triplicate and repeated at least twice, and the number of
revertant colonies was counted for each tester strain and
treatment group [11]. The counts of revertant colonies were
obtained to build a dose-response curve and calculate the
percentage of reduction. Statistical differences between the
groups were analyzed by a one-way ANOVA (p < 0 05) and
Tukey’s post hoc test.

When we did not detect a significant reduction in cotreat-
ment, we carried out the pretreatment and posttreatment
protocols, according to our previous study [12]. In the pre-
treatment protocol, the bacterial suspensions were incubated
in a buffer or S9 mix with AVA for 30 minutes. After this
period, the mutagen (MMS in −S9 condition and CPA in
+S9 condition) was added and the mixtures were incubated
for 30 minutes. The posttreatment protocol consisted in the
incubation of the bacterial suspension with the mutagen for
30 minutes, and after the addition of AVA, the mixtures were
incubated for 30 minutes more. The % of reduction was
determined by linear regression considering 0% the back-
ground count and 100% the group exposed only to MMS or
CPA.

To determine the cytotoxic effect, after 60min incuba-
tion, the assay mixtures were diluted in 0.9% NaCl (w/v) to
obtain a suspension containing 2 × 102 cells/mL. A suitable
aliquot (100μL) of this suspension was plated on nutrient
agar (0.8% bacto nutrient broth (Difco), 0.5% NaCl, and
1.5% agar). The plates were then incubated at 37°C for 24 h,
and the colony-forming units (CFU) were counted to obtain
the percentage of survival. All the experiments were done in
triplicate and were repeated at least twice. Statistical differ-
ences between the groups were analyzed by a one-way
ANOVA (p < 0 05) and Tukey’s post hoc test [12].

2.5. Cytoprotective Assay of HepG2 Cells. Fresh HepG2 cells
were seeded at a density of 1× 105/well. The water-
soluble tetrazolium salt assay (WST-1) (4-[3-(4-iodophe-
nyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disul-
fonate) (Roche Co., South San Francisco, CA) was used
to determine the number of viable cells after 24 h of expo-
sure to AVA and the AAs (0 to 1000μM. Briefly, after
treatment, the culture medium was replaced by a 90μL
fresh culture medium and a 10μL WST-1 reagent and
incubated at 37°C and 5% CO2 for 2 h. The absorbance
was then measured at 440nm according to the kit protocol
and according to Ferraz et al. [13]. The intensity of the
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yellow color in the negative control (DMSO 1%) wells was
designated as 100% viability, and all further comparisons
were based upon this reference level to determine the
lethal concentration (LC50) to 50% of cultured cells.

After the determination of LC50 of AVA,MMS, and CPA,
fresh HepG2 cells were seeded at a density of 1× 105/well and
were coincubatedwith eachAAat its LC50 andAVA(from0 to
100μM) for its cytoprotective capacity evaluation. After 24 h
of coexposure, the culture medium was replaced by a 90μL
fresh culture medium and 10μL WST-1 and incubated at
37°C and 5% CO2 for 2 h. The absorbance was then measured
following the protocol as described before. The survival rates
were determined in comparison to the negative control. Statis-
tical differences between the groups were analyzed by a one-
way ANOVA (p < 0 05 to <0.001) and Tukey’s post hoc test.

2.6. Micronuclei in HepG2 Cells. The HepG2 cells were
seeded at a density of 1× 105/mL into 24-well plates (1mL/
well). The CPA at 60μM or MMS at 0.5μMwas coincubated
with AVA at 10μM and 25μM or incubated alone for 6 h or
24 h. DMSO 1% was used as the negative control. After expo-
sure to the compounds, the cells were incubated for 24 h
more and the cytogenetic studies were carried out in tripli-
cate and N = 3 [14]. In order to determine the mitotic index
and the number of cells with micronuclei, the medium was
replaced by a cold methanol-glacial acetic acid (3 : 1) fixative
for 30min and the cells were then rinsed with distilled water
for 2min and air dried. The fixed cells were stained with 4,6-
diamidino-2-phenylindole (DAPI) (0.2 pg/mL), dissolved in
a McIlvaine buffer (0.1M citric acid plus 0.2M Na2HPO4,
pH7.0) for 60min, washed with a McIlvaine buffer for
5min, briefly rinsed with ddH2O, and mounted in glycerol.
To determine the mitotic index and the number of cells with
micronuclei, 2000 cells per well (6000 cells per concentra-
tion) were analyzed using fluorescence microscopy (Reichert
Univar) with an excitation wavelength of 350nm. The results
for micronuclei were presented as the percentage of cells con-
taining micronuclei in 6000 cells/concentration. Statistical
differences between the groups were analyzed by a one-way
ANOVA (p < 0 01) and Tukey’s post hoc test.

2.7. Flow Cytometry Cell Cycle Analysis. The cells (1× 105)
were washed in PBS solution and centrifuged at 400×g for
5min, and after, the cells were suspended in DNA staining
solution (0.3% Triton X-100 and 50μg/mL propidium iodide
(PI) in a 43mM citrate buffer), as previously described. After
45 minutes of treatment with 50μg/mL ribonuclease A
(Sigma, EUA), the PI fluorescence was determined (10,000
events per sample) in a Gallios flow cytometer (Beckman
Coulter, USA). Data were analyzed by the Summit v4.3 soft-
ware. The experiments were done at least three times, and
statistical analysis was performed by one-way ANOVA
followed by a Tukey’s post hoc test [15].

3. Results

3.1. DPPH Assay. After incubation with DPPH+, AVA was
capable to exert DPPH free radicals scavenging dose-
dependently (Figure 1). AVA obtained an EC50 = 274 ± 3 μ

M and showed itself to be a good direct antioxidant, with
similar results to the positive control, even though BHT’s
EC50 was lower (83 ± 2 μM).

3.2. Antimutagenicity in a Bacterial Model. In the antimuta-
genicity evaluation using a bacterial model, AVA presented
no cytotoxic effect to S. enterica serovar typhimurium-tested
strains, both in the presence and absence of exogenous
metabolic activation (data not shown).

After the cotreatment with alkylating agents, AVA pre-
sented dose-dependent antimutagenic effects against MMS-
directed DNA damage for TA104 (32.3% and 55.7% of
reduction at 200μM and 1000μM, resp.), TA102 (29% and
41.2% of reduction at 200μM and 1000μM) (Table 1), and
TA1535 (from 45.7% to 91.3% of reduction in all the tested
concentrations) (Table 2). AVA also presented antimuta-
genicity against CYP metabolism-dependent DNA injury
caused by CPA for TA104 (25%, 29%, and 41% of reduction,
respectively, at 100μM, 200μM, and 1000μM), TA102 (30%
of reduction at 1000μM) (Table 1), and TA1535 (30.6% and
42.2% of reduction at 200μM and 1000μM, resp.) (Table 2).
At last, AVA did not protect TA100 (Table 2) against MMS
nor CPA mutagenicity.

Due to this lack of chemopreventive effects just on
TA100, we carried out pretreatment and posttreatment pro-
tocols using this strain (Table 3). AVA exerted antimutagenic
activity to TA100 on all of the pretreated concentrations both
in the presence and absence of metabolic conditions, present-
ing the highest percentages of reduction of revertants. Not-
withstanding, posttreatments with AVA concentrations
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Figure 1: Atorvastatin (AVA) direct antioxidant activity by a
DPPH+ scavenging model. After 50 minutes of incubation with
DPPH+ free radicals, AVA scavenging potential was measured by
spectrophotometry at 517 nm. A clear Q-curve (R2 = 0 9733) can
be evidenced, representing a dose-response phenomenon, and
AVA’s EC50 was 274 ± 3μM. Butylated hydroxytoluene (BHT)
was used as an antioxidant (positive control) and presented as R2

= 0 9712 and EC50 = 83 ± 2μM. The experiments were done in
triplicate and repeated 3 times (n = 3).
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were not able to reduce the DNA injuries caused directly by
MMS or those related to the metabolism of CPA.

3.3. Cytoprotection of HepG2 Cells. The hepatotoxicity of the
compounds using HepG2 cells at 24 h of exposure is pre-
sented in Table 4. AVA showed LC50 > 1000 μM. The AA
presented different grades of hepatotoxicity. CPA’s LC50
was 98 71 ± 11 50μM. MMS was more hepatotoxic, present-
ing LC50 = 18 67 ± 6 67 μM. Using the alkylating agent
concentrations around the LC50 to evaluate the AVA cyto-
protective effects, which means that there is the potential
to reduce cell death induced by the DNA AA in our specific
case, it is possible to observe that AVA induced a significant
protection in hepatic cells coexposed to MMS at 1.0 and

10.0μM (Figure 2(a)). The same effect was observed against
CPA (Figure 2(b)) from 0.1 to 10.0μM.

3.4. Micronuclei in HepG2 Cells. Figure 3 shows the micronu-
cleated HepG2 cell counts of coexposure to AVA and
10.0μM MMS after 6 h (Figure 3(a)) and 24 h (Figure 3(b)).
After exposure to MMS, it is possible to observe a significant
decrease in micronucleus formation in coincubated cells to
AVA at 6 and 24h, from 6-7 fold (in only MMS-exposed
cells) to 3-4 fold and 1-2 fold in comparison to the negative
control at 10.0μM or 25.0μM, respectively. After 6 h
(Figure 3(c)) and 24 h (Figure 3(d)) of coexposure to
60.0μM CPA, AVA showed the same behavior, decreasing

Table 1: Effects of atorvastatin after cotreatment with alkylating agents on Salmonella enterica typhimurium strains TA104 and TA102.

Atorvastatin
(μM)

Coincubation
TA104 TA102

His+ MI % reduction His+ MI % reduction

— −S9 DMSO 1% 400 ± 31 1.00 — 250 ± 31 1.00 —

0 −S9

MMS
(100 μM)

897 ± 55 2.24 0.00 578 ± 55 2.31 0.00

20 −S9 801 ± 32 2.00 19.36 525 ± 32 2.10 16.03

100 −S9 776 ± 64 1.94 24.19 515 ± 64 2.06 19.08

200 −S9 736 ± 91 1.84 32.26∗ 483 ± 91 1.93 29.01∗

1000 −S9 620 ± 28 1.55 55.65∗ 443 ± 28 1.77 41.22∗

— +S9 DMSO 1% 455 ± 41 1.00 — 280 ± 41 1.00 —

0 +S9

CPA
(150 μM)

1092 ± 85 2.40 0.00 588 ± 85 2.1 0.00

20 +S9 969 ± 54 2.13 19.29 566 ± 54 2.02 7.27

100 +S9 933 ± 38 2.05 25.00∗ 560 ± 38 2.00 9.09

200 +S9 905 ± 42 1.99 29.29∗ 543 ± 42 1.94 14.55

1000 +S9 829 ± 11 1.82 41.43∗ 496 ± 11 1.77 30.00∗

MMS: methyl methanesulfonate; CPA: cyclophosphamide;His+: revertant colonies; MI: mutagenicity index. ∗p < 0 01 versus only MMS or only CPA (one-way
ANOVA followed by a Dunnett’s post hoc test).

Table 2: Effects of atorvastatin after cotreatment with alkylating agents on Salmonella enterica typhimurium strains TA1535 and TA100.

Atorvastatin
(μM)

Cotreatment
TA1535 TA100

His+ MI % reduction His+ MI % reduction

— −S9 DMSO 1% 25 ± 2 1.00 — 100 ± 5 1.00 —

0 −S9

MMS
(100 μM)

71 ± 5 2.84 0.00 212 ± 11 2.14 0.00

20 −S9 50 ± 4 2.00 45.65∗ 204 ± 18 2.04 7.14

100 −S9 40 ± 5 1.60 67.39∗ 198 ± 22 1.98 12.5

200 −S9 31 ± 2 1.24 86.95∗ 190 ± 13 1.90 19.64

1000 −S9 29 ± 3 1.16 91.30∗ 186 ± 14 1.86 23.21

— +S9 DMSO 1% 20 ± 3 1.00 — 112 ± 9 1.00 —

0 +S9

CPA
(150 μM)

56 ± 6 2.80 0.00 239 ± 30 2.13 0.00

20 +S9 53 ± 3 2.63 9.44 235 ± 22 2.10 2.65

100 +S9 52 ± 7 2.60 11.11 230 ± 31 2.06 6.19

200 +S9 45 ± 4 2.25 30.56∗ 224 ± 15 2.00 11.50

1000 +S9 41 ± 8 2.04 42.22∗ 216 ± 25 1.93 17.70

MMS: methyl methanesulfonate; CPA: cyclophosphamide;His+: revertant colonies; MI: mutagenicity index. ∗p < 0 01 versus only MMS or only CPA (one-way
ANOVA followed by a Dunnett’s post hoc test).
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the fold from 5-6 fold to 3-4 fold and 1-2 fold in comparison
to the negative control at 10.0μM or 25.0μM.

3.5. Cell Cycle Analysis. We observed that after exposure to
MMS, HepG2 cell subsets at different stages of the cell cycle
were significantly different from what was observed in the
unexposed control (Figure 4). AVA reduced the sub-G1 per-
centage of cells (Figure 4(a)) in a dose-dependent manner,
from 19% in untreated cells to 12%, 4%, and 2% in its cotreat-
ment at 1μM, 10μM, and 25μM, respectively. AVA also
reduced the polyploid subpopulation (Figure 4(b)), from
15% after exposure just to MMS to the background counts
(3-4%) in cotreatment. AVA and MMS cotreatment did not
affect G1 (Figure 4(c)) and S (Figure 4(d)) phases and
restored the number of cells in the G2 phase (Figure 4(e))
that was reduced in only MMS-exposed cells. The represen-
tative histograms demonstrated that, in comparison to the
control (Figure 4(f)), 25μM AVA (Figure 4(g)) did not
induce alterations on the cell cycle pattern. On the other
hand, 20μM MMS (Figure 4(h)) induced several modifica-
tions on the cell cycle pattern, but the cotreatment with
25μM AVA (Figure 4(i)) in MMS-exposed cells restored
the cell cycle pattern.

The same behavior was observed after exposure to
CPA with HepG2 cell subsets at different stages of the cell
cycle presenting significantly different counts from what

was observed in the unexposed control (Figure 5). AVA
also reduced the sub-G1 percentage of cells (Figure 5(a)),
from 17% in untreated cells to the background counts
(3-4%) that did not exert dose dependence. AVA also
reduced the polyploid subpopulation (Figure 5(b)) from
13% after exposure just to CPA to the background counts
(3–5%) in cotreatment; besides, the incubations with dif-
ferent AVA treatments increased the number of poly-
ploidy cells, even though there is no significance. AVA
and CPA cotreatment did not affect G1 (Figure 4(c)), S
(Figure 4(d)), and G2 phases (Figure 4(e)). The represen-
tative histograms demonstrated that, in comparison to
the control (Figure 5(f)), 25μM AVA (Figure 5(g)) did
not induce alterations on the cell cycle pattern. On the
other hand, 20μM MMS (Figure 5(h)) induced several
modifications on the cell cycle pattern, but the cotreat-
ment with 25μM AVA (Figure 5(i)) in MMS-exposed cells
restored the cell cycle pattern.

4. Discussion

According to the study of Ajith and Soja [10], atorvastatin
(AVA) and lovastatin (LOVA) were able to exert chemopre-
ventive effects against direct mutagens in a bacterial reverse
mutation model using Salmonella enterica serovar typhimur-
ium TA98 and TA100 strains in the absence of metabolic
activation. The antimutagenic effects of AVA and LOVA
against the direct mutagens sodium azide or 4-nitro-o-phe-
nylenediamine in a bacterial reverse mutation model using
Salmonella enterica serovar typhimurium TA98 and TA100
strains were described previously. AVA significantly inhib-
ited the mutagenic response, which was evident by the
decrease in revertant colony counts in cotreated plates [10].

In our study, we used four Salmonella enterica typhimur-
ium strains to be able to detect DNA damage caused by base-
pair substitution/transition. Our results corroborate the Ajith

Table 3: Effects of atorvastatin after pretreatment and posttreatment with alkylating agents on Salmonella enterica typhimurium strain TA100.

Atorvastatin
(μM)

TA100
Pretreatment Posttreatment

His+ MI % reduction His+ MI % reduction

— −S9 DMSO 1% 102 ± 17 1.00 127 ± 4 1.00 —

0 −S9

MMS
(100 μM)

230 ± 23 2.26 0 264 ± 31 2.09 0

20 −S9 171 ± 14 1.68 45.97∗ 257 ± 26 2.03 5.69

100 −S9 117 ± 2 1.14 88.57∗ 248 ± 23 1.96 11.86

200 −S9 113 ± 6 1.11 91.43∗ 237 ± 22 1.87 20.10

1000 −S9 103 ± 4 1.02 98.7∗ 233 ± 26 1.84 23.00

— +S9 DMSO 1% 100 ± 16 1.00 — 105 ± 1 1.00 —

0 +S9

CPA
(150 μM)

244 ± 8 2.44 0 278 ± 33 2.66 0.00

20 +S9 130 ± 30 1.30 79.4∗ 257 ± 5 2.46 12.04

100 +S9 127 ± 19 1.27 81.6∗ 227 ± 3 2.37 17.44

200 +S9 111 ± 9 1.11 92.59∗ 216 ± 8 2.34 18.49

1000 +S9 103 ± 2 1.03 97.92∗ 207 ± 23 2.30 21.48

MMS: methyl methanesulfonate; CPA: cyclophosphamide;His+: revertant colonies; MI: mutagenicity index. ∗p < 0 01 versus only MMS or only CPA (one-way
ANOVA followed by a Dunnett’s post hoc test).

Table 4: HepG2 cytotoxicity of compounds after 24 h of exposure.

Compound LC50 (μM)

AVA >1000
MMS 18 67 ± 6 67
CPA 98 71 ± 11 50
LC50: lethal concentration of 50%; MMS: methyl methanesulfonate; CPA:
cyclophosphamide; AVA: atorvastatin.
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and Soja study [16], once AVA showed itself being more pro-
tective against direct than indirect induction in a bacterial
model. Mutagenesis is not a passive process, and the modifi-
cations in DNA sequence can be mediated by mechanisms of
repair [16]. This active and multifactorial process of DNA
modifications based on DNA impairment and repair is
named genomic instability [17]. TA1535 and TA104, strains
that are deficient in error-prone recombination repair
(REC), were more effective than the REC-proficient corre-
spondent strains (TA100 and TA102, resp.) in exerting

chemoprevention against AA damage. These REC-proficient
variants can produce an endonuclease mediated by RecA
SOS response,which couldplay a role in “nick andgap” forma-
tion in the mutagenized DNA [18]. Besides this, TA100 and
TA102 can activate DNA repair mediated by an error-prone
polymerase [19].

In relation to TA1535/TA100 (TA1535, pKM101+), these
strains are capable to detect mutations by substitution of G:C
to A:T pairs in GGG sites of hotspot locus hisG46. They can
detect primary DNA modifications, after a replication cycle,
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Figure 2: Effect of cotreatment with atorvastatin (AVA) after 24 h of coexposure with alkylating agents. HepG2 cells were coexposed to AVA
from 0.1 to 100μM. It is possible to observe that AVA induced a significant cytoprotective effect in hepatic cells coexposed to (a) 20μMMMS
at 1.0 and 10.0μM. The same effect was observed against (b) 100 μM CPA from 0.1 to 10.0μM (#p > 0 001 versus the negative control and
∗p > 0 05; ∗∗p > 0 01; ∗∗∗p > 0 001 versus CPA or MMS only; n = 4 in triplicate; one-way ANOVA followed by a Tukey’s post hoc test).
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Figure 3: Effect of cotreatment with atorvastatin (AVA) on methyl methanesulfonate- (MMS-) or cyclophosphamide- (CPA-) induced
micronuclei in HepG2 cells. HepG2 cells were coincubated with AVA at 10 and 25 μM with10 μM MMS after (a) 6 h or (b) 24 h of
exposure. The coincubation with 60μM CPA during (c) 6 h or (d) 24 h followed the same protocol. 2000 cells were scored per treatment
for each experiment (n = 3 in triplicate; one-way ANOVA followed by a Tukey’s post hoc test).
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Figure 4: Cell cycle analysis of HepG2 cells after treatment with atorvastatin (AVA) and also cotreatments with AVA and methyl
methanesulfonate (MMS). HepG2 cells were incubated with 1, 10, and 25 μM AVA or 20μM MMS and also coincubated with 1, 10, and
25μM AVA plus 20 μM MMS during 24 h. The negative control was DMSO 1%. The histograms represent the percentages of cell cycle
phases in each condition by flow cytometry. Data of 104 cells were analyzed using the Summit v4.3 software (Dako Colorado Inc., USA).
Cotreatment with AVA reduced the sub-G1 percentage of cells in a dose-dependent manner (a) and polyploid cells (b), in comparison to only
MMS-exposed cells, without affecting G1 (c) and S (d) phases and restored the number of G2 cells (e). The representative histograms
demonstrated that in comparison to the control (f), 25μM AVA (g) did not induce alterations on the cell cycle pattern. On the other hand,
20μM MMS (h) induced several modifications on the cell cycle pattern, but the cotreatment with 25μM AVA (i) in MMS-exposed cells
restored the cell cycle pattern (n = 3; #p > 0 001 versus the control and ∗p > 0 001 versus MMS only; one-way ANOVA followed by a Tukey’s
post hoc test).
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Figure 5: Cell cycle analysis of HepG2 cells after treatment with atorvastatin (AVA) and also cotreatments with AVA and cyclophosphamide
(CPA). HepG2 cells were incubated with 1, 10, and 25μM AVA or 60 μM CPA or coincubated with 1, 10, and 25μM AVA plus 20μM CPA
during 24 h. The negative control was DMSO 1%. The histograms represent the percentages of cell cycle phases in each condition by flow
cytometry. Data of 104 cells were analyzed using the Summit v4.3 software (Dako Colorado Inc., USA). Cotreatment with AVA reduced
the sub-G1 percentage of cells (a) and polyploid cells (b), in comparison to only CPA-exposed cells, without affecting G1 (c), S (d), and
G2 (e) phases. The representative histograms demonstrated that in comparison to the control (f), 25μM AVA (g) did not induce
alterations on the cell cycle pattern. On the other hand, 60μM CPA (h) increased sub-G1 percentage of cells, but after the cotreatment
with 25μM AVA (i) in CPA-exposed cells, it was restored (n = 3; #p > 0 001 versus the control and ∗p > 0 001 versus CPA only; one-way
ANOVA followed by a Tukey’s post hoc test).
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as alkylation in purines, mainly in guanine, as N-(2-chlor-
oethyl)-N-[2-(7-guaninyl)ethyl]amine or an hydroxylated
mustard arm (N-(2-hydroxyethyl)-N-[2-(7-guaninyl)ethy-
l]amine) [20], the kind of damage induced by CPA and O6-
alkyl-G formation and induced by MMS [21]. The protective
effect was more evident against MMS because this mutagen
acts predominantly by alkylating guanines and favoring
adduct formation [22]. In relation to TA104 and TA102
(TA 104, pKM101+), both strains are capable to detect thy-
mine alkylation by formation of O4-alkyl-T due to A:T to
G:C transition and mismatch recognizing [20–22], and
AVA was more antimutagenic to TA104 than to TA102. Spe-
cifically in this case, AVA was protective to TA1535 and was
not to TA100 in coincubation, which means that probably
REC has an important role in AVA antimutagenesis, and
also, base excision repair (BER) can play a primordial role
in this process.

According to De Flora et al. [11], the implementation of
protocols that include pre- and posttreatments are scientifi-
cally relevant because it allows predicting some aspects about
the mechanism of action (MoA) in antimutagenesis assays.
In general, the literature recommends to perform cotreat-
ment protocol as a trial model, once the most part of antimu-
tagens can demonstrate some protection in combined
exposure, and then perform pre/posttreatments after, to
obtain more mechanistic information. Antimutagenicity’s
MoA in cotreatment is related to general antimutagenic
activity and also can be related to membrane responses. If a
compound just exerts antimutagenic effect on pretreatment,
the MoA is related to extracellular events as an interruption
of promutagen shift, free radical scavenging capacity or other
antioxidative property. Withal, if a compound is antimuta-
genic just on posttreatment, it means that this MoA is related
to this compound ability to reduce the DNA attachment of
the mutagen or activation of repair mechanisms and/or
induction of DNA dismutation [23]. In this sense, the anti-
mutagenic activity observed for TA100 just in pretreatment
suggests that AVA can exert directly free radical scavenging,
which is in accord with our DPPH model results.

Rossini et al. [24] demonstrated that the most frequent
TP53 mutations in esophageal cancer varies according to
the injury that the tissue was exposed. The frequency of
G:C to A:T CpG or non-CpG mutations in TP53 was higher
in patients exposed to inflammatory injuries. In our model,
the antimutagenic effect of AVA was more relevant on Sal-
monella strains that detect G:C to A:T substitution which
corroborate the hypothesis that the chemopreventive effects
of AVA are mediated by downregulation of the redox status,
reducing the genomic instability.

In eukaryotic cells, statins can contribute to oxidative
stress modulation in different tissues. AVA was able to
enhance glutamate via glutamate synthase activity in hippo-
campal neural cells after hypoxia and starvation conditions
[25]. Comparatively, cells treated with AVA produced less
ROS than the untreated cells. In the same sense, LOVA were
capable to prevent genotoxic and cytotoxic effects caused by
doxorubicin, etoposide, and MMS in human umbilical vein
endothelial cells (HUVEC) by reduction of FASr, procaspase
2, and phosphorylated JNK-1 [26].

On the other hand, Gajski et al. [27] observed AVA-
mediated genotoxic damage in human lymphocyte chromo-
some aberrations, sister chromatid exchange and increasing
in tail length and intensity in lymphocyte comet assay even
at nM concentrations. According to the authors, this DNA
damage was caused by oxidative stress, observed in Fpg-
modified comet assay. These evidences go against the original
study about the AVA’s safety profile that demonstrated in a
complete toxicological screening that AVA is a safe drug
[28]. Reis et al. also showed LOVA’s capacity to enhance
heme oxygenase 1 and reduction of lipid peroxidation in
cerebral tissues [29]. AVA also induced antioxidative effect
and reduced pathophysiological impairments mediated by
host immunity in malaria infection [30].

The preantineoplastic effect of statins occurs by suppres-
sion of mevalonate biosynthesis, a precursor of important
isoprenoid intermediates which are added during posttrans-
lational modification of a variety of proteins such as subunits
Ras and Rho of small G protein. These proteins are involved
in cell cycle progression, cell signaling, and membrane integ-
rity. The inhibition of Rho activation reversed the metastatic
phenotype of human melanoma cells [5].

Jialal et al. [31] demonstrated a reduction in reactive pro-
tein C and hepatic acute phase proteins after treatment with
statins in a follow-up clinical trial, suggesting that possibly
these drugs can act in hepatic oxidative damage chemopre-
vention. Our results go in the same way of this evidence,
showing an AVA capacity to reduce HepG2 cell death in
coexposure to different AAs. On the micronucleus assay, we
choose the AA concentration based on using noncytotoxic
doses (a concentration lower than LC50) and it was possible
to observe that AVA presented a dose-response antigeno-
toxic effect against the AAs. In addition, against the
nonmetabolism-dependent AA (MMS), AVA reduced the
frequency in damaged cells earlier at the lower concentration,
reaching the level of micronucleated cells to the same range
of the negative control at 6 h. Against the metabolism-
dependent AA (CPA), AVA just reached the level of micro-
nucleated cells to the range of the negative control after
24 h of coexposure, displaying a late response.

At last, the cell cycle analysis by the flow cytometry
approach allowed us to confirm the cytoprotective aspects
that were observed by the other methodologies. Exposing
HepG2 cells to the same AA concentration that we used on
micronucleus assay and co-incubating the cells with AA
and AVA treatments, we observed a reduction on Sub-G1
subpopulations, in comparison to only MMS or CPA groups,
which represents a diminishment of cell death, as on cell via-
bility assay. We also observed a reduction on the subpopula-
tion with polyploidy after treatment with AVA, a fact that
can be related to its antigenotoxic effect, which was the out-
come observed on micronucleus assay. It is important to
emphasize that there were no important changes on G1, S,
and G2 phases, even after severe cell damage, and the main-
tenance of the cell cycle is a fundamental aspect to the reli-
ability of micronucleus assay [32].

Iwashita et al. [33] demonstrated that pravastatin and flu-
vastatin reduced micronucleus formation in CHO-K1 cells
after exposure to the antineoplastic bleomycin. The statins,
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at concentrations from 10μM to 100μM, were capable to
reduce the micronucleated cell rate in pretreatment, in minor
responses, and in cotreatment and posttreatment schemes
being high effectives. This preventive effect was not observed
in exposure to X-radiation. This corroborates with our
results that demonstrated a reduction in MMS- or CPA-
induced micronuclei in HepG2 cells after 6 h and 24 h of
cotreatment. The earlier response of AVA against MMS is
related to nitrogen heterocyclic compound capacity to reduce
the reactivity of sulfonates [34] and probably the later
response against CPA was due to AVA’s neutralization of
epoxide radicals, from CPA metabolism by CYP coenzymes
[35]. So, AVA was able to act as a scavenger, protecting
DNA from direct and indirect alkylation-mediated point
mutations, genotoxicity, and cellular death, reducing the
redox status and the genomic instability. These protective
effects can avoid mitotic catastrophe [36] and are expected
for a good antimutagen.

In summary, our data showed that AVA reduces the
alkylation-mediated DNA damage in different in vitro exper-
imental models. In a bacterial model, AVA was more effec-
tive to prevent direct than indirect damage in TA1535
(cotreatment) and TA100 (pretreatment). Cytoprotection of
AVA at low doses (0.1–10.0μM) was observed after 24 h of
cotreatment with MMS or CPA at their LC50, causing an
increase in HepG2 survival rates. AVA had decrease effect
in AA-induced micronucleus formation and cell cycle alter-
ations in HepG2 cells.

5. Conclusion

This study supports the hypothesis that atorvastatin can be
considered a chemopreventive agent, acting as antimuta-
genic, antigenotoxic, and cytoprotective compound, and per-
mits to clarify about its mechanism of action, reducing the
oxidative microenvironment, scavenging alkylating agents
directly, or neutralizing their metabolites, and thus protect-
ing specifically against DNA damages.
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Sperm DNA fragmentation is considered one of the main causes of male infertility. The most accepted causes of sperm DNA
damage are deleterious actions of reactive oxygen species (ROS), defects in protamination, and apoptosis. Ram sperm are highly
prone to those damages due to the high susceptibility to ROS and to oxidative stress caused by heat stress. We aimed to evaluate
the effects of heat stress on the chromatin of ejaculated and epididymal sperm and the activation of apoptotic pathways in
different cell types in ram testis. We observed higher percentages of ejaculated sperm with increased chromatin fragmentation in
the heat stress group; a fact that was unexpectedly not observed in epididymal sperm. Heat stress group presented a higher
percentage of spermatozoa with DNA fragmentation and increased number of mRNA copies of transitional protein 1.
Epididymal sperm presented greater gene expression of protamine 1 on the 30th day of the spermatic cycle; however, no
differences in protamine protein levels were observed in ejaculated sperm and testis. Localization of proapoptotic protein BAX
or BCL2 in testis was not different. In conclusion, testicular heat stress increases ram sperm DNA fragmentation without
changes in protamination and apoptotic patterns.

1. Introduction

Infertility, poor embryonic development, and genetic
abnormalities in the offspring have been linked to sperm
DNA damage [1, 2]. This occurs because sperm with defec-
tive chromatin are still capable to fertilize oocytes [3].
Mouse oocytes fertilized with sperm carrying DNA damage
caused adverse effects on embryonic development, post-
natal growth, litter longevity, and tumor susceptibility
[4]. However, the exact causes that lead to the abnor-
malities in chromatin and sperm DNA damage are not

precisely known. The three most accepted causes are [3, 5]
oxidative stress, defective packaging of sperm chromatin,
and apoptosis.

Oxidative stress directly or indirectly causes sperm
DNA fragmentation. An imbalance between the production
of reactive oxygen species (ROS) and activity of antioxi-
dants triggers DNA damage. Such imbalance generates base
damage and breaks in the double stranded DNA, inducing
sperm DNA fragmentation [6]. Some studies found a clear
relationship between heat and oxidative stresses [7, 8].
Other studies in rams have reported a reduction of sperm
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DNA integrity under heat stress conditions induced by tes-
ticular insulation [9, 10]. Oxidative stress was described as
the main cause of sperm DNA fragmentation [11] and
may be related to protamine deficiency and apoptosis.

In mammalian spermatogenesis, transition proteins
replace the majority of histones in spermatids destabilizing
nucleosomes, preventing DNA torsion, facilitating the
DNA repair of strand breaks, and contributing to chroma-
tin condensation [12–14]. Subsequently, positively charged
proteins called protamines replace these transition proteins,
in a process termed protamination [15, 16]. When protami-
nation occurs incorrectly, disorders in sperm chromatin
condensation can appear [17], with implications on fertility
[18]. Sperm chromatin packaging not only causes compac-
tion of the genetic material but also protects the sperm
DNA of physical and chemical damage [12–14]. Protamine
deficiency makes spermatozoa more vulnerable to the
action of free radicals [17]; thus, it is possible that heat
stress may be influencing protamination process as abnor-
mal sperm chromatin was described under heat stress
conditions [19–22]. In fact, sperm lipid peroxidation causes
changes in expression of genes related to the protamination
process [10].

Sperm DNA fragmentation caused by heat stress and
consequent oxidative stress can lead to apoptosis. Apoptosis
often occurs in testicular germ cells [23] and is associated
with sperm maturation [24]. However, factors such as heat,
toxic agents, and radiation increase apoptotic rates [25],
and some researchers have reported cell damage resulting
from apoptosis after complete spermatogenesis [26, 27]. In
this context, damages generated by ROS may be associated
with apoptosis and can be detected by specific markers [5].
BAX and BCL2 proteins are examples of apoptotic signaling
molecules. An increase in the levels of BAX and/or a decrease
in BCL2 levels are known to promote permeabilization of
the mitochondrial membrane leading to the release of
proapoptotic factors [28].

It is believed that the heat stress causes sperm DNA
modifications in ram sperm [29]. In this study, we address
the influence of heat stress on the three most accepted
causes of sperm chromatin abnormalities: oxidative stress,
defects in protamination, and apoptosis. Little is known
about the interference of heat stress on sperm DNA com-
paction in rams. A few data considering the expression of
replacement proteins or protamination failures are avail-
able. Moreover, it is not known if there is activation of
apoptotic routes mediated by ROS in ram testis. In order
to clarify these issues, we evaluated sperm DNA damage,
chromatin structure, and protamination-related proteins
in ram ejaculated sperm over 9 weeks after heat stress
induction by testicular insulation and in ram epididymal
sperm immediately and 30 days after testicular insula-
tion. We also evaluated protamine and transition protein
(TNP1 and TNP2) gene expression in ejaculated and
epididymal sperm and in testicular tissue of ram sub-
jected to heat stress by testicular insulation. Furthermore,
we analyzed the immunolocalization of protamines and
pro- and antiapoptotic proteins BAX and BCL2 in ram
testicular tissue.

2. Material and Methods

Unless otherwise indicated, all chemicals were obtained
from Sigma Chemicals (St. Louis, MO). The experiments
were performed using twelve mature (8 months old)
Santa Ines rams. Animals belonged to the Department
of Animal Reproduction of the School of Veterinary
Medicine and Animal Science from the University of
Sao Paulo. Animals were submitted to uniform nutri-
tional conditions, and the experiments were approved by
the Bioethics Committee of the School of Veterinary
Medicine and Animal Sciences, University of Sao Paulo
(protocol number 2445-2011).

2.1. Experiment 1: Effects of Heat Stress on Ejaculated Sperm
DNA. The experimental design was similar to our previous
published study [29]. Animals were randomly divided in
two groups, control (n = 6) and treated (n = 6). In the heat
stress (treated) group, animals underwent testicular insula-
tion using an insulating bag placed in the scrotum of animals,
in order to induce heat stress effects on spermiogenesis. The
bags were kept for 288 consecutive hours, and during this
period, the internal temperature of each bag and environ-
mental temperature were monitored using a digital ther-
mometer. After removal of the bags (week 1), fresh ram
semen was collected weekly using an artificial vagina during
nine weeks. Experimental design flow chart is presented
in Figure 1.

2.1.1. Sperm Chromatin Structure Evaluation

(1) Assessment of Sperm DNA Susceptibility to Denaturation.
Sperm DNA fragmentation was evaluated by flow cytometry
using Guava Easycyte Mini System (Guava Technologies,
Hayward, CA, USA) after acid induced denaturation using
acridine orange as previously described [10]. Red color
indicates the presence of single-stranded DNA, which
designates denaturation of the chromatin structure, while
green color indicates the presence of double-stranded
DNA. The same protocol was performed in experiment 2
for epididymal sperm.

(2) Assessment of DNA Integrity by a Modified Alkaline
Comet Assay. To assess sperm DNA integrity, we used the
modified alkaline comet assay as previously described [10].
The image display was obtained using an Olympus IX
epifluorescence microscope equipped with an Olympus
Q-Color™ camera (Olympus, Tokyo, Japan), using 515–
560 nm excitation filters and 600nm barrier filters. The
images of 200 cells were randomly selected and analyzed
by visual grading in grades I to IV according to the
intensity of DNA damage, ranging from little DNA frag-
mentation to intense DNA fragmentation, as previously
described [10]. Briefly, grade I indicates little DNA damage,
grade II indicates average DNA damage, grade III indicates
obvious DNA damage, and grade IV indicates intense
DNA damage.

2.1.2. Protamine Assessment in Sperm. Protamine characteri-
zation was assessed by protamine deficiency (CMA3) in
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sperm chromatin, gene expression of protamine 1 and transi-
tion proteins (1 and 2) in spermatozoa, and quantification of
protamine (1 and 2) in isolated sperm nuclei.

(1) Protamine Deficiency in Sperm Chromatin. We used
chromomycin A3 (CMA3) fluorochrome to investigate
protamine deficiency in ram sperm by flow cytometry as
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Figure 1: Experimental design flow chart.
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previously described [10]. About 30 million spermatozoa
from each ejaculate were washed in PBS without calcium
(Ca) and magnesium (Mg) by centrifugation at 9000g for
60 seconds. Samples were fixed in Carnoy’s solution (3 parts
methanol : 1 part of acetic acid) at 4°C for 10 minutes
followed by a wash as described above. The pellet was resus-
pended and stained with 0.25mg/ml CMA3 solution for 20
minutes at room temperature and in the dark. Samples were
then washed as described above. After suspension of the pel-
let in PBS, samples were submitted to flow cytometry analysis
using the 583nm detector (PM1) of the Guava Easycyte Mini
System. Decondensed sperm nucleus and extraction of prot-
amines were used as control, in order to obtain a deprotami-
nated cell pattern [10].

(2) Gene Expression of Protamine 1, Transition Proteins 1 and
2 in Ram Ejaculated Sperm. One sample from every ejaculate,
from each animal, was used for RNA isolation (n = 108).
After semen collection, samples with 106 spermatozoa were
washed in PBS. About 500μL of RNA Later solution (Life
Technologies, Carlsbad, USA) was added to the pellet to
stabilize RNA. Samples were kept in liquid nitrogen until
RNA isolation. Spermatozoa membrane was disrupted (snap
freezing, 10 rounds of freezing and thawing in liquid nitro-
gen), and then the RNA isolation was carried using TRIzol,
according to the manufacturer’s instructions (Life Technolo-
gies, Carlsbad, USA). Traces of DNA were removed by
DNAse treatment using the PureLink™ DNAse (Invitrogen,
Carlsbad, CA, USA). Isolated RNA was evaluated using
NanoDrop ND-1-spectrophotometer (Thermo Scientific),
and 280/260 values between 1.9 and 2.1 were considered
adequate. Complementary DNA was synthesized using
Superscript VILO cDNA Synthesis kit following the manu-
facturer’s instructions (Life Technologies, Carlsbad, USA).
Quantification of cDNA was performed using Qubit dsDNA
BR and Qubit 2.0 Fluorometer (Life Technologies), and
cDNA samples were diluted to 2.5μg/mL. Primers for prot-
amine 1 (PRM1-forward primer: ACAGTAACCGCACA
GTAGCA, reverse primer: GTGGCATTGTTCGTCAGCA
G), transition protein 1 (TNP1-forward primer: GCTGTG
ATGATGCCAATCGC, reverse primer: GTCCCCCTTCT
GTTCGGTTG), and transition protein 2 (TNP2-forward
primer: GTCCCCCTTCTGTTCGGTTG, reverse primer:
TCAGTTGTACTTCCGTCCTGAG) were designed using
the online software Primer-BLAST (http://www.ncbi.nlm.
nih.gov/tools/primer-blast) based on the sequences of the
respective Ovis aries transcripts (NM001163050.0 prot-
amine 1, XM_004004917.1 predicted transition protein 1,
XM_004020771.1 predicted transition protein 2). PCR was
first carried out to verify the presence of these transcripts in
spermatozoa. Then, absolute quantitative PCR (q-RT-PCR)
was performed to calculate the number of copies of target
genes in each sample as described previously [10]. SYBR
GreenER qPCR Supermix Universal kit was used for qPCR
(Life Technologies, Carlsbad, USA) in a Mastercycler ep real-
plex Thermal Cycler (Eppendorf AG, Hamburg, Germany)
(40 amplification cycles of 95°C for 15 seconds and 60°C for
60 seconds). The same procedure was performed in experi-
ment 2, using epididymal sperm.

(3) Quantification of Protamines 1 and 2 in Ram Sperm.
Sperm nuclei were isolated, as previously described for
human sperm [30], with some modifications. This protocol
consists in the use of CTAB detergent (cetyltrimethylammo-
nium bromide) for the removal of the spermatozoon tail.
Therefore, 20× 106 spermatozoa were incubated on ice in
50 mMTris-HCl (pH8) solution and 10mM DTT, for 15
minutes. After this, CTAB was added to the samples at a final
concentration of 0.1%. After 30 minutes of incubation on ice,
samples were washed twice in 50mM Tris-HCl (pH8)
(3000G/5 minutes at 4°C). The pellet containing the cells
was stored at −20°C for further analyses. Nuclear sperm pro-
teins were extracted as previously described for human
sperm [31] after nuclear isolation with CTAB. This protocol
uses 650mM NaCl to separate proteins from the soluble
fraction, which consists of supernatant containing proteins
with lower DNA affinity such as histones, and insoluble
fraction consisting of a pellet containing proteins with higher
DNA affinity, such as protamines. After extracting fractions,
proteins were precipitated with 20% trichloroacetic acid
(w/v) in ddH2O for 30 minutes on ice and washed twice
in acetone. We used SDS polyacrylamide gel electrophoresis
and Western blotting to quantify the levels of protamines 1
and 2 in sperm nucleus. Total protein (protein assay, Bio-
Rad, Hercules, CA, USA) was extracted from sperm nucleus
by the NaCl protocol as described above. We quantified the
total protein by Qubit 2.0 Fluorometer (Life Technologies)
using the Qubit protein assay quantification kit (Q33211, Life
Technologies). Subsequently, 20μg of protein from NaCl
pellet was mixed with 5μL of loading buffer (0.045M Tris/
HCl, 0.8mM EDTA, 3% SDS 10% glycerol, 5% β-mercap-
toethanol, and 0.004% bromophenol blue) and loaded into
wells. Proteins were separated by dimension on a 12% poly-
acrylamide gel (v/v) by standard SDS-PAGE using a Mini
protean III System (Bio-Rad, Hercules, CA, USA). A mixture
of prestained protein standards was used as marker, with
molecular weights ranging from 10 to 250 kDa (Bio-Rad).
Electrophoresis was performed for 90 minutes at 130V at
4°C. Subsequently, proteins were blotted onto polyvinyldene-
difluoride (PVDF) membranes by electrophoresis for 120
minutes at 130mA–300V (Bio-Rad). After air-drying the
membrane, blocking of nonspecific sites was performed with
5% solution (m/v) skimmed milk powder (Molico®, Nestle
Brasil Ltda, São Paulo, Brazil) in PBS for 60 minutes. Mem-
branes were incubated overnight at 4°C with primary
antibodies: anti-ovine protamine 1 (mouse monoclonal anti-
body raised against protamine 1 of ovine origin—Imuny,
Campinas, Brazil) or anti-murine protamine 2 (rabbit poly-
clonal antibody raised against protamine 2 of mouse origin,
M-107: sc-30172, Santa Cruz Biotechnology Inc.) diluted
1/500 in PBS-Tween. After three washes every 5 minutes,
membranes were incubated with HRP conjugated secondary
goat anti-rabbit or goat anti-mouse (Abcam, Cambridge,
MA, USA, 1/5000 in PBS, Tween with 1% BSA) for 90
minutes at room temperature and protected from light.
Signal intensities and band area quantification were per-
formed after scanning the membranes using Bio-Rad
ChemiDoc™ MP (Bio-Rad) and after image analysis using
Image Lab 4.0.1 (BioRad). Results were expressed considering
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the relationship between signal (pixel) and band area.
The same protocol was performed in experiment 2 using
epididymal sperm.

2.2. Experiment 2: Effects of Heat Stress on Epididymal Sperm
DNA and Testicular Parenchyma. In this experiment, we
evaluated changes in the protamination process caused by
heat stress on epididymal sperm and testicular parenchyma.
The same animals distributed in the same experimental
groups were subjected to a second period of testicular
insulation, which lasted 240 hours. This experiment started
60 days after the end of the first experiment. We allowed this
interval to ensure that testicular germ cells went through at
least one spermatic cycle, minimizing the influence from
previous experimental conditions. This was confirmed by
routine semen analyses. Animals were assigned to experi-
mental groups as described in experiment 1. Each animal
was subjected to two unilateral orchiectomies: the first
one was performed 24 hours after the removal of insulation
bag (D0) and the second one 30 days after the first orchiec-
tomy (D30). This experimental design considered the ram
spermatic cycle (stages I and VIII), in order to include
spermatids and spermatozoa in our histology samples.
The flow chart representing the experimental design can
be viewed in Figure 1.

2.2.1. Obtaining Testicular Fragments. We collected from
each testicle fragments weighing 30mg and measuring
approximately 1 cm3, in order to execute gene expression
and immunohistochemistry analysis. About 500μL of RNA
Later solution (Life Technologies) was added to the fragment
to stabilize RNA, as described above. Samples were kept
in −80°C.

2.2.2. Epididymal Sperm Collection. After surgery, epididymis
was immediately taken to the laboratory and washed in
saline solution at 37°C. To collect epididymis semen sam-
ples, small incisions were performed with a scalpel blade
in the epididymis tail, pressure was applied on its base
using hemostats, and sperm were collected with the aid of
automatic pipette [32]. Sperm were resuspended in PBS
for concentration assessment.

2.2.3. Protamine Assessment in Testicle

(1) Gene Expression of Protamine 1, Transition Proteins 1
and 2 in Ram Testicle. RNA isolation, DNA removal,
cDNA synthesis, and quantification were performed as
described in experiment 1. Due to the likely possibility
that each testicular fragment would have different num-
bers of cells, we used relative q-RT-PCR to determine
expression level of protamine 1, transition protein 1, and
transition protein 2 gene expression. Primers for protamine
1, transition protein 1, and transition protein 2 were the same
as described in experiment 1. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH-foward primer: ATGCCTCCT
GCACCACCA, reverse primer: AGTCCCTCCACGATG
CAA) and β-actin (foward primer CTCTTCCAGCCTTC
CTTCCT, reverse primer GGGCAGTGATCTCTTTCTGC)

were used as housekeeping genes. Quantitative PCR was per-
formed in triplicates.

(2) Histology and Immunohistochemistry. We employed his-
tology analysis and immunohistochemistry in order to iden-
tify which cell types are undergoing protamination and
apoptosis. Testicular fragments were immediately placed in
methanol-Carnoy (methacarn) fixative solution (60% (v/v)
methanol, 30% (v/v) chloroform, and 10% (v/v) glacial acetic
acid). After 24 hours of fixation in methacarn, fragments
were cut down to 0.5 cm3 and immersed in 95% ethanol
(v/v) prior to processing and embedding in paraffin. Sections
of 5μm were stained with hematoxylin and eosin to access
histological lesions. Sections were placed on silanized slides
and submitted to immunohistochemistry for PRM1 and
PRM2, BAX, and BCL2. Blocking of endogenous peroxidase
was performed with 5% hydrogen peroxide solution (v/v) in
methanol (1 : 1) for 30 minutes, and antigen retrieval was
performed in a water bath with 10mM sodium citrate buffer
pH6.0 at 96°C for 20 minutes. Blocking of nonspecific sites
with 5% solution (m/v) skimmed milk powder in PBS was
carried at room temperature for 60 minutes. Mouse mono-
clonal antibody raised against protamine 1 of ovine origin
(Imuny, Campinas, Brazil) or rabbit polyclonal antibody
raised against protamine 2 of mouse origin (sc-30172, Santa
Cruz Biotechnology Inc., CA, USA) was employed to identify
cellular types undergoing sperm protamination. Rabbit poly-
clonal anti-murine BAX (sc-526, Santa Cruz Biotechnology)
or rabbit polyclonal anti-human BCL2 (sc-492, Santa Cruz
Biotechnology) antibodies were used to identify cellular types
undergoing apoptosis mediated by action of reactive oxygen
species. Fragments of intestine and mammary gland were
used as positive control. Antibodies were diluted 1 : 100 in
PBS and applied on slides in a humid chamber at 4°C for
16–18h. We used homologous nonimmune serum as a neg-
ative control. After incubation and washing in PBS, slides
were incubated for 30min with secondary anti-mouse and
anti-rabbit antibodies in a Tris-HCl buffer (Link Advance
HRP™, Dako-Agilent Technologies, Santa Clara, USA). After
further washing in PBS, slides were incubated for 30 minutes
with peroxidase-polymerized antibody in Tris-HCl buffer
(Enzyme Advance HRP, Dako-Agilent Technologies). Later,
we proceeded to incubation with chromogen (Vector
NovaRed Substrate Kit, SK4800, Vector Laboratories, CA,
USA) for 2 minutes or until slides presented a light pink
color. Hematoxylin counter staining was used only in slides
incubated with anti-BAX or anti-BCL2 primary antibodies.
Evaluation of histological and immunohistochemistry slides
was performed in an optical light microscope (Nikon Eclipse
Ni) coupled to a digital camera (Nikon DS-Ri1), and images
were obtained by NIS Elements® program. Cell types immu-
nolabeled for PRM1, PRM2, BAX, and BCL2 in the ram sem-
iniferous tubules were identified based on morphology.

3. Statistical Analysis

Statistical Analysis System 9.3 (SAS Institute, Cary, NC)
was used to analyze the dependent variables. All data
were tested for normality of residues and homogeneity
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of variances. Variables that did not comply with these
statistical premises were transformed. In experiment 1,
the MIXED procedure was used for analysis of variance
with repeated measures over time. Comparisons of means
were performed using least square means (LS means) for
different dependent variables and for each condition of
the statistical model (treatment, week, and treatment ver-
sus week). Considering nonparametric data, we used non-
parametric analysis of variance (Kruskal-Wallis, through
NPAR1WAY procedure) and pairwise comparison of means
(Wilcoxon). Parametric results are presented as mean± SEM.
Nonparametric results are presented as median (low quartile,
high quartile). In experiment 2, analysis of variance was
carried using GLM procedure considering the 2× 2 facto-
rial design. Factors considered treatment effect (treated
group versus control group) and effect of time represented
by first (D0) and second (D30) unilateral orchiectomies,
with subsequent comparison of means by the least signifi-
cant difference (LSD) method. A 5% significance level was
used to reject the null hypothesis. The qPCR data in testicular
samples were analyzed by MIXED procedure, as previously
described [33].

4. Results

4.1. Experiment 1: Effects of Heat Stress on Ejaculated Sperm
DNA. The aim of this study was to evaluate sperm DNA frag-
mentation, chromatin structure, protamine deficiency in
sperm chromatin, gene expression of protamines, and transi-
tion proteins in ejaculated sperm of rams submitted to heat
stress by testicular insulation. Treated group (2.81%± 1.08)
exhibited an increase (p < 0 047) in the percentage of sperm
cells that were positive for acridine orange versus the control
group (1.68± 0.73%) (Figure 2(a)). An effect of time can
also be observed, as there was an increase in the percentage
of sperm cells that were positive for acridine orange in
the seventh experimental week; however, other relevant

differences in the remaining studied weeks were not
observed (p > 0 05) (Figure 2(b)).

Quantitative analysis of sperm DNA damage by alkaline
Comet technique revealed that the treated group presented
a lower number of grade II sperm DNA fragmentation
(Figure 3(b)) and a higher number of grade III sperm DNA
fragmentation (Figure 3(c)), when compared to the control
group. From the sixth experimental week onwards, these
differences were no longer apparent. The treated group
presented a small percentage of grade I sperm since the
first week after testicular insulation (8.03%± 2.09) when
compared to the control group (30.05%± 9.29), indicating
an acute response to testicular insulation (Figure 3(a)). In
the treated group, we observed a trend (p = 0 07) for an
increase in the percentage of grade IV sperm (Figure 3(d);
4.96%± 1.90) when compared to the control group
(0.87%± 0.50). The mean values, standard errors of averages,
and probability for each degree of sperm DNA fragmenta-
tion, in each experimental week, are available in Table 1.

No differences (p > 0 05) were observed between the
treated group (0.185% (0.1; 0.37)) and control (0.27%
(0.12; 0.45)) in the percentage of ejaculated sperm enclosing
protamine deficiency as assessed by CMA3 flow cytometry.
An effect of time was not observed for this variable. PRM1,
TNP1, and TNP2 gene expression in ejaculated sperm were
verified by qPCR. The treated group presented a decrease in
the number of mRNA TNP1 copies (p = 0 042) when com-
pared to the control group (4.09± 1.02 versus 17.19± 4.84,
resp.). No differences in gene expression of PRM1 (p =
0 63) and TNP2 (p = 0 55) were observed between the
groups (Table 2). An effect of time was not observed for
all studied genes.

PRM1 and PRM2 protein expression in ejaculated sperm
were verified by Western blotting. No differences in protein
expression of PRM 1 (p = 0 23) were observed (control
group= 559736.67± 181961.46; treated group= 936606.22±
257729.83). Furthermore, no differences were observed
between the groups over the experimental weeks (p = 0 094).
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Figure 2: (a) Percentage of sperm with fragmentation, in the control (n = 54) versus treated (n = 54) groups. (b) Percentage of sperm with
fragmentation in different weeks (n = 108). The results are presented as means± SEM. Different superscript letters in each bar represent
significant differences (p < 0 05).
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No differences in protein expression of PRM2 (p = 0 43) were
observed (control group=1079265.56± 244383.62; treated
group=849526.22± 170714.51), and no differences were
observed over the experimental weeks (p = 0 62).

4.2. Experiment 2: Effects of Heat Stress on Epididymal Sperm
DNA and Testicular Parenchyma. Surprisingly, no differ-
ences were observed (p = 0 60) after evaluation of sperm
DNA susceptibility to denaturation by acridine orange
staining between the treated and control groups in epididy-
mal sperm (1.40%± 0.41 versus 1 02%± 0.23). No differences
were observed (p = 0 14) in insulation effect when comparing
D0 to D30 (0.68%± 0.48 and 1.62± 1.37%, resp.).

Regarding gene expression on epididymal sperm, no
differences were observed in PRM1, TNP1, and TNP2
gene expression between the control and treated groups
(Table 3). Regarding the effect of time, considering D0
and D30, PRM1 (p < 0 0001) showed higher expression
in D30 when compared to D0 (10.745± 2.87 versus 0.92±

0.128) (Table 3). No differences were observed in gene
expression of TNP1 (p = 0 12) and TNP2 (p = 0 24) when
the effect of time was studied (Table 4).

The expression of target genes (PRM1, TNP1, and TNP2)
in testicles was not different when we evaluated the control or
treated groups and effect of times (D0 and D30) (p > 0 05)
(Figure 4 and Table 5).

PRM1 and PRM2 protein expression in epididymal
sperm were verified by Western blotting. No differences in
protein expression of PRM 1 at D0 (p = 0 2805) were
observed (control group= 709134.60± 138887.29; treated
group= 516909.33± 100372.69). Furthermore, no differ-
ences were observed between the groups (control group=
440066.40±147984.87; treated group=533607.20±139959.44)
at D30 of sperm protamination (p = 0 65). The quantifica-
tion of PRM2 at D0 was not performed due to technical
problems. No differences in protein expression of PRM 2
at D30 (p = 0 98) were observed (control group=699536.0±
134559.64; treated group= 704750.4± 202385.65).
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Figure 3: Comet assay results from the control (n = 54) versus treated (n = 54) groups for different grades of chromatin fragmentation (I, II,
III, and IV) over nine experimental weeks. (a) Percentage of grade I sperm from the control versus treated groups over nine experimental
weeks. (b) Percentage of grade II sperm from the control versus treated groups over nine experimental weeks. (c) Percentage of grade III
sperm from the control versus treated groups over nine experimental weeks. (d) Percentage of grade IV sperm from the control versus
treated groups over nine experimental weeks. The results are presented as mean± SEM. Different superscript letters in each bar represent
significant differences (p < 0 05). Control group = solid line. Treated group = dashed line ∗p < 0 05, ∗∗0 05 < p < 0 10.
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In order to assess protamination and apoptosis pathways
induced by ROS, we performed histological analysis and
immunohistochemistry against protamine 1, protamine 2,
BAX, and BCL2 proteins in seminiferous tubules submitted
to heat stress by testicular insulation. We considered the
effect of heat stress (control versus treated) and the effect of
time (D0 versus D30).

The treated group showed some histological features
of initial testicular degeneration. Mild and multifocal
vacuolization of Sertoli cells was observed, with a small
to moderate number of desquamated cells containing
three or more nuclei (giant cells) inside the seminiferous
tubules (Figure 5(a)). In addition, there was desquamation of
germ cells (Figure 5(b)) and mild multifocal interstitial fibro-
sis (Figure 5(c)). Histological lesions in the control group
were not observed. When examining differences between
spermatic cycle stages in the seminiferous tubules, a higher
number of secondary spermatocytes in D30 were observed
when compared to D0. There was a decrease in the number
of spermatogonia in D30. There were lower number of
desquamated cells within seminiferous tubules and a small
proliferation of less differentiated cells, as well as spermato-
gonia, in D30 compared to D0, suggesting regeneration.

We used immunohistochemistry to determine whether
oxidative stress alters protein expression of protamines.
PRM1 and PRM2 were detected in differentiated cells, like
spermatids and sperm (Figures 6(a) and 6(b)). No differences
were observed between control and treated groups, or during
the examination of the effect of time (D0 and D30).

To determine whether oxidative stress induces changes in
the activation of apoptotic pathways, we investigated the
proapoptotic protein BAX. In the control group, a diffuse
granular intracytoplasmic labeling in both primary and
secondary spermatocytes in D0 was observed (Figure 5(d)),
but predominant in primary spermatocytes. Similarly, the
treated group presented BAX labeling within the primary
spermatocyte cytoplasm, with the distinction that all desqua-
mated and binucleated cells were labeled (Figures 5(e) and
5(f)) within the seminiferous tubule lumina. In addition, no

Table 1: Means (%)± SEM and p value of ram sperm presenting
different degrees of DNA fragmentation. Grade I (few damages),
grade II (light damages), grade III (evident damage), and grade IV
(intense damage) in different experimental weeks, in the control
and treated groups.

Grade Week Control Treated p

I

1 30.05± 9.29 8.03%± 2.09 0.06

2 12.97%± 4.33 14.06± 2.45 0.19

3 13.25%± 3.23 8.67± 2.62 0.19

4 14.36%± 5.76 18.83± 5.83 0.24

5 4.80%± 1.71 1.87± 1.20 0.54

6 4.5%± 2.07 0.94%± 0.60 0.04

7 3.23%± 1.59 9.35%± 3.33 0.06

8 9.75%± 3.22 4.89%± 1.94 0.16

9 13.12%± 3.78 7.71%± 1.79 015

II

1 41.46%± 7.35 23.10%± 5.56 0.06

2 54.80%± 6.14 16.98%± 3.38 0.001

3 64.76%± 10.25 23.47%± 6.93 0.013

4 50.83%± 12.83 24.49% 6.10 0.02

5 83.49%± 3.84 35.58%± 5.58 0.001

6 72.95%± 4.90 51.52%± 10.14 0.12

7 76.06%± 5.96 48.66%± 11.25 0.06

8 71.90%± 4.17 64.19%± 10.43 0.46

9 71.56%± 4.36 66.68%± 4.90 0.34

III

1 27.61%± 8.78 64.85% 5.50 0.002

2 32.00%± 7.58 68.57%± 3.91 0.001

3 20.14%± 9.26 65.35± 5.12 0.007

4 33.84%± 7.49 55.99%± 5.07 0.02

5 11.58%± 3.63 60.25%± 6.90 0.0011

6 21.65%± 5.80 47.52%± 10.18 0.03

7 20.70%± 5.70 41.68%± 11.57 0.12

8 18.34%± 6.25 30.90%± 11.30 0.34

9 15.22%± 8.24 25.19%± 3.93 0.04

IV

1 0.87%± 0.50 4.96%± 1.90 0.07

2 0.31%± 0.21 0.38%± 0.17 0.42

3 1.83%± 1.36 2.50%± 1.82 0.43

4 0.96%± 0.74 0.68%± 0.68 0.21

5 0.11%± 0.11 2.28%± 1.25 0.02

6 0.83%± 0.40 0 0.09

7 0 0.29%± 0.29 0.50

8 0 0 1

9 0.10%± 0.10 0.40%± 0.40 0.50

Table 2: Gene expression of PRM1, TNP1, and TNP2 in ejaculated
ram sperm presented as number of copies considering treatment
effect. Mean± SEM and p value.

Target genes Control group Treated group p

PRM1 31.11± 13.69 19.59± 5.85 0.63

TNP1 17.19± 4.84 4.09± 1.02 0.042

TNP2 1.97± 0.79 1.01± 0.14 0.55

Table 3: Gene expression of PRM1, TNP1, and TNP2 in epididymal
ram sperm presented as number of copies considering treatment
effect. Mean± SEM and p value.

Target genes Control group Treated group p

PRM1 6.73± 3.01 8.21± 3.81 0.86

TNP1 2.76± 0.88 2.14± 0.65 0.64

TNP2 0.35± 0.03 0.56± 0.19 0.34

Table 4: Gene expression of PRM1, TNP1, and TNP2 in epididymal
ram sperm presented as number of copies considering effect of time
(D0 versus D30). Mean± SEM and p value.

Target genes D0 D30 p

PRM1 mRNA copies 0.92± 0.12 10.74± 2.87 <0.0001
TNP1 mRNA copies 2.81± 0.61 0.94± 0.18 0.12

TNP2 mRNA copies 0.39± 0.08 0.72± 0.35 0.24
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differences in BAX imunolabeling between the control and
treated groups at D30 were observed. The antiapoptotic
protein BCL2 was also investigated. No differences were
observed between the control and treated groups, or during
assessment of the effect of time. In general, an intense

intracytoplasmic labeling for BCL2 was observed in sperma-
tids (Figure 5(g)). A less intense labeling for BCL2 was
observed within the cytoplasm of desquamated cells present
within seminiferous tubule lumina (Figure 5(h)), such as
primary spermatocytes (Figure 5(i)).

5. Discussion

Sperm that comprise chromatin damage are still able to
fertilize an egg; however, this may be critical in the etiology
of infertility, particularly in idiopathic cases [1]. Heat stress
is one of the causes of augmented sperm DNA fragmentation
by increased oxidative stress, failures in compaction of
chromatin, and apoptosis in the mouse [34]. In this study,
we assessed effect of heat stress on semen and testicles of
rams, focusing on sperm DNA fragmentation, susceptibility
to sperm chromatin fragmentation, protamine deficiency,
gene or protein expression of protamines and transition
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Figure 4: Relative gene expression of PRM1, TNP1, and TNP2. (a) Comparison between the control (n = 108) and treated (n = 108) groups.
(b) Comparison between D0 (n = 108) and D30 (n = 108) of the spermatic cycle. (c) Comparison between the control (n = 54) and
treated (n = 54) groups at D0 of the spermatic cycle. (d) Comparison between the control (n = 54) and treated (n = 54) groups at
D30 of the spermatic cycle. (e) Comparison between D0 (n = 54) and D30 (n = 54) of the spermatic cycle within the control group.
(f) Comparison between D0 (n = 54) and D30 (n = 54) of the spermatic cycle within the treated group. Results are presented as
mean± SEM. Amounts expressed in log2 (FC). FC = fold change. C = control group. T = treated group.

Table 5: Probability values (p) for PRM1, TNP1, and TNP2 gene
expression in ram testis submitted to heat stress considering the
different effects analyzed.

Effects PRM1 TNP1 TNP2

Treatment (control versus treated) 0.6347 0.8066 0.5903

Protamination (D0 versus D30) 0.2099 0.8324 0.3767

D0: control versus treated 0.7649 0.5405 0.7851

D30: control versus treated 0.3243 0.7884 0.3061

Control group: D0 versus D30 0.1365 0.5559 0.2075

Treated group: D0 versus D30 0.7880 0.7705 0.9811
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proteins, and the presence of pro- and antiapoptotic proteins
in spermatocytes and spermatids.

When analyzing sperm from the ejaculate, we observed
an increase in the percentage of sperm susceptible to DNA
acid denaturation and in the percentage of grade III sperm
after Comet assay in the treated group. Our previous
published study [29] proposed that heat stress promoted by
testicular insulation causes oxidative stress. Therefore, these

new results suggest that oxidative stress promotes DNA
fragmentation. This assertion is substantiated by the increase
in the percentage of sperm with evident chromatin damage
(grade III) observed in the sixth experimental week. The
population of sperm grade II decreased in the treated group
as cells evolved to grade III, implying that the increased
fragmentation observed in the treated group would occur
in sperm with previous DNA damage and presumable
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Figure 5: Optical microscopy of ram testis after testicular insulation stained with hematoxylin and eosin and representative images of
immunohistochemical localization of BAX (rabbit polyclonal anti-murine) and BCL2 (rabbit polyclonal anti-human) in ram seminiferous
tubules. (a) Cell desquamation with giant cells in the tubular lumen (arrow), 400x magnification. (b) Seminiferous tubules showing flaking
germ cells into the tubular lumen (arrow), 400x magnification. (c) Mild multifocal interstitial fibrosis (arrow), 200x magnification.
(d) Intracytoplasmic labeling of BAX in spermatocytes I (1), 400x magnification. (e) Intracytoplasmic labeling of BAX in squamous
cells present in the lumen (2), 400x magnification. (f) Intracytoplasmic labeling of BAX in binucleated squamous cells in the lumen,
400x magnification. (g) Intracytoplasmic labeling of BCL2 in elongated spermatids (4), 400x magnification. (i) Mild intracytoplasmic
labeling of BCL2 in cells present in the lumen (5), 400x magnification. (i) Less intense intracytoplasmic labeling of BCL2 in spermatocytes
I than spermatids (6), 400x magnification.
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chromatin alteration. Assessment of sperm DNA susceptibil-
ity to denaturation promotes chromatin denaturation where
DNA damage already exists [35]. Whereas alkaline comet is a
technique used to quantify the grade of DNA fragmentation,
it is complementary to analysis of sperm DNA susceptibility
to denaturation. This relationship between sperm DNA
susceptibility to denaturation and DNA fragmentation was
also observed in cattle [36, 37]. Sperm with higher suscepti-
bility to DNA fragmentation would suffer chromatin damage
quickly under oxidative stress condition [38]. This was
already reported in human patients with varicocele, in which
increased DNA damage was associated with oxidative stress
induced by heat stress [38].

The absence of differences between groups when consid-
ering epididymal sperm DNA susceptibility to damage after
the second insulation was unexpected. A plausible explana-
tion is that sperm cells that were more susceptible to heat
stress were eliminated in the first insulation. This mechanism
would be similar to what occurs in the hypoxia-reperfusion
syndrome [39] after organ transplantation. Oxidative dam-
age may occur due to the increased oxygen supply during
tissue reperfusion after hypoxia, generating a condition of
oxidative stress due to the increased oxygen supply [40–42].
This leads to an increase in apoptosis that can be beneficial
in the long term, as a negative correlation was observed
between the degree of apoptosis at the time of transplantation
and the concentration of serum creatinine six months after
renal transplants [43]. Similarly, the testis works in hypoxia
conditions, since it is poorly vascularized [44]. In the case
of an increase in testicular temperature, metabolic activity
increases without efficient vasodilatation, leading to hypoxia
[44, 45]. When testis temperature returns to normal, reoxy-
genation occurs, similarly to what happens after organ trans-
plantation. Thus, the higher amount of DNA fragmentation
observed after heat stress could reflect an increase in apopto-
sis during the first experiment. Animals with increased sperm
susceptibility to DNA damage would have these cells more
efficiently eliminated. This fact is supported by the decrease

in the number of spermatogonia observed in D30. This
finding may be related to increased cell differentiation due
to tissue recovery after heat stress. Thus, in a possible subse-
quent stress, these cells would be less prone to DNA damage.

The decrease in TNP1 mRNA copies in ejaculated sperm
from the treated group could reflect higher consumption of
mRNA due to a possible need for higher DNA compaction
in this group. Gene expression in mature spermatozoa pro-
gressively ceases during spermiogenesis to allow compaction
of the genome, replacing histones by the protamines [14, 15].
In fact, Feugang et al. [46] verified that mature sperm might
exhibit transient translational activity to replace protamines
that could be defective. No difference between the control
and treated groups was observed when we assessed protami-
nation per se using the CMA3 techniques in ejaculated
sperm, showing that the final outcome is unchanged in spite
of the change in gene expression of TNP1.

Gene expression analysis in ram epididymal sperm
revealed that only PRM1 showed a higher number of copies
in D30. This increase could be an effect from the orchiec-
tomy. The removal of the left testicle may have stimulated
an impairment of spermatogenesis in the right testicle, and
consequently lack of mRNA consumption. Interestingly,
when we assessed testicular material subjected to the same
treatment, no differences were observed. When using testicu-
lar material for RNA extraction, all cell types were lysed.
Since we identified PRM1 proteins preferably in spermatids,
isolation and analysis of spermatid mRNA would provide a
clearer picture of changes in PRM1 mRNA transcription
and consumption during spermatogenesis.

Considering the activation of apoptotic pathways, we
observed that BAX was detected preferably in spermatocytes,
whereas BCL2 was detected in spermatids. Spermatocytes
showed increased marking by BAX, as already described in
rodents [47], monkeys [48], and human [49]; however, heat
stress did not increase cell types undergoing apoptosis. As
expected, desquamated and binucleated cells were BAX
positive, indicating that these cells underwent apoptosis. On

(a) (b)

Figure 6: Representative images of immunohistochemical localization of PRM1 (mouse monoclonal antibody raised against protamine 1 of
ovine origin) (a) and PRM2 (rabbit polyclonal antibody raised against protamine 2 of mouse origin) (b) in ram seminiferous tubules by optical
microscopy (arrows), 400x magnification.
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the other hand, spermatids showed an increase on antiapop-
totic mechanism reflected by higher BCL2 staining, which is
consistent with the idea that mature sperm should maintain
higher levels of antiapoptotic proteins [50]. These high
BCL2 levels may be related to spermatozoa that are hall-
marked for apoptosis but escape from it, a process normally
called “abortive apoptosis” [51]. To our knowledge, this is
the first description of cell types involved in the apoptotic
pathways mediated by ROS in ram testicles subjected to
heat-induced oxidative stress.

In conclusion, heat stress increases sperm DNA frag-
mentation and chromatin alterations without significant
changes in the protamination process or in cell types
undergoing apoptosis. Unexpectedly, when animals were
submitted to a second heat stress, less DNA fragmentation
was observed, even after a resting period. This suggests
that susceptible cells were affected and eliminated from
the testicular environment. Novel experiments could be
performed to verify if previous exposure to heat stress
leads to a more resistant testicular structure, resulting in
less overall damage to sperm chromatin.
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Background. Recent animal studies have shown that mitochondrial dysfunction initiates and accelerates renal injury in sepsis, but
its role in sepsis remains unknown. Mitochondrial stress or dying cells can lead to fragmentation of the mitochondrial genome,
which is considered a surrogate marker of mitochondrial dysfunction. Therefore, we evaluated the efficiency of urinary
mitochondrial DNA (UmtDNA) as a marker of renal dysfunction during sepsis-induced acute kidney injury (AKI). Methods.
We isolated DNA from plasma and urine of patients. mtDNA levels were quantified by quantitative PCR. Sepsis patients were
divided into no AKI, mild AKI, and severe AKI groups according to RIFLE criteria. Additionally, cecal ligation and puncture
(CLP) was established in rats to evaluate the association between UmtDNA and mitochondrial function. Results. A total of
52 (49.5%) developed AKI among enrolled sepsis patients. Increased systemic mtDNA did not correlate with systemic
inflammation or acute renal dysfunction in sepsis patients, while AKI did not have an additional effect on circulating mtDNA
levels. In contrast, UmtDNA was significantly enriched in severe AKI patients compared with that in the mild AKI or no AKI
group, positively correlated with plasma creatinine, urinary neutrophil gelatinase-associated lipocalin, and kidney injury
molecule-1, and inversely with the estimated glomerular filtration rate. Additionally, UmtDNA increased in rats following CLP-
induced sepsis. UmtDNA was predictive of AKI development and correlated with plasma creatinine and blood urea nitrogen in
the rat sepsis model. Finally, the UmtDNA level was inversely correlated with the cortical mtDNA copy number and relative
expression of mitochondrial gene in the kidney. Conclusion. An elevated UmtDNA level correlates with mitochondrial
dysfunction and renal injury in sepsis patients, indicating renal mitochondrial injury induced by sepsis. Therefore, UmtDNA
may be regarded as a valuable biomarker for the occurrence of AKI and the development of mitochondria-targeted therapies
following sepsis-induced AKI.

1. Introduction

Sepsis is an intricate clinical condition characterized by stim-
ulation of the systemic inflammatory response related to
infection [1]. Acute kidney injury (AKI) occurs frequently
in sepsis patients and is linked to high morbidity and mortal-
ity [2]. Patients suffering from AKI present an increased risk
of progression to chronic kidney disease (CKD) and end-
stage renal disease and have a major impact on healthcare
resources [3]. Thus, a clear clarification of the pathogenesis
responsible during renal dysfunction induced by sepsis is

critical to avoid these profound complications and develop
novel therapies to treat this prevalent disease.

Recent studies have implicated mitochondrial dysfunc-
tion to play a causative role in the pathogenesis of AKI fol-
lowing sepsis. Disruption of mitochondrial integrity in
renal tubular cells seems to be a hallmark for diverse forms
of AKI [4]. In sepsis-induced AKI mice, decreased antioxi-
dant defenses and injured mitochondrial respiration coexist
with the intrarenal inflammatory response and oxidative
stress [5, 6]. Additionally, downregulation of protein expres-
sion during mitochondrial metabolism and decreased oxygen
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utilization have been observed in experimental models of
sepsis-associated AKI [7]. Previous studies have also
demonstrated that mitochondria-targeted drugs protected
against abnormal mitochondrial structures and dysfunc-
tion in sepsis-induced AKI [8]. Similarly, the reversion of
mitochondrial damage is able to prevent tubular cell apo-
ptosis and oxidative stress in septic rats [9]. However,
whether renal dysfunction is mediated by mitochondrial
injury after sepsis remains unknown, partly owing to the
lack of practical methods to detect mitochondrial damage
and dysfunction. Moreover, human data are limited
because renal biopsy is unlikely to be performed in AKI
patients following sepsis.

Elevated mitochondrial DNA (mtDNA) levels in the
urine has been considered as a novel noninvasive biomarker
for detecting mitochondrial dysfunction. Eirin et al. revealed
that increased urinary mtDNA (UmtDNA) in hypertensive
patients correlated with other biomarkers of renal dysfunc-
tion and glomerular hyperfiltration [10, 11]. Likewise, we
have recently showed UmtDNA is elevated in critical
patients with AKI and associated with progression in
severity [12]. However, whether derangements of mito-
chondrial integrity may be associated with the detectable
release of UmtDNA in sepsis-induced AKI has never been
determined. Therefore, we conducted experiments to test
the effectiveness of UmtDNA as a predictor of AKI devel-
opment and exacerbation induced by sepsis. In addition,
we confirmed the effectiveness of UmtDNA as evidence
of renal mitochondrial integrality in a rat model of AKI
following sepsis.

2. Materials and Methods

2.1. Ethical Considerations. This study has been approved by
the Institutional Review Board of Jinling Hospital, Nanjing
(2016NZGKJ-061), and a written informed consent was
obtained from each enrolled participant.

2.2. Patients and Sample Preparation. Human urine samples
were obtained from 105 sepsis patients who were consecu-
tively admitted to the surgical intensive care unit (SICU)
at Jinling Hospital from June 2016 to July 2017. The SICU
belongs to the department of general surgery, which is pri-
marily for trauma and postoperative patients. Urine and
plasma were collected within 3 hours in no AKI and
AKI patients following the diagnosis of sepsis by a physi-
cian. Exclusion criteria were as follows: (a) refused con-
sent; (b) patients with end-stage renal disease or chronic
renal failure; (c) patients already on renal replacement
therapy (RRT); (d) patients who had a history of acute
coronary disease and stroke; and (e) patients who had pre-
vious renal transplant. Renal function was evaluated by
plasma creatinine and BUN, and patients were stratified
according to the RIFLE criteria [13]. In the present study,
participants were subdivided into 3 groups in accordance
with changes in RIFLE stage to assess the UmtDNA diag-
nostic efficacy, including no AKI, mild AKI (risk of renal
failure), and severe AKI (injury to the kidney, failure of
kidney function, or the need for RRT). Following urinary

collection, protease inhibitors were added to the urine
followed by centrifugation at 1000×g for 3min. After
removal of intact cells and cellular debris, the supernatants
were harvested and stored at −80°C prior to DNA extrac-
tion, as previously described [12, 14].

2.3. Isolation and Quantification of mtDNA. In the present
study, free DNA was isolated from 200 μL plasma using the
QIAamp DNA Blood Mini Kit (Qiagen, Valencia, CA), and
DNA was also extracted from 1.7mL urine using the urine
DNA isolation kit from Norgen Biotek (Ontario, Canada;
catalog number 18100) as previously described [12, 15]. Each
DNA concentration was measured by NanoDrop spectro-
photometer. 10 ng DNA from each human urine was put into
polymerase chain reaction (PCR), and 0.5 ng DNA was iso-
lated in rat urine or kidney for the PCR reactions. Quantita-
tive PCR targeting the mitochondrial gene (COX3 and ND1)
and the nuclear gene GAPDH was applied to quantify
UmtDNA levels. For human urine, a standard curve by total
DNA extracted from HK2 cells was established to calculate
absolute values of mtDNA and nuclear DNA (nDNA). For
rat urine, threshold cycle (Tc) helped to represent the relative
abundances of UmtDNA because of undetectable levels of
urinary glyceraldehyde phosphate dehydrogenase (GAPDH).
The final reaction volume was 20 μL. The thermal profile was
set up as follows: 50°C for 2 minutes, 95°C for10 minutes, 40
cycles of 95°C for 15 seconds, and 60°C for 1 minute. Of note,
higher Tc represents lower levels of UmtDNA DAMPs, as we
previously described [15].

2.4. Renal Injury Markers. Urinary neutrophil gelatinase-
associated lipocalin (NGAL) and kidney injury molecule-1
(KIM-1) were chosen as renal injury markers for sepsis
patients. They were measured by ELISA according to a stan-
dard protocol (EK-Bioscience, EK-H12141, Shanghai, China,
and EK-Bioscience, EK-H11514, Shanghai, China, resp.), as
previously described [10].

2.5. Rat Cecal Ligation and Puncture Model. The 8- to 10-
week-old male Sprague-Dawley rats (180–200 g) were sub-
jected to sham or cecal ligation and puncture (CLP) surgery
as described previously [16]. The rats were reared under stan-
dard laboratory conditions and had free access to food and
water but fasted overnight prior to the experiments. The rats
were kept in metabolism cages to collect urine after CLP
surgery. Urine was collected from 6 to 24 h after surgery.
The rats were euthanized with CO2 gas at 24 h, and blood
and kidneys were collected. Renal function was analyzed by
measuring the blood urea nitrogen (BUN) and serum creati-
nine levels using specific commercially available kits: BUN
Assay Kit (Jiancheng Biotech, Nanjing, P. R. China) and
Creatinine Assay Kit (Biosino Bio-Technology). Ethical
approval was obtained from the local research ethics com-
mittee of Jinling Hospital.

2.6. Histology and Tubular Injury Score. The renal tissues of
the rats were stained by H&E and observed under micros-
copy (400x) to score the pathologic injury of the renal tissue.
The pathological changes in the kidney tissue were examined
by light microscopy, and the slices were reviewed in a blinded
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manner and scored with a semi-quantitative scale to evaluate
changes. Tubules that demonstrated cellular necrosis, vacuo-
lization, cast formation, loss of the brush border, and tubule
dilation were scored as follows: 0, none; 1, <11%; 2, 11% to
25%; 3, 26% to 45%; 4, 46% to 75%; and 5, >75%.

2.7. mtDNA Copy Number and mRNA Transcription Levels.
For quantification of the mtDNA copy number, total DNA
was extracted using the DNeasy Tissue Kit (Qiagen, Valencia,
CA). We compared the relative amounts of mtDNA and
nuclear DNA contents. The mtDNA amplicons were gener-
ated from a complex IV segment, and the nuclear amplicons
were generated through amplification of a GAPDH segment.
Tc values of mtDNA and GAPDH were determined for each
individual quantitative PCR run. The ddCt (mtDNA to
GAPDH) represented the mtDNA copy number in a cell.
The following primers were used to determine mRNA
expression levels for mitochondrial gene expression: PGC-
1α and NDUFB8. Primers for qPCR analyses of the relevant
sequences are listed in Supplementary Table 1. GAPDH was
selected as the internal standard.

2.8. ATP Content Determination. Adenosine triphosphate
(ATP) Determination Kit (Beyotime) was used to detect
ATP concentration according to the manufacturer’s instruc-
tion. ATP concentration was calculated with the construction
of a standard ATP calibration curve.

2.9. Statistical Analysis. SPSS 19.0 statistical software (SPSS
Inc. Chicago, IL) was used to perform statistical analyses.
Data were expressed as the means± SD or median± IQR

for continuous data and as proportions for categorical
data. Univariate analyses were conducted using Student’s
t-test for continuous data and χ2 test or Fisher’s exact test
for categorical variables. Receiver operating characteristic
(ROC) curve was drawn to evaluate the predictive effec-
tiveness of UmtDNA for AKI progression. The optimal
cutoff point was calculated by determining the index that
provided the greatest sum of sensitivity and specificity.
Multiple variables underwent correlation, and their degree
of correlation was performed by calculating Pearson corre-
lation coefficients. The criterion for statistical significance
was P < 0 05 for all comparisons.

3. Results

3.1. Patient Demographics. Consecutive critically ill patients
who were admitted to the SICU from June 2016 to July
2017 were screened for this study. Among them, 105 patients
who met our criteria were eligible and finally enrolled
(Figure 1). The cohort demographics are summarized in
Table 1. These 105 patients included 82 men and 23 women,
with an average age of 51.3 year. During the first 7 days after
admission, 52 patients developed AKI, whereas the other 53
patients had no AKI. There was no statistical significance
between their underlying diseases and vital signs at admis-
sion. However, septic AKI patients were more likely to expe-
rience septic shock and mechanical ventilation after
admission (P = 0 034 and 0.037, resp.), and their APACHE
II and SOFA scores were significantly higher than those
patients without AKI (P = 0 001 and 0.006, resp.). Although

382 patients admitted to SICU

183 fail to meet
sepsis criteria 

199 sepsis patients
were included 

Exclusion

Age <18 and ICU stay ≤24h (n = 34),
Death within 72 h after SICU
admission (n = 10),
Pre-AKI or CKD (n = 16),
Complicated with terminal malignant
tumors (n = 14),
Immunodeficiency or coagulation
disorders (n = 11),
Inadequate urine sample (n = 9). 

105 patients were included

AKI
(n = 52)

No AKI
(n = 53)

(i)
(ii)

(iii)
(iv)

(v)

(vi)

Figure 1: Flow chart of the septic patients with no AKI or AKI in this study. SICU: surgical intensive care; AKI: acute kidney injury; CKD:
chronic kidney disease.
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hospital mortality was higher in patients with AKI compared
with that in the non-AKI group, the difference did not
achieve statistical significance. Furthermore, Table 1 shows
that urinary NGAL (P < 0 001) and KIM-1 (P = 0 001) were
significantly elevated in AKI group compared with those in
the non-AKI group.

3.2. Increased Circulating mtDNA Does Not Correlate with
Biomarkers of Systemic Inflammation and Renal Function
in Septic Patients. To analyze whether AKI was associated
with enhanced circulating mtDNA, the levels of systemic
mtDNA in septic patients were measured by qPCR. We pre-
viously showed that the plasma mtDNA level was increased

Table 1: Demographic and clinical variables and outcomes of patients stratified by the presence of AKI.

Parameters
Sepsis patients enrolled in SICU

P value
All (n = 105) No AKI (n = 53) AKI (n = 52)

Demographic data

Age, mean (SD), y 51.3± 14.6 51.2± 14.5 51.4± 14.9 0.946

Male, n (%) 82 (78.1%) 38 (71.7%) 44 (84.6%) 0.110

BMI, mean (SD) 21.2± 3.0 21.1± 2.8 21.2± 3.2 0.628

Primary disease, n (%) 0.649

Traffic accident 8 (7.6%) 3 (5.6%) 5 (9.6%)

Injurya 13 (12.4%) 5 (9.4%) 8 (15.4%)

Surgical complicationb 78 (74.3%) 42 (79.3%) 36 (69.2%)

Others 6 (5.7%) 3 (5.7%) 3 (5.8%)

Comorbidity, n (%)

Hypertension 19 (18.1%) 11 (20.8%) 8 (15.4%) 0.475

Diabetes mellitus 12 (11.4%) 5 (9.4%) 7 (13.5%) 0.517

Cardiovascular disease 5 (4.8%) 3 (5.7%) 2 (3.8%) 0.663

Site of infections, n (%) 0.903

Abdominal 51 (48.6%) 27 (50.9%) 24 (46.2%)

Pulmonary 25 (23.8%) 11 (20.8%) 14 (26.9%)

Urinary 6 (5.7%) 3 (5.7%) 3 (5.8%)

Others 23 (21.9%) 12 (22.6%) 11 (21.1%)

ICU admission

APACHE II score, mean (SD) 13.8± 5.3 12.2± 3.4 15.5± 6.4 0.001

SOFA score, mean (SD) 9.1± 3.8 8.1± 2.7 10.1± 4.5 0.006

Mechanical ventilation, n (%) 40 (38.1%) 15 (28.3%) 25 (48.1%) 0.037

Leukocyte count, mean (SD), ×109/L 14.7± 2.1 14.4± 1.8 15.1± 2.3 0.086

CRP, mean (SD), mg/L 72.1± 30.2 68.6± 25.2 75.6± 38.7 0.276

PCT, mean (SD), ng/mL 4.0± 1.7 3.7± 1.4 4.3± 1.6 0.043

IL-6, mean (SD), pg/mL 197.5± 85.4 177.2± 77.8 218.2± 95.3 0.017

Plasma sodium, mean (SD), mmol/L 140.5± 6.2 141.1± 6.9 139.8± 5.8 0.299

Plasma potassium, mean (SD), mmol/L 4.2± 1.1 4.3± 1.2 4.1± 0.9 0.336

Lactate, mean (SD), mmol/L 2.3± 1.5 2.1± 1.1 2.6± 1.9 0.104

eGRF, median (IQR) 59.6 [32.0–92.5] 73.3 [49.0–114.0] 42.4 [22.1–77.0] <0.001
Plasma creatinine, median (IQR), μmol/L 81.0 [116.0–177.0] 90.0 [70–129.0] 151.0 [96.0–287.0] <0.001
Urinary NGAL, median (IQR), ng/mL 60.3 [44.6–82.1] 50.3 [39.4–66.2] 74.0 [52.3–92.9] <0.001
Urinary KIM-1, median (IQR), ng/mL 1642.0 [1198.5–1819.7] 1236.1 [1060.8–1604.6] 1615.3 [1241.3–1294.5] 0.001

Outcomes

Septic shock 18 (17.1%) 5 (9.4%) 13 (25%) 0.34

Receiving RRT, n (%) 19 (18.1%) 0(%) 19 (28.8%) <0.001
Hospital LOS, mean (SD), d 23.7± 8.7 21.2± 6.7 26.1± 9.8 0.003

Hospital mortality, n (%) 18 (17.1%) 5 (9.4%) 13 (25%) 0.34

BMI: body mass index; APACHE: Acute Physiology and Chronic Health Evaluation; SOFA: Sepsis-related Organ Failure Assessment; CRP: C-reaction protein;
PCT: procalcitonin; NGAL: neutrophil gelatinase-associated lipocalin; KIM-1: kidney injury molecule-1; eGFR: estimated glomerular filtration; LOS: length of
stay. aInjury includes gunshot, falling, cuts, and bruising; bPatients who developed into intra-abdominal infection after elective surgery were categorized as
having surgical complication.

4 Oxidative Medicine and Cellular Longevity



in septic patients compared with that in critically ill
patients without sepsis [15]. Although plasma mtDNA
levels were elevated in septic patients with AKI compared
with those in septic patients without AKI, no significant
difference was found between the two groups (Supplemen-
tary Figure 1). To investigate whether this increase was
associated with an increased inflammatory response and
renal dysfunction, we performed correlation analysis
between circulating mtDNA and leukocyte counts, plasma
CRP, PCT, IL-6, creatinine, urinary NGAL, and KIM-1.
Table 2 shows that no significant correlation could be
detected between circulating mtDNA levels and these
indexes.

3.3. Urinary mtDNA Is Associated with Sepsis-Induced AKI
Progression in Severity. To evaluate whether UmtDNA can
reflect renal dysfunction in humans, the level of UmtDNA
in urine was detected by quantitative PCR. The UmtDNA
values in AKI patients were compared with those in patients
without AKI. The results showed that urinary mtDNA/
nDNA was significantly elevated in septic AKI group
(COX3: median= 672.1, IQR 389.9–1174.3; ND1:
median= 692.1, IQR 445.2–1232.5) versus that in sepsis
patients without AKI (COX3: median =177.6, IQR 37.0–
429.8; ND1: median =178.6, IQR 39.9–441.4) (Supplemen-
tary Figures 2A-2B). To further investigate the effectiveness
of UmtDNA in predicting the severity of AKI, enrolled
patients were divided into three groups: no AKI (n = 53),
mild AKI (n = 18), and severe AKI (n = 34). The UmtDNA
level in the mild AKI patients was higher than that in the
no AKI group; however, the difference did not reach sta-
tistical significance. Additionally, the UmtDNA level was sig-
nificantly elevated in severe AKI (COX3: median=749.6,
IQR 489.2–1711.1; ND1: median= 766.7, IQR 479.2–
1678.6) versus that in no AKI (COX3: median=177.6, IQR
37.0–429.8; ND1: median=178.6, IQR 39.9–441.4) or mild

AKI (COX3: median= 550.2, IQR 72.3–855.9; ND1:
median=550.4, IQR 71.3–861.6) (Figure 2).

ROC curve analysis was performed to evaluate the diag-
nostic effectiveness for predicting AKI progression. The
urine COX3/nDNA and ND1/nDNA ratios predicted the
occurrence of AKI with an area under the curve (AUC) of
0.767 and 0.774, corresponding to a sensitivity and specificity
of 73.1% and 77.4% and a sensitivity and specificity of 78.8%
and 71.7%, respectively (Figure 3(a)). The diagnostic efficacy
was elevated as a predictor of severe AKI with no AKI
(COX3: AUC=0.828, P < 0 001; ND1: AUC=0.834, P <
0 001) and mild AKI patients (COX3: AUC=0.697, P =
0 020; ND1: AUC=0.705, P = 0 016) (Figures 3(b) and
3(c)). However, no significance was found between the no
AKI and mild AKI groups (COX3: AUC=0.641, P = 0 065;
ND1: AUC=0.605, P = 0 058) (Figure 3(d)).

3.4. UmtDNA Correlates with Marker of Renal Injury
Following Sepsis. To assess the ability of UmtDNA for the
judgement of kidney dysfunction, we compared UmtDNA
with other markers of renal dysfunction in the present study.
Urinary NGAL and KIM-1 as new markers of renal damage
and progression were similarly elevated in septic AKI com-
pared with those in no AKI patients. NGAL, but not KIM-
1, correlated positively with plasma creatinine levels in our
study (Supplementary Figures 2C-2D). In patients with sep-
sis, urinary COX3/nDNA levels correlated inversely with
eGFR and directly with plasma creatinine, urinary NGAL,
and KIM-1 levels (Figures 4(a)–4(d)), and the correlation to
urinary ND1/nDNA levels was not altered (Supplementary
Figure 3). These correlations remained significant when
AKI and no AKI were each considered alone (all P < 0 05).

3.5. UmtDNA Is Increased in Rats after Sepsis-Associated AKI
and Correlates with Renal Dysfunction. To investigate the
role of UmtDNA in the kidney, a rat model of sepsis-
induced AKI by CLP was used. The rats were divided into
sham surgery (n = 10) and CLP (n = 28) for 24 h. All rats pro-
duced adequate urine for detection of UmtDNA, and 7 rats
died within 24 h postsurgery and were thus excluded from
further analyses. BUN and plasma creatinine were signifi-
cantly elevated at 24 h after CLP surgery (Supplementary
Figure 4). UmtDNA could not be normalized to nDNA
because of undetectable contents of GAPDH in rat urine.
Therefore, UmtDNA levels were quantified as qPCR Tc,
with each cycle doubling the DNA quantity until a detec-
tion threshold was achieved, and higher Tc represented
lower levels of UmtDNA DAMPs. UmtDNA levels in the
sepsis group showed a significant increase versus those in
the sham group (Figure 5(a)). Moreover, UmtDNA signifi-
cantly correlated with plasma creatinine (COX3: r = −0 466,
P = 0 033; ND1: r = −0 482, P = 0 027) and blood urea nitro-
gen (COX3: r = −0 556, P = 0 009; ND1: r = −0 514, P =
0 017) (Figures 5(b) and 5(c)).

3.6. UmtDNA Predicts the Occurrence of AKI Development in
Rats Following CLP. Analysis of the ROC curve was per-
formed to evaluate the capacity of UmtDNA to predict the
occurrence of AKI in rats following CLP-induced sepsis.

Table 2: Correlations between plasma mtDNA and markers of
systemic inflammation and kidney injury in sepsis patients.

Plasma COX3
levels

Plasma ND1 levels

Inflammation

Leukocyte count r = 0 10; P = 0 29 r = 0 13; P = 0 24
Plasma CRP r = 0 034; P = 0 733 r = −0 146; P = 137
Plasma PCT r = 0 14; P = 0 19 r = 0 19; P = 0 058
Plasma IL-6 (pg/mL) r = 0 20; P = 0 04∗ r = 0 18; P = 0 08

Renal Function

Plasma creatinine
(μmol/L)

r = 0 15; P = 0 11 r = 0 12; P = 0 14

Urinary NGAL r = 0 11; P = 0 31 r = 0 09; P = 0 45
Urinary KIM-1 r = 0 08; P = 0 41 r = 0 05; P = 0 57

Linear regression was performed and Spearman’s rank-order coefficients
were calculated. CRP: C-reactive protein; PCT: procalcitonin; NGAL:
neutrophil gelatinase-associated lipocalin; KIM-1: kidney injury molecule-
1. ∗P < 0 05 indicates significant correlations.
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The UmtDNA COX3 and ND1 Tc number significantly pre-
dicted AKI development in rats undergoing CLP versus sham
control rats, within an AUC of 0.833 and 0.848, correspond-
ing to a sensitivity and specificity of 90.0% and 61.9% and a
sensitivity and specificity of 90.0% and 76.2%, respectively
(Figure 6(a)). There were several rats with no increase in
BUN in the sepsis group. As previously defined, the AKI
and no AKI group were classified according to an increase
of >2 SD exceed a historical sham BUN level [14]. The cutoff
of BUN in our study was ≥17.4mmol/L, and rats below this
BUN cutoff were excluded from the analysis. Using ROC
curve analysis, UmtDNA COX3 and ND1 levels were sig-
nificantly predictive of AKI development versus no AKI
after CLP-induced sepsis with AUC of 0.798 and 0.793,
corresponding to a sensitivity and specificity of 75.0%
and 84.6% and a sensitivity and specificity of 87.5% and
69.2%, respectively (Figure 6(b)).

3.7. Renal mtDNA Copy Number and Mitochondrial Gene
Expression Are Negatively Associated with UmtDNA in
Sepsis-Associated AKI. The renal cortical mtDNA copy num-
ber and transcriptional expression of PGC-1α and NDUFB8
were evaluated using qPCR to assess the integrity of renal
mitochondria. The cortical mtDNA copy number in the
kidney was reduced following sepsis, and inversely correlated
with urinary COX3 (r = 0 456, P = 0 0376) and ND1 (r =
0 437, P = 0 0475) levels. Similarly, mRNA expression of
PGC-1α (COX3: r = 0 543, P = 0 0109; ND1: r = 0 5992, P
= 0 0041), and NDUFB8 (COX3: r = 0 549, P = 0 0100;
ND1: r = 0 517, P = 0 0165) was reduced after sepsis-
induced AKI, and their expression was also inversely associ-
ated with UmtDNA levels (Figure 7).

3.8. UmtDNA Is Correlated with the Decrease in Renal ATP
Levels and Renal Tubular Injury. The renal tubule is one of
the richest tissues in terms of number and density of
mitochondria. Mitochondrial ATP levels, an indicator of
mitochondrial activity, were quantified to estimate the
renal tubule dysfunction. Figure 8(a) showed that ATP

concentrations were markedly reduced in the I/R mice
and were inversely correlated with UmtDNA levels
(COX3: r = 0 498, P = 0 0216; ND1: r = 0 449, P = 0 0409).
Moreover, the kidney of rats in the CLP-operated group
showed obvious edema of the renal proximal tubular epi-
thelial cells, narrowing of the renal proximal tubular
lumina, and brush border loss as well as sporadic inflam-
matory cell infiltration (Figure 8(b)). Interestingly,
Figure 8(c) showed that there were intriguing trends relat-
ing renal tubular injury scores and UmtDNA levels in the
present study.

4. Discussion

The current study demonstrates that UmtDNA is elevated
in septic patients with AKI and correlates with other
markers of renal dysfunction, suggesting mitochondrial
damage in the kidney in sepsis-induced AKI patients. Fur-
thermore, correlations of UmtDNA with mitochondrial
gene expression in rat models of sepsis-associated AKI
indicate that the predictive efficacy of UmtDNA for AKI
severity may arise from its capacity to predict the degree
of renal mitochondrial injury and dysfunction, which can
prevent the renal repair process.

Emerging evidence demonstrates a disruption of mito-
chondrial integrity in the pathogenesis of sepsis-associated
AKI. Sepsis activates several pathological mechanisms linked
to mitochondria, including hypoperfusion, oxidative stress,
and the inflammatory response. Activation of these pathways
could produce a large amount of reactive oxygen species
(ROS) and decrease antioxidant defenses, thus disrupting
mitochondrial integrity (Figure 9). Ultrastructural changes
in the mitochondria are observed in the kidney tubular cells
during sepsis-induced AKI. These changes include mito-
chondrial impairment, swelling, cellular death, and finally
the release of mitochondrial contents into the extracellular
space, leading to a vicious cycle of renal damage, which
may represent different levels of damage to mitochondria
[4]. Additionally, high energies are needed in the repair of
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Figure 2: Urinary mitochondrial DNA (UmtDNA) copy number is associated with severity of renal injury in patients with diagnosis of
sepsis. Patients were stratified into three groups: no AKI (n = 53), mild AKI (n = 18), and severe AKI (n = 34). Urinary COX3/nDNA (a)
and ND1/nDNA (b) were significantly increased in severe AKI compared with those in no AKI or mild AKI. ∗∗∗P < 0 001; ∗P < 0 05.
NS: no significance.
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the renal tubular epithelium, and thus renal structural and
functional recovery depend on mitochondrial function [14].
Because of the vital roles of mitochondria in renal recovery,
renal mitochondrial fragments can be a reliable biomarker
of AKI progression. In contrast, a lack of clinical methods
to detect mitochondrial function has restricted investigations
of the relationship between mitochondrial disruption and
renal dysfunction in a human study [17–19].

MtDNA is vulnerable to damage targeted by ROS
because it has no effective repair mechanisms, and
increased mitochondrial ROS generation can decrease
mitochondrial membrane potential, leading to impairment
of membrane integrity [20, 21]. These changes could sub-
sequently permit leakage of mtDNA into the cytosol. Fur-
thermore, one of the proposed mechanisms by which
mtDNA is translocated to the extracellular space is via
necroptosis [21–23]. Therefore, disruption of mitochon-
drial integrity in the renal tubular epithelial cells can cause

the release of mitochondrial DAMPs into the urine, where
they could be considered as surrogate biomarkers of renal
mitochondrial damage and are responsible for the progres-
sion of renal injury (Figure 9). Urinary COX3 and ND1
mtDNA levels were compared between no AKI patients
and AKI patients following sepsis, and their relationships
with markers of renal injury were also investigated. We
found that UmtDNA was dramatically elevated in severe
AKI following sepsis compared with that in no AKI or
mild AKI, and the UmtDNA level was associated with
an increased risk of AKI development and progression,
suggesting mitochondrial injury and impaired energy pro-
duction in sepsis-induced AKI.

Importantly, the UmtDNA copy number was positively
related to urinary levels of tubular injury markers. NGAL,
presumably from distal tubular origins at least in experi-
mental AKI, is the most frequently described human
AKI biomarker, and KIM-1 as a proximal tubular injury
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Figure 3: The UmtDNA copy number predicts the occurrence and progression of AKI in septic patients. (a–d) Area under the receiver
operating characteristic curve (AUC) analysis was performed comparing different degrees of renal dysfunction following sepsis.
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biomarker has been validated to be an effective marker for
the early detection of AKI. The present study also showed
that urinary NGAL and KIM-1 in sepsis patients corre-
lated negatively with renal function but positively with
UmtDNA levels, suggesting renal mitochondrial stress
and injury. Expectedly, UmtDNA levels correlated directly
with plasma creatinine and inversely with eGFR, which
were consistent with our previous study in critically ill
patients. However, Whitaker et al. [14] demonstrated no
correlations between UmtDNA and plasma creatinine in
patients following cardiopulmonary bypass surgery. We
argue that the differences are due to diverse patient
cohorts, a heterogeneous surgical intervention, and the
poor sensitivity of plasma creatinine. Furthermore, the
small sample size in our study could also have tempered
these conclusions. Thus, larger study in septic patients is
needed to verify the prognostic effectiveness of UmtDNA
for AKI progression.

Current diagnosis and staging of AKI depend on changes
in traditional markers of renal injury, like serum creatinine
and urine output [24], but the utility of these markers for pre-
dicting AKI progression in sepsis is limited. Thus, more

specific and sensitive biomarkers are being developed to
enhance the predictive power. The diagnostic value of newer
markers, including NGAL and KIM-1, is satisfactory. Uri-
nary NGAL and KIM-1 have shown promising results for
predicting patient mortality and AKI development in sepsis,
reflecting kidney inflammation. Parr et al. investigated the
capacity of a series of renal markers, such as urinary NGAL,
KIM-1, L-FABP, and interleukin-18, to predict AKI develop-
ment in critically ill patients using the KDIGO criteria [25].
Urinary L-FABP was demonstrated to be the best biomarker
in predicting AKI progression with an AUC of 0.79. In the
present study, the predictive power of UmtDNA levels was
compared favorably (COX3: AUC=0.767; ND1:
AUC=0.774, no AKI versus AKI). Similarly, our study also
showed that the diagnostic effectiveness of UmtDNA
(COX3: AUC=0.767; ND1: AUC=0.774) better distin-
guished no AKI and AKI compared with the NGAL
(AUC=0.751) and KIM-1(AUC=0.694) (Supplementary
Figure 5).

Due to unavailable renal samples from septic patients, a
rat model of CLP-induced sepsis was used to investigate the
physiological association between UmtDNA levels and
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Figure 4: Urinary mitochondrial DNA copy number correlates with markers of renal injury and dysfunction. Urinary COX3/nDNA levels
negatively correlated with estimated glomerular filtration rate (eGFR; b) but positively with serum creatinine (a), urinary neutrophil
gelatinase-associated lipocalin (NGAL; c), and kidney injury molecule-1 (KIM-1; d) levels in septic patients.
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mitochondrial integrity in the renal cortex. We showed that
mitochondrial integrity was persistently damaged after
sepsis-associated AKI in rats. Funk and Schnellmann [19]
suggested that persistent mitochondrial damage was related
to a failure of the renal repair process. In the present study,
the UmtDNA was significantly increased in sepsis and
sepsis-associated AKI compared with that in the sham group

and correlated with renal function assessed by plasma creat-
inine and BUN. These data differed from the results of Whi-
taker et al., as no correlation was observed between UmtDNA
and BUN. This difference is likely due to the specific animal
model and different sensitivity and performance of BUN in
various diseases. Overall, these data demonstrate that rat
CLP provides a reliable model of the UmtDNA response
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Figure 5: Urinary mitochondrial DNA (UmtDNA) levels are increased and correlated with renal injury following cecal ligation and puncture
(CLP). Rats underwent sham surgery and CLP, and rats were placed in metabolic cages after CLP for urine collection. UmtDNA levels were
significantly increased following sepsis induced by CLP (a) and correlated with serum creatinine (b) and BUN (c). ∗P < 0 05.
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observed in sepsis and a platform for the detection of mito-
chondrial indexes in the kidney.

Structural and functional renal recovery depends on per-
sistent activation of tissue repair processes, especially for the
renal tubule [26]. The renal cortical ATP level is an impor-
tant determinant of energy metabolism and is associated with
mitochondrial function and dynamics [27]. Energy is neces-
sarily required to repair the renal tubular epithelium, and
thus mitochondrial function is critical for renal recovery
[14]. Importantly, a recent animal study has shown that
mitochondria-targeted therapy significantly protects
against sepsis-induced renal alternations by modulating
tubular cell apoptosis and decreasing ROS-related mito-
chondrial damage [5]. Similarly, Dare et al. also revealed
that improving mitochondrial homeostasis and function
by injection of MitoQ (mitochondria-targeted antioxidant)
has the potential to restore renal dysfunction due to ische-
mia reperfusion injury [28]. However, clinically useful and
noninvasive assessments of renal repair process by
mitochondria-targeted therapy are limited for patients.
Our study demonstrated that UmtDNA correlated with
renal cortical ATP levels and was associated with renal
damage graded by the tubular injury score, which indi-
cated that UmtDNA levels can be used as a potent marker
of the potential of renal repair and a prognostic index of
functional recovery in the kidney.

The MtDNA copy number and mRNA expression of
PGC-1α and NDUFB8 from the renal cortex were

investigated and showed significant decreases following
sepsis-induced AKI in the present study. The correlation of
UmtDNA levels with the mtDNA copy number and mito-
chondrial gene expression indicated that UmtDNA reflected
kidney homeostasis during sepsis. Based on the above results,
we suggested that the predictive ability of UmtDNA for AKI
severity was due to its capacity to predict the degree of mito-
chondrial dysfunction and fission, which could lead to reduc-
tion of ATP production, cellular functions, and structural
alterations, as well as inhibition of renal repair processes.
Recent animal studies have clearly suggested that the disrup-
tion of mitochondrial homeostasis in the early stages of acute
kidney injury is a major factor driving tubular injury and
inhibiting renal recovery [29]. However, negative correla-
tions of mitochondrial gene expression to elevated UmtDNA
do not casually link mitochondrial homeostasis to structural
and functional recovery from AKI. Therefore, future studies
are needed to explore how the modulation of UmtDNA level
is associated with renal tissue repair and recovery following
sepsis-induced AKI.

In addition to serving as a clinical biomarker of mito-
chondrial stress and dysfunction, circulating mtDNA has
been shown to induce the inflammatory response following
mitochondrial damage. We have already shown that circulat-
ing mtDNA is linked to the occurrence of multiple organ
dysfunction syndrome and mortality [15]. Importantly,
mtDNA contributes to the activation of Toll-like receptor 9
and inflammasomes, propagating damage to distant organs
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following sepsis [21]. We have previously demonstrated that
critically ill patients with sepsis display increased levels of
plasma mtDNA compared with those without sepsis [15].
Nevertheless, no differences were observed between AKI
and no AKI patients following sepsis in the present study.
Furthermore, circulating mtDNA did not correlate with the

biomarkers of systemic inflammation and renal dysfunction.
He et al. [30] demonstrated that injection of mtDNA or mito-
chondrial debris failed to induce proteinuria and kidney
injury in rodents, suggesting that circulating mtDNA may
not be responsible for the renal function and dysfunction in
critically ill patients. Similarly, a recent study showed that
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Figure 7: Urinary mitochondrial DNA (UmtDNA) is associated with depletion of the renal mtDNA copy number and mitochondrial gene
expression. UmtDNA correlates with the relative (a) renal mtDNA copy number, (b) PGC-1α and (c) NDUFB8.
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increased circulating mtDNA levels in systemic inflamma-
tory response syndrome patients did not correlate with circu-
lating mtDNA and renal disease severity, which indicated
that AKI did not have an additional effect on circulating
levels. The authors suggested that systemic mtDNA was
probably not important in the vicious circle between systemic
inflammatory response syndrome (SIRS) and AKI, whereas
the correlation between UmtDNA and increased markers of

renal inflammation indicated that renal mtDNA accumula-
tion may be related to intrarenal inflammation and renal dys-
function in the pathophysiology of SIRS [31]. These data
suggest that elevated circulating mtDNA due to sepsis does
not lead to secondary AKI, whereas UmtDNA accumulation
correlates with renal mitochondrial disruption and sepsis-
induced renal dysfunction. Furthermore, compared with
plasma mtDNA and other biomarkers of renal dysfunction,
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Figure 8: Urinary mitochondrial DNA (UmtDNA) is associated with the reduction of (a) renal ATP levels and (b) renal tubular injury scores
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assessment of UmtDNA is noninvasive and easily collected,
which thus can be consecutively measured to evaluate
changes in the renal function and the kidney repair process
in human sepsis.

5. Conclusion

Our studies showed that UmtDNA is associated with
mitochondrial disruption following sepsis-induced AKI.
Furthermore, we provide preliminary evidence that
UmtDNA may be a valuable assessment for investigations
of mitochondrial dysfunction and injury in human sepsis-
induced AKI and the development of mitochondria-
targeted therapy for renal disease.
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