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Compounds of natural origin and their derivatives play an
increasingly important role in medicine and pharmacology.
Approximately 60% of therapeutic drugs used in the
treatment of cancer are compositions comprising natural
compounds and/or their derivatives.

C. G. Vazhappilly and H. P. Vasantha Rupasinghe
demonstrated that an apple flavonoid fraction (AF4) can
protect oxidative DNA damage in vitro and facilitate repair
mechanisms in normal human bronchial epithelial cells
exposed to carcinogen-induced DNA damage as nicotine-
derived nitrosamine ketones, nitrosamine ketones-acetate,
methotrexate, and cisplatin. When DNA damage and
repair mechanisms were evaluated, it was found that AF4
pretreated cells showed lower cytotoxicity, total ROS gen-
eration, and DNA fragmentation along with consequent
inhibition of DNA tail moment after phosphorylation of
histone (γ-H2AX).

A. Ortiz-Espín et al. evaluated an extract of an Antarctic
plant Deschampsia antarctica (EDA) in young human
fibroblasts exposed to H2O2 to survive in extreme conditions.
They measured cell proliferation, viability, and senescence-
associated β-galactosidase (SA-β-Gal). They found that
EDA per se promoted cell proliferation and viability and

increased the expression of antisenescence-related markers.
They also tested the expression of several senescence-
associated proteins including redox protein thioredoxin,
sirtuin 1, and lamin A/C and the replicative protein PCNA.
Then, they induced senescence in human fibroblasts and they
found that an EDA treatment significantly inhibited the
increase in SA-β-Gal levels induced by H2O2 and promoted
the expression of sirtuin 1 and lamin A/C proteins. The
results suggest that EDA protects human fibroblasts from
cellular senescence, pointing to this compound as a potential
therapeutic agent to treat or prevent skin senescence.

G. Carrasco-Torres et al. used quercetin, a flavonoid
considered as chemopreventive agent in different types of
cancer. They demonstrated that quercetin was able to pre-
vent and reverse rat liver preneoplastic lesions when using
the modified resistant hepatocyte model by downregulating
the expression of EGFR and phosphorylating the status
of Src-1, STAT5, and Sp-1. Then, they concluded that
quercetin reversed preneoplastic lesions and had a chemo-
preventive effect on the liver of rats. Plant-based com-
pounds are still researched for their anticancer activity
and for their quantity in plants. Therefore, the modern
chromatographic methods are applied to quantify them
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in plants, as the ultraperformance liquid chromatography-
tandem mass spectrometry.

T. Kubrak et al. studied the effect of 20 coumarin deriva-
tives on the cytotoxicity and expression of encoding proteins
responsible for multidrug resistance (MDR) and genes
involved in such resistance in cancer cells. Such genes are
considered as the major cause of failure of cancer chemother-
apy, demonstrated as overexpression of membrane trans-
porters primarily from the ABC family which actively
remove cytostatics from the tumor cell. They studied pro-
teins as MDR1, MRP, and LRP and genes as BCRP in the
presence and absence of mitoxantrone in 5 cell lines derived
from the human hematopoietic system and found that
leukemia cells exhibited a multidrug resistance phenotype.

M. Mehdi et al. evaluated glutamate and glucose metabo-
lism through GDH and LDH enzyme activity, oxidant, and
antioxidative status among breast cancer patients from Addis
Ababa, Ethiopia. Catalytic activities of glutamate dehydroge-
nase, lactate dehydrogenase, and oxidative stress index were
significantly increased both in serum and cancerous tissues
of breast cancer patients as compared to control groups of
breast cancer patients. They concluded that catalytic activi-
ties of GDH and LDH among breast cancer patients were
significantly higher than control groups and noncancerous
tissues of breast cancer patient. A problem of cancer che-
motherapy is the high cytotoxicity toward normal rapidly
proliferating cells, especially the bone marrow. In order
to mitigate side effects, modified therapeutic regimens such
as combination therapy have been introduced.

A. Och et al. studied the content of alkaloids as sangui-
narine, berberine, protopine, and chelidonine, unidentified
in plant species known for their anticancer activity. Plant-
based compounds are still researched for their anticancer
activity and for their quantity in plants. Therefore, the
modern chromatographic methods are applied to quantify
them in plants, for example, UPLC-MS/MS (ultraperfor-
mance liquid chromatography-tandem mass spectrometry).

Gloria M. Calaf
Francisco Aguayo
Consolato M. Sergi
Angeles Juarranz

Debasish Roy
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The exact cause of breast cancer is unknown; it is a multifactorial disease. It is the most diagnosed and the second killer cancer
among women. Breast cancer can be originated from tissues of breast or secondary from other organs via metastasis. Generally,
cancer cells show aberrant metabolism and oxidative stress when compared to noncancerous tissues of breast cancer patients.
The current study aims at evaluating glutamate and glucose metabolism through GDH and LDH enzyme activities, oxidant, and
antioxidative status among breast cancer patients attending referral hospitals of Addis Ababa, Ethiopia. Result. Catalytic
activities of glutamate dehydrogenase, lactate dehydrogenase, and oxidative stress index were significantly increased in both
serum (4.2mU/ml, 78.6mU/ml, and 3.3 : 1, resp.) and cancerous tissues (1.4mU/ml, 111.7mU/ml, and 2.15 : 1, resp.) of breast
cancer patients as compared to those in serum of control group (3.15mU/ml, 30.4mU/ml, and 2.05 : 1, resp.) and noncancerous
tissues of breast cancer patients (0.92mU/ml, 70.5mU/ml, and 1.1 : 1, resp.) (P ≤ 0 05). Correspondingly, ratios of reduced
to oxidized glutathione were significantly decreased in both serum (20 : 1) and cancerous tissues (23.5 : 1) of breast cancer
patients when compared to those in serum of control group (104.5 : 1) and noncancerous tissues of breast cancer patients
(70.9 : 1) (P ≤ 0 05). Conclusion. Catalytic activities of GDH and LDH, ratios of GSH to GSSG, and concentration of TOS
among breast cancer patients were significantly higher than were those among control group and noncancerous tissues of
breast cancer patients, while TAC of breast cancer patients is significantly lower than that of control group and normal
tissues of breast cancer patients.

1. Background

Breast cancer is a multifactorial and devastating disease. It is
characterized by its uncontrolled growth and spread of atyp-
ical breast cells [1, 2]. Globally among women, breast cancer
is the most frequently diagnosed and second leading cause of
cancer death. As the global burden of breast cancer and its
comorbidities has increased, it is evident that novel

diagnostic and therapeutic approaches will be necessary to
address the breast cancer epidemic. According to the report
of American Cancer Society, from 2009 to 2013 in the USA,
the incident rate of breast cancer was 123.3/100,000 and
death rate from 2010 to 2014 was 21.2/100,000. In 2017, it
is estimated to diagnose new 252,710 invasive and 63,410 in
situ cases and 40,610 death of breast cancer patients. Consid-
ering incidence trend of breast cancer from 2004 to 2013,
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invasive breast cancer seems to be stable in white women, but
in black women, it was increased by 0.5% [3].

Otto Warburg and his coworkers were the first to study
the metabolism of cancer in the 1920s. According to their
thought, cancer is a metabolic disease. When normal cells
are deprived 35% of their oxygen supply, they will either
die or turn into cancer cells. Cancer cells are not like a normal
cell, lack the “intelligence” as a result of their division and will
be uncontrolled. Such uncontrolled oncogene-driven prolif-
eration of cancer cells and the absence of an efficient vascular
bed cause low oxygen tension (hypoxia), forced cancer cells
to live in conditions of aerobic glycolysis. Under aerobic
conditions, tumor tissues can metabolize approximately
tenfold more glucose to lactate in a given time than can
normal tissues. Such acidic condition favors tumor inva-
sion and suppresses anticancer immune effectors. Lactate
that is produced by tumor cells can be taken up by stromal
cells, to regenerate pyruvate that either can be squeezed out
to refuel the cancer cell or can be used for oxidative
phosphorylation [4–8].

Additional to theWarburg effect, intermediates of glycol-
ysis in cancer cells can be used for the synthesis of protein,
nucleotides, and fatty acids [9–11]. Shunting of glucose
into aerobic glycolysis causes a reduction in Krebs cycle
intermediates “pulls” glutamate through GDH generating
α-ketoglutarate (αKG). This is proved by the higher steady
state of NH4

+/Gln ratio greater than 1. Ammonium to ala-
nine produced ratio will be increased. This will indicate the
increased GDH and decreased ALT flux results in reduced
intramitochondrial pyruvate (metabolized in the cytosol
to lactate). Thus, the increased glutamate flux through
GDH generates αKG while sparing ketoacid consumption
(reduced transamination) [12].

Sparing of glutamate for Krebs cycle intermediates may
cause oxidative stress in cancer patients; this may be due to
the decreased synthesis of glutathione (major internal antiox-
idant). All in all, oxidative stress occurs as a result of an
imbalance or state of oxidation exceeds the antioxidant sys-
tems of the body [13]. Reducing substances in the human
body controls the status of over oxidation, and a continuing
imbalance in support of oxidation causes different problems
when it beats the limit of such control. Free radicals and anti-
oxidant can reinforce differing impacts on cells according to
their concentration. Reactive oxygen species may participate
in carcinogenesis through induction of gene mutations that
result in cell damage and the consequences of signal trans-
duction and transcription factors, and the redox status of
cancer cells usually differs from that of normal cells [14].
Because of metabolic and signaling aberrations, cancer cells
exhibit elevated ROS levels and it is balanced by an increased
antioxidant capacity, which suggests that high ROS levels
may constitute a barrier to tumorigenesis [15].

The present study aimed at identifying early metabolic
biomarkers for diagnosis, prognosis, and therapeutic targets
for breast cancer diseases. This might be possible through
evaluation of GDH and LDH enzyme activities, reduced
and oxidized glutathione, and oxidative stress index (TOS/
TAC) of cancerous tissues and serum of breast cancer
patients as compared to serum of control group and adjacent

noncancerous tissues of the same patients attending referral
hospitals of Addis Ababa, Ethiopia.

1.1. Methodology. A comparative cross-sectional study was
conducted at five major referral hospitals [Tikur Anbessa
Specialized Hospital, Zewditu Memorial Hospital, St. Paul
Specialized Hospital, Menelik the Second Hospital, and
Yekatit 12 Hospital] and one health center of Addis Ababa,
Ethiopia. The study was conducted from July 2015 to May
2017; accordingly, 27 breast cancer patients and 27 normal
individuals as control group were included.

1.2. Blood and Tissue Sample Collection Procedure. Before
surgery, the patients were well informed and made aware of
the aim of the study. Then, blood samples and their responses
to questionnaires were collected by professional nurses. After
surgery, the cancerous tissue and adjacent noncancerous
tissue samples were collected from the patients.

1.3. Tissue Samples. A total of 54 tissue samples (27 tumor
tissues and 27 normal tissues) were collected from 27 breast
cancer patients. The collection and fixation of cancerous tis-
sue and adjacent noncancerous tissue was done by attending
surgeons of the Surgery Department at the operation room
using cold phosphate buffer saline (PBS) and dimethyl sulf-
oxide (DMSO) and then stored at −80°C of the deep freezer
until analysis. During the actual process, portions of the solid
tumor, free of fat, connective tissue, necrotic debris, and
blood, were cut into pieces of approximately 3× 3× 3mm
and frozen quickly (Figure 1). The staging of breast cancer
was done by pathologist, and it was based on tumor size,
nodal involvement, and metastasis (TNM) staging method.

1.4. Blood Samples. A total of 54 blood samples (27 breast
cancer patients and 27 control group) with a volume of
3–5ml were collected using serum separator tube (SST).
Serum samples were harvested into Eppendorf tube after the
blood samples were centrifuged at 4000 rpm for five minutes
and stored at −80°C deep freezer until the laboratory analysis.

1.5. Homogenization of Tissue Sample. Tissue samples were
thawed and sliced into five, approximately 50 to 100mg
wet weight. Each aliquot was homogenized in cold 0.05M
KPE buffer (pH7.4), 0.1M phosphate buffer (pH7.4),
0.1M Tris-HCl buffer (pH9.0), and 0.1M phosphate buffer
saline (pH7.4) for the analysis of GSH and GSSG, LDH,
GDH, TOS, and TAC, respectively. Then, the supernatant
of the homogenates was taken for determinations of GSH
and GSSG, LDH, GDH, TOS, and TAC after centrifugation
in 10,000 rpm for 10min (Figure 1).

1.6. Chemicals and Equipment Used. Glutamate dehydroge-
nase (GDH), lactate dehydrogenase (LDH), reduced form
glutathione (GSH), oxidized form glutathione (GSSG), total
protein, total oxidative status (TOS), and total antioxidant
capacity (TAC) were determined using the following kits
and chemicals bought from Sigma-Aldrich, Merck, and
BDHChemical Company: potassium dihydrogen orthophos-
phate (KH2PO4), dipotassium hydrogen orthophosphate
(K2HPO4), EDTA sodium salt, sulfosalicylic acid, Triton

2 Oxidative Medicine and Cellular Longevity



X-100, DTNB, β-NADPH, glutathione reductase, reduced
form glutathione (GSH), glutathione (disulfide form)
(GSSG), triethanolamine and 2-vinylpyridine, xylenol
orange, bovine serum albumin (BSA) (Sigma-Aldrich),
BCA protein assay reagents, sodium chloride (NaCl),
sulfuric acid (H2SO4), glycerol, ferrous ammonium sulfate,
o-dianisidine dihydrochloride, sodiumacetate (CH3COONa),
glacial acetic acid, 35%, H2O2 solution, 2,2′-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS), and Trolox
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid).
The equipment used was Eppendorf tube and Falcon cen-
trifuge tube (Multifuge), ultraviolet/visible spectrophotom-
eter (Jenway, 6705, UK), ELISA plate reader (Biotest,
2001, Austria), homogenizer (Heidolph, RZR 2100), water
path (GFL, 1002, Germany), and magnetic stirrer.

1.7. Glutamate Dehydrogenase (GDH) Assay Principle. The
change of NAD+ to NADH is measured spectrophotomet-
rically at 340nm and is relative to the activity of gluta-
mate dehydrogenase [16]. The test results were expressed
as mU/l.

Glutamate + NAD+ ⇄GDH α‐Ketoglutaric acid + NADH 1

1.8. Lactate Dehydrogenase (LDH) Assay Principle. It was
determined based on the principles of Vassault. The

consumption of NADHwas measured using spectrophotom-
eter at 340nm [17].

NADH +H+ + Pyruvate ⇄LDH Lactate + NAD+ 2

1.9. Total Glutathione (GSH) Assay Principle. It was deter-
mined based on the principles of Rahman et al. [18]. The
assay depends on the reaction of GSH with DTNB that
produces the TNB chromophore and oxidized glutathione–
TNB adduct (GS–TNB). The rate of formation of TNB,
measured at 412nm, is proportional to the concentration of
GSH in the sample. The disulfide product (GS–TNB) is then
reduced by GR in the presence of NADPH, recycling GSH
back into the reaction. Because GR reduces the GSSG formed
into 2GSH, the amount of glutathione measured represents
the sum of reduced and oxidized glutathione in the sample
([GSH] total = [GSH]+ 2× [GSSG]) [18].

2GSH + DTNB →GR TNB + GS‐TNB,

GS‐TNB + NADPH →GR 2GSH +NADP+
3

1.10. Oxidized Glutathione (GSSG) Assay Principle. It was
determined based on the principles of Rahman et al. [18].
The principle used GSSG reductase recycling method. By
monitoring NADPH spectrophotometrically at a wavelength
of 340nm, the amount of GSSG was determined. The

Tumor and normal tissue sample

Sliced in to four pieces

For GDH
assay & TP

For reduced and
oxidized
glutathione assay

For LDH
assay

For TOS
and TAC
assay

Homogenization 
with buffer

Phosphate
buffer,
pH 7.4

Tris-
HCl,
pH 9.0

KPE
buffer,
pH 7.4 

PBS
buffer,
pH 7.4

Centrifugation at 10,000 rpm for 10 min

1 ml of supernatant was taken 

1 ml
supernatant
for LDH 

1 ml
supernatant
for GDH 

1ml supernatant for
reduced and
oxidized

1 ml
supernatant for
TOS and TAC

ANALYSIS 

Analyzed for GDH, LDH, GSH, GSSG
TOS, and TAC

Sample collection and processing

Blood sample

Figure 1: Chart showing the workflow of sample processing, Addis Ababa, Ethiopia, 2015–2017.
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samples are treated with 2-vinylpyridine, which covalently
reacts with GSH (but not GSSG). The excess 2-vinylpyridine
is neutralized with triethanolamine [18].

GSSG +NADPH →GR 2GSH +NADP+ 4

1.11. Total Protein Assay Method and Principle. Determina-
tion of total protein in serum and tissue of the study partici-
pants was done based on the method of Smith et al. [19]. The
principle of this method is that proteins in the sample reduce
Cu+2 to Cu+1 in an alkaline solution (the biuret reaction) and
result in a purple color formation by bicinchoninic acid
(BCA). The absorbance was read at wavelength of 562nm.

1.12. Total Oxidant Status (TOS) Assay Principle. It was
determined based on the principles of Erel [20]. In this pro-
cess, oxidants present in the sample oxidize the ferrous parti-
cle o-dianisidine complex to the ferric particle. The oxidation
reaction is upgraded by glycerol molecules, which are richly
present in the reaction medium. A colored compound is
formed when the ferric ion reacts with xylenol orange in an
acidic medium. The color strength, which can be measured
spectrophotometrically at 560nm wavelength, is correlated
to the total quantity of oxidant molecules present in the
plasma. The assay is aligned with hydrogen peroxide, and
the outcomes are expressed as far as μmolar hydrogen perox-
ide equivalent per liter (μmol H2O2 Eq/l) [20].

1.13. Total Antioxidant Capacity (TAC) Assay Principle. It
was determined based on the principles of Koracevic et al.
[21]. In this technique, the hydroxyl radical, the most power-
ful natural radical, is generated by the Fenton reaction and it
responds with the colorless substrate o-dianisidine to create
the dianisyl radical, which is splendid yellowish brown in
color. Upon the addition of sample, the oxidative responses
started by the hydroxyl radicals present in the reaction are
scavenged by the antioxidant agents present in the sample,
keeping the color change and consequently giving a viable
estimation of TAC [21]. The test results were expressed as
mmol Trolox Eq/l.

1.14. Determination of Oxidative Stress Index (OSI). It was
calculated based on the method of Erel [20]. The proportion
of TOS to TAC is acknowledged as the oxidative stress index
(OSI). For estimation, the subsequent unit of TAC is changed
over to mmol/l, and the OSI value is computed [20].

OSI subjective unit =
TOS μmolH2O

TAC mmol TroloxEq/l
× 100
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1.15. Data Processing and Software Used in Statistical
Analysis. All data were checked, cleared and fed into EpiData
(version 3.5.1, 2008), and then exported to SPSS (version
22.0, 2012, America) software for statistical analysis. Descrip-
tive analysis, Spearman correlation, linear regression, inde-
pendent sample t-test, and one-way ANOVA followed by
post hoc analysis were used for this study. All data were
expressed in mean± SD, and P ≤ 0 05 was considered as
statistically significant.

1.16. Ethical Approval. The study was ethically approved
from the Ethical Review Committee of Biochemistry
Department College of Health Sciences, Addis Ababa Uni-
versity, with protocol number 09/15 and meeting number
DRERC 09/15.

2. Results

2.1. Socio-Demographic Profile.A total of 54 (27 breast cancer
patients and 27 normal individuals as control group) partic-
ipants were recruited. These were from five major referral
hospitals of Addis Ababa, Ethiopia, and one health center.
These were Tikur Anbessa Specialized Hospital (TASH), St.
Paul Specialized Hospital (SPH), Zewditu Memorial Hospital
(ZMH), Yekatit 12 Hospital (YH), Menelik the Second
Hospital (MH), and Teklehaimanot Health Center (THC).
Most of the participants were from Tikur Anbessa Special-
ized Hospital (13 patients, 48.1%) and St. Paul Specialized
Hospital (6 patients, 22.2%).

Socio-demographic profiles of participants are presented
in Table 1. All participants were female, and their mean age
was 44.93 with a minimum age of 25 to a maximum age of
68. Thirteen of them were less than or equal to 40 years
old, and fourteen of them were greater than 40 years old.
Consecutively, sex- and age-matched control samples were
also collected.

Out of the 27 breast cancer patients, 17 (63.0%) were liv-
ing in urban areas and 10 (37.0%) were living in rural areas.
Twelve of breast cancer patients (44.5%) were illiterate, 17
(63.0%) of them were married, 15 (55.6%) of them gave birth,
had at least 1 and at most 4 children, 15 (55.6%) of them feed
their children with breast milk, 14 (51.9%) of them used birth
control, 16 (59.3%) of them were premenopausal, and 3
(11.1%) of them were obese (Table 1).

2.2. Clinical and Histopathological Findings. Clinical and his-
topathological results of all breast cancer patients were stud-
ied and tabulated in Table 2. From each breast cancer patient,
tumor tissue, noncancerous tissue (5 cm away from can-
cerous tissue), and blood sample were collected. Histology
of tumor tissues was graded as low-grade or well-
differentiated (9 patients, 33.3%), intermediate grade
(intermediately differentiated) (10 patients, 37.0%), and
high-grade (poorly differentiated) (8 patients, 29.6%) cases.
Staging of tumor tissues was done based on tumor size; all
tumor tissues were classified into five stages. Out of which,
5 patients (18.5%) were in stage zero, 4 patients (14.8%)
were in stage one, 7 patients (25.9%) were in stage two,
8 patients (29.6%) were in stage three, and 3 patients
(11.1%) were in stage four. Based on invasiveness, tumor
tissues were categorized into invasive ductal carcinoma
(11 patients, 40.7%), invasive lobular carcinoma (5 patients,
18.5%), ductal carcinoma in situ (8 patients, 29.6%), and
lobular carcinoma in situ (3 patients, 11.1%) (Table 2).

2.3. Biochemical Analysis

2.3.1. Serum and Tissue Enzymatic Activity of Glutamate
Dehydrogenase (GDH). Glutamate dehydrogenase (GDH)
activity was determined and normalized by dividing with
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total protein in serum and tissues of the study participants.
The catalytic activities of GDH in serum samples of breast
cancer patients and control group were significantly different
(P < 0 05) (95% CI (0.8–1.3)). Glutamate dehydrogenase
in serum samples of breast cancer patients were 4.20±
0.72mU/l, whereas in control group, it was 3.15±
0.69mU/l. Similarly, catalytic activities of GDH in cancer-
ous and noncancerous tissues of breast cancer patients
were assessed and were significantly different (P < 0 05)
(95% CI (0.12–0.82)). The cancerous tissues had enzymatic
activities of GDH in comparison with noncancerous tissues
(0.92± 0.73 and 1.4± 0.88mU/l, resp.) (Tables 3 and 4).

2.4. Serum and Tissue Enzymatic Activities of Lactate
Dehydrogenase (LDH). Enzymatic activities of LDH in serum
and tissue samples from breast cancer patients were investi-
gated in comparison to those in serum samples from control
group and normal tissues of breast cancer patients. Results
were normalized by the amount of total protein in serum
and tissue of the study participants. Serum LDH activities
of breast cancer patients were significantly higher than were
those of control group (78.6± 113 and 30.4± 32.6mU/l,

resp.) (P < 0 05) (95% CI (3.4–92.9)) (Table 4). Similarly,
cancerous tissues had a higher LDH activities than had non-
cancerous tissues (111.7± 23.2 and 70.5± 10.7mU/l), and it
was statistically significant (P < 0 05) (95% CI (−7.5–89.9))
(Tables 3 and 4).

2.5. Serum and Tissue Levels of Glutathione. The concen-
tration of reduced and oxidized glutathione in serum and
tissue samples of breast cancer patients was examined
(Tables 3 and 4). Results were normalized by the amount
of total protein in serum and tissue of the study partici-
pants. Oxidized glutathione in serum of breast cancer
patients was significantly (P ≤ 0 05) higher than was that
of control group (0.51± 0.2 and 0.2± 0.1μM/μg of total
protein, resp.). Similarly, cancerous tissues of breast can-
cer patients showed a significantly (P ≤ 0 05) higher oxi-
dized glutathione than did noncancerous tissues of
breast cancer patients (0.47± 0.3 and 0.21± 0.1μM/μg of
total protein, resp.).

Consecutively, serum of breast cancer patients was sig-
nificantly lower in reduced glutathione as compared to
serum of control group (10.2± 2.9 and 20.9± 2.6μM/μg

Table 1: Descriptive analysis of socio-demographic profile of breast cancer (BCA) patients and control group at the five referral hospitals and
one health center of Addis Ababa, Ethiopia, 2015–2017.

Socio-demographic data of BCA and control group
BCA patients (N = 27)

N (%)
Control group (N = 27)

N (%)

Age (yr.)
≤40 13 (48.1) 14 (51.9)

>40 14 (51.9) 13 (48.1)

Residence
Urban 17 (63.0) 19 (70.4)

Rural 10 (37.0) 8 (29.6)

Education level

Illiterate 12 (44.5) 0 (0.0)

High school or less 11 (40.7) 14 (51.9)

College and above 4 (14.8) 13 (48.1)

Marital status

Single 7 (25.9) 18 (66.7)

Married 17 (63.0) 9 (33.3)

Widowed 3 (11.1) 0 (0.0)

Child birth
Yes 15 (55.6) 7 (25.9)

No 12 (44.4) 20 (74.1)

No. of children

0 12 (44.4) 20 (74.1)

1–4 14 (51.9) 7 (25.9)

≥5 1 (3.7) 0 (0.0)

Breast feeding
Yes 15 (55.6) 7 (25.9)

No 12 (44.4) 20 (74.1)

Birth control
Yes 14 (51.9) 5 (18.5)

No 13 (48.1) 22 (81.5)

Menopausal status
Pre 16 (59.3) 21 (77.8)

Post 11 (40.7) 6 (22.2)

Body mass index (kg/m2)

Under weight (<18.5) 4 (14.8) 2 (7.4)

Normal weight (18.5–24.9) 14 (51.9) 18 (66.7)

Over weight (25–29.9) 6 (22.2) 4 (14.8)

Obese (≥30) 3 (11.1) 3 (11.1)
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of total protein, resp.) (P < 0 05). Correspondingly, reduced
glutathione in cancerous tissue and noncancerous tissue of
breast cancer patients was statistically different (P ≤ 0 05);
tumor tissues had a lower reduced glutathione than had
normal tissues (11.03± 2.0 and 14.9± 2.7μM/μg of total

protein, resp.). Furthermore, ratios of reduced (GSH) to
oxidized glutathione (GSSG) in serum and cancerous tissues
of breast cancer patients (19.9 : 1 and 32.3 : 1, resp.) were
significantly (P ≤ 0 05) decreased as compared to those
in serum samples of control group and noncancerous

Table 2: Descriptive analysis of clinical and pathological profiles of breast cancer (BCA) patients attending referral hospitals of Addis Ababa,
Ethiopia, 2015–2017.

Clinicopathological profile of BCA (N = 27) N (%)

Family history of BCA
Yes 7 (25.9)

No 20 (74.1)

Location of breast cancer
Right breast 17 (63)

Left breast 10 (37)

Tumor size

pT1 (0.1–2 cm) 9 (33.3)

pT2 (2–5 cm) 8 (29.6)

pT3 (>5 cm) 3 (11.1)

pT4 (extension to the chest wall/skin) 7 (25.9)

Nodal status

pN0 10 (37.0)

pN1 12 (44.4)

pN2 3 (11.1)

pN3 2 (7.4)

Metastasis

Mx 2 (7.4)

M0 23 (85.2)

M1 2 (7.4)

Stage of BCA

0 5 (18.5)

I 4 (14.8)

II 7 (25.9)

III 8 (29.6)

IV 3 (11.1)

Grading

Low grade (well differentiated) 9 (33.3)

Intermediate grade (moderately–differentiated) 10 (37.1)

High grade (poorly–differentiated) 8 (29.6)

Histology of cancer

Invasive ductal carcinoma 11 (40.7)

Invasive lobular carcinoma 5 (18.5)

Ductal carcinoma in situ 8 (29.6)

Lobular carcinoma in situ 3 (11.1)

Table 3: Comparative mean analysis of serum enzymatic activities of GDH and LDH, concentration of glutathione, and the oxidative stress
index of breast cancer (BCA) patients (N = 27) and control group (N = 27), Addis Ababa, Ethiopia, 2015–2017.

Serum parameters Control group BCA patients Mean diff. P value 95% CI

GDH (mU/l) 3.15± 0.69 4.20± 0.72 1.04 ≤0.001 (0.8–1.3)

LDH (mU/l) 30.4± 32.6 78.6± 113 48.2 0.036∗ (3.4–92.9)

GSH (μM per μg of protein) 20.9± 2.6 10.2± 2.9 −10.7 ≤0.001 (4.3–6.0)

GSSG (μM per μg of protein 0.2± 0.1 0.51± 0.2 0.31 ≤0.001 (0.8–1.2)

TOS (μmol H2O2 Eq/l) 2.32± 1.0 2.75± 1.1 0.43 ≤0.001 (0.39–1.27)

TAC (mmol Trolox Eq/l) 100.9± 29.8 83.5± 30.3 −13.65 0.017∗ (−24.7 to −2.6)

OSI (ratio of TOS/TAC∗100) 2.3± 1.5 3.3± 1.7 1.0 0.006∗ (0.32–1.67)

Total protein (μg/ml) 59.7± 29.3 208± 11.8 148.22 0.001∗ (143.56–152.87)
∗The mean difference is significant at P value ≤ 0.05.
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tissue of breast cancer patients (30.7 : 1 and 75 : 1,
resp.) (Figure 2).

2.6. Serum and Tissue Levels of TOS and TAC. The concen-
tration of total oxidative status (TOS) of breast cancer
patients and control group was examined (refer to Tables 4
and 5). Total oxidative status in serum of breast cancer
patients (3.3± 1.7μmol H2O2 Eq/l) was significantly
(P ≤ 0 05) higher than was that of control group
(2.3± 2.0μmol H2O2 Eq/l) (Tables 3 and 4). Within
tissue samples of breast cancer patients, total oxidative status
in tumor tissues (2.15± 1.8μmol H2O2 Eq/l) was signifi-
cantly (P ≤ 0 05) higher than was that in normal tissues
(1.1± 0.5μmol H2O2 Eq/l) (Tables 3 and 4).

In serum sample of breast cancer patients, there was a
significantly (P ≤ 0 05) lower amount of TAC concentra-
tion (83.5± 30.3mmol Trolox Eq/l) than that of control
group (100.9± 29.8mmol Trolox Eq/l). In tissue sample
of breast cancer patients, TAC in tumor tissues was

significantly (P ≤ 0 05) lower in the concentration of
TAC (161.6± 50.8mmol Trolox Eq/l) than that in normal
tissues (188.9± 26.7mmol Trolox Eq/l) and their mean dif-
ference among tissue samples of breast cancer patients was
statistically significant (Tables 3 and 4).

2.7. Oxidative Stress Index (OSI). Likewise, OSI in serum and
tissue samples of breast cancer patients and control group
was explored. Serum samples of breast cancer patients had
a significantly higher OSI value (3.3± 1.7) than control group
(2.3± 2.0), and the difference was statistically significant
(P = 0 006). Within tissues of breast cancer patients,
cancerous tissues had a higher OSI (2.15± 1.8) value than
noncancerous tissues (1.1± 0.5) (P = 0 002) (Tables 3 and 4
and Figure 3).

2.8. Comparison of Different Parameters of Serum and Tissues
within the Numerous Stages Identified in Breast Cancer
Patients. Blood and tissue parameters of GDH, LDH, GSH,

Table 4: Comparative mean analysis of tissue enzymatic activities of GDH and LDH, concentration of glutathione, and the oxidative stress
index of noncancerous tissues (N = 27) and cancerous tissues (N = 27), Addis Ababa, Ethiopia, 2015–2017.

Tissue parameters Normal tissue Tumor tissue Mean diff. P value 95% CI

GDH (mU/l) 0.92± 0.73 1.40± 0.88 0.5 0.011∗ (0.12–0.82)

LDH (mU/l) 70.5± 10.7 111.7± 23.2 41.2 0.009∗ (−7.5 to 89.9)

GSH (μM per μg of protein) 14.9± 2.7 11.03± 2.0 −3.87 0.029∗ (−0.2 to 0.8)

GSSG (μM per μg of protein) 0.21± 0.1 0.47± 0.3 0.26 0.003∗ (0.09–0.02)

TOS (μmol H2O2 Eq/l) 2.1± 0.9 3.5± 1.1 1.4 ≤0.001 (0.33–1.22)

TAC (mmol Trolox Eq/l) 188.9± 26.7 161.6± 50.8 −27.32 0.01∗ (−47.42 to −7.2)

OSI (ratio of TOS/TAC∗100) 1.1± 0.5 2.15± 1.8 1.05 0.002∗ (0.3–1.22)

Total protein (μg/ml) 149.4± 54.2 194.9± 27.4 45.5 0.001∗ (34.7–56.4)
∗The mean difference is significant at P value ≤ 0.05.
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Figure 2: A bar graph showing glutathione index in serum and cancerous tissues of breast cancer (BCA) patients in comparison to serum of
control group and noncancerous tissues of breast cancer patients, Addis Ababa, Ethiopia, 2015–2017.
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GSSG, TOS, TAC, and OSI were compared with the stages of
breast cancer patients (refer to Table 5). Even though it was
not statistically significant (P > 0 05), serum glutamate dehy-
drogenase enzyme activity was higher in stage zero (4.6
± 0.4mU/l) and lower in stage four (3.7± 0.45mU/l),
whereas tissue glutamate dehydrogenase enzyme activities
were higher in stage three (1.9± 1.1mU/l) and lower in
stage zero (0.7± 0.2mU/l) and it was statistically
significant (P ≤ 0 05).

The catalytic activities of serum lactate dehydrogenase
were higher in stage four (341.8± 41.4mU/l) and lower in
stage one (42.4± 4.1mU/l), and the mean difference of stage
four with stages zero, one, two, and three was statistically
significant (P ≤ 0 05) (Table 5). The catalytic activities of tis-
sue lactate dehydrogenase were higher in stage two (138.7±
61.9mU/l) and lower in stage zero (77.7± 27.1mU/l);
however, their mean difference was not statistically
significant (P > 0 05).

Table 5: A one-way ANOVA (post hoc) analysis of serum and tissue parameters in control subjects and pathologically confirmed breast
cancer patients participated from five hospitals of Addis Ababa, Ethiopia (N = 27), 2015–2017.

Serum and tissue parameters of BCA Sample
Stages of breast cancer patients

Stage 0 (N = 5) Stage I (N = 4) Stage II (N = 7) Stage III (N = 8) Stage IV (N = 3)

GDH
S 4.6± 0.4 4.1± 0.5 4.13± 0.91 4.2± 0.9 3.7± 0.45
T 0.7± 0.2a 1.2± 0.6 1.24± 0.71 1.9± 1.1a 1.78± 1.15

LDH
S 77.7± 27.1 80.9± 38.7 138.7± 61.9 57.6± 5.4 90.0± 11.7
T 42.4± 4.1b 63.8± 5.1b 67.7± 3.1b 131.3± 8.4b 341.8± 41.4b

GSH
S 5.4± 2.4 5.9± 0.5 5.8± 1.8 7.0± 3.3 6.3± 0.6
T 1.0± 0.3 1.2± 0.5 2.0± 1.9 1.4± 1.5 1.5± 0.7

GSSG
S 1.1± 0.5 1.2± 0.1 1.1± 0.4 1.4± 0.6 1.2± 0.1
T 0.3± 0.1 0.3± 0.04 0.2± 0.1 0.3± 0.1 0.2± 0.03

TOS
S 1.4± 0.4c 3.4± 1.3c 2.4± 0.7 3.2± 1.16c 2.8± 0.6c

T 3.2± 0.3 2.3± 0.4 3.3± 1.6 2.5± 1.2 2.4± 0.8

TAC
S 0.90± 0.29 0.84± 0.14 0.87± 0.21 0.90± 0.34 0.77± 0.47
T 1.84± 0.23 1.44± 0.33 1.86± 0.40 1.46± 0.59 1.12± 0.83

OSI
S 2.47± 0.87 2.15± 1.29 2.96± 1.8 3.57± 2.06 3.98± 1.23
T 2.1± 0.87 1.13± 0.84d 1.78± 0.4 1.69± 0.83 3.03± 2.9d

Total protein
S 212.1± 14.4 209.7± 8.6 197.3± 8.6 210.9± 11.6 215.3± 4.34
T 175.9± 51.9 193.8± 30.7 195.1± 6.5 200.8± 12.8 212.2± 27.3

aMean difference of GDH between stages 0 and III of tissue sample (P ≤ 0 05), bmean difference of LDH between stages IV and 0, I, II, and III of tissue
sample (P ≤ 0 001, 0.001, 0.001, and ≤0.05, resp.), cmean difference between stages 0 and I, III, and IV (P ≤ 0 05) of blood sample, and dmean difference
of OSI among stages I and IV in tissue of BCA (P ≤ 0 05) were statistically significant. NB: measuring units of GDH and LDH are in mU/l, GSH and
GSSG were in μM/μg of total protein, TOS is in μmol H2O2 Eq/l, TAC is in mmol Trolox Eq/l, and total protein is in μg/ml.
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Figure 3: A bar graph showing oxidative stress index in serum and cancerous tissues of breast cancer (BCA) patients in comparison to serum
of control group and noncancerous tissue of breast cancer patients, Addis Ababa, Ethiopia, 2015–2017.
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Serum and tissue levels of total antioxidant capacity were
lower in stages zero and four, whereas in stages two and
three, there was a higher value but it was not statistically sig-
nificant (P > 0 05). Similarly, serum and tissue levels of total
oxidative status were not consistent and fluctuate among the
stages of breast cancer patients. The mean difference of total
oxidative status in serum of stage zero of breast cancer
patients was significantly different in comparison to the other
stages one, three, and four (P = 0 003, 0.002, and 0.045, resp.)
(Table 5).

The oxidative stress index of breast cancer patients was
analyzed and correlated with stage of cancer (Figure 4).
There was significantly higher oxidative stress in stage four
of breast cancer patients than in the other stages (P < 0 05),
whereas it was lower in stage one.

3. Discussion

Currently, the prevalence of cancer has grown into a major
public anxiety, as it is becoming the major cause of morbidity
and mortality worldwide. More than 60% of cancer cases
occur in Africa, Asia, Central, and South America. According
to the International Agency for Research on Cancer [22],
about 715,000 new cancer cases and 542,000 cancer deaths
occurred in 2008 in Africa. In Ethiopia, there is no country-
wide cancer registry; however, based on Addis Ababa cancer
registry, a total of 5701 cancer cases were registered from
September 2011 to August 2014. Among those 3820 (67%)
were females and 1881 (33%) were males. The most common
type of cancers among females were cancers of the breast
(33%), cervix (17%), and ovary (6%), while among male
cancers of colorectal (19%), leukemia (18%), and prostate
(11%) [23]. Hence, an early biomarker for diagnosis,
prognosis, and a potential treatment target for breast
cancer is required.

In the present study, serum and tissue levels of glutamate
dehydrogenase (GDH), lactate dehydrogenase (LDH),
reduced glutathione (GSH), oxidized glutathione (GSSG),
total oxidative status (TOS), and total antioxidant capacity
(TAC) were determined in search of a potential biomarker
for diagnosis, prognosis, and treatment target for breast can-
cer disease. Those serum and tissue parameters were studied
on 54 (27 breast cancer patients and 27 age- and sex-matched
apparently healthy control group) participants.

As current study revealed, significantly higher enzymatic
activities of GDH and LDH, ratios of TOS to TAC (OSI), and
lower ratios of GSH to GSSG in serum and tissue samples
from breast cancer patients were observed as compared to
noncancerous tissue of the same patients and serum samples
of control group.

Activities of GDH were significantly (P = 0 011)
increased (almost 1.5 times) in both serum and tumor tissues
of breast cancer patients as compared to adjacent noncancer-
ous tissues of the same patient or serum samples of control
group. Furthermore, between stages of breast cancer, stage
zero has the lowest and stage three has the highest activity
of GDH in tumor tissues of breast cancer patients and the
mean difference is statistically significant (P = 0 029). These
findings agreed with the studies of Koppenol et al. [10],
Toyokuni et al. [24], Koukourakis et al. [25], Lu et al. [26],
Liu et al. [27], and Agrawal et al. [28]. The possible reason
for high catalytic activities of GDH in cancer cells may be
due to the fact that either it is important for redox homeosta-
sis in cancer cells [29] or overexpression of GDH promoted
cell proliferation, migration, and invasion in vitro, whereas
loss of function of GDH had the opposite effect [27].

Previous works suggest that GDH enzymes are important
in cancer cell either for synthesizing Krebs cycle intermedi-
ates (α-ketoglutarate and subsequent metabolite fumarate)
or for synthesizing protein and fatty acid from citrate which
originate from α-ketoglutarate. In addition to that, the
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Figure 4: Mean plots of oxidative stress index in serum and tumor tissue samples of breast cancer patients, Addis Ababa, Ethiopia,
2015–2017.
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substrate of GDH, glutamate itself is a substrate for antioxi-
dant (GSH) and nucleotide synthesis in the cancer cell. These
metabolic changes support the production of intermediates
for cell growth and division and are regulated by both onco-
genes and tumor suppressor genes, in a number of key
cancer-producing pathways [30, 31].

Similarly, the catalytic activities of LDH were signifi-
cantly increased in both cancerous tissue and serum of breast
cancer patients when compared to noncancerous tissues of
breast cancer patients and serum of control group. The
results of current study showed that mean values of LDH
were significantly (P < 0 05) lower in noncancerous tissues
(70.5± 10.7) mU/l than in tumor tissues (111.7± 23.2mU/l)
of breast cancer patients. Patients with a higher clinical
stage had higher LDH activity than lower stages, and there
is a significant difference of mean between stage four
(341.8± 41.4) and stage zero (42.4± 4.1mU/l), stage one
(63.8± 5.1mU/l), stage two (67.7± 3.1mU/l), and stage
three (131.3± 8.4mU/l) (P < 0 05). These observations
were in agreement with the studies of Agrawal et al. [28]
and Talaiezadeh et al. [32].

The high activities of LDH in cancer cells may be due to
the process of high cell proliferation, migration, or invasion
than normal cells. That is to say, large cancer cell population
requires a higher and rapid energy source as compared to
normal cell population. In order to meet this large and rapid
energy demand, cancer cells use LDH activity as one option
which is helpful for metabolic requirements and aerobic gly-
colysis of malignant cells. The possible mechanisms of high
LDH activities in the cancer cell may be due to higher
expressions of LDH gene in cancer cells as compared to
normal cells [28, 32].

Generally, tissues have different rates of metabolic
activity and oxygen consumption. When cells have a high
production of reactive oxygen species than cellular antioxi-
dant defenses, attempts by the cells to remove these toxic spe-
cies induce oxidative stress. Oxidative stress has long been
implicated in cancer development and progression [33].
The current study examined reduced glutathione (GSH), oxi-
dized glutathione (GSSG), total oxidative status (TOS), and
total antioxidant capacity (TAC) of serum and cancerous
tissue of breast cancer patients in comparison to serum of
control group and noncancerous tissue of breast cancer
patients as a tool for assessing oxidative stress. The current
study’s result showed that concentration of oxidized glutathi-
one in both serum and tissue samples from breast cancer
patients was significantly increased as compared to serum
of control group and noncancerous tissues of breast cancer
patients (P < 0 05). Cancerous tissues (0.47± 0.3μM/μg of
total protein) have a higher mean value than noncancerous
tissues (0.21± 0.1μM/μg of total protein). Whereas, the
counterpart, concentration of reduced glutathione in both
serum and cancerous tissue was significantly decreased when
compared to serum of control group and noncancerous tis-
sues of breast cancer patients (P < 0 05), tumor tissues
(11.03± 2.0μM/μg of total protein) have lower mean value
than normal tissues (14.9± 2.7μM/μg of total protein).

In the same way, ratios of reduced (GSH) to oxidized glu-
tathione (GSSG) in serum and cancerous tissues of breast

cancer patients (19.9 : 1 and 32.3 : 1, resp.) were decreased as
compared to those in serum samples of control group and
noncancerous tissues of breast cancer patients (30.7 : 1 and
75 : 1, resp.) (Figure 4). These observations agreed with the
report of Perry et al. [34] and Gamcsik et al. [35]. Perry
and his colleagues [34] reported that GSSG levels in primary
breast tumors were more than twice the levels found in nor-
mal breast tissue and levels in lymph node metastases were
more than four times the levels found in normal breast tissue.
Another group Gamcsik and his colleagues [35] reported that
oxidized glutathione levels in breast tumors are higher than
in disease-free breast tissue.

The possible justification for these results may be due to
unusual levels of oxidative stress in breast cancer as oxidized
glutathione in healthy tissue normally is below 5% of the
reduced from. This might be due to the content of GSH in
some tumor cells that is typically associated with higher levels
of GSH-related enzymes, such as γ-glutamylcysteine ligase
(GCL) and γ-glutamyltranspeptidase (GGT) activities, as
well as a higher expression of GSH-transporting export
pumps [34, 35]. Barranco and his colleagues [36] reported
that the larger ratios of tumor glutathione to normal tissue
glutathione, the poorer prognosis of cancer and less survival.

Moreover, the concentration of total oxidative status
(TOS) and total antioxidant capacity (TAC) and their ratios
(OSI) in breast cancer patients and control group were also
investigated. The results revealed that TOS was significantly
elevated in both serum and tumor tissues of breast cancer
patients than serum of control group and noncancerous tis-
sues of breast cancer patients (2.6± 1.1μmol H2O2 Eq/l in
the serum of breast cancer patients and 1.8± 1.0μmol H2O2
Eq/l in serum control group) (P = 0 001). Similarly, it was
2.8± 1.1μmol H2O2 Eq/l in tumor tissues of breast cancer
patients and 2.0± 0.9μmol H2O2 Eq/l in normal tissues of
the same breast cancer patients (P ≤ 0 001).

Correspondingly, breast cancer patients have a signifi-
cantly lower concentration of total antioxidant capacity
(TAC) in both serum (0.83± 0.3mmol Trolox Eq/l) and
tumor tissue (1.61± 0.5mmol Trolox Eq/l) than serum sam-
ples of control group (1.09± 0.3mmol Trolox Eq/l) and in
adjacent normal tissues (1.88± 0.26mmol Trolox Eq/l) of
breast cancer patients (P < 0 05).

These findings agreed with the study of others finding
[37–40]. Erten Şener and his colleagues [37] found that
TAC was 2.01± 0.01mmol Trolox Eq/l in patients with
breast cancer and 2.07± 0.03mmol Trolox Eq/l in control
group (P < 0 05), and Zowczak-Drabarczyk and his col-
leagues [38] found that TAC in breast cancer patients was
1.35mmol Trolox Eq/l and in control group was 1.61mmol
Trolox Eq/l (P < 0 05). The findings of TAC were also in
lined with the study of former whom found a significantly
higher value of oxidative status, as compared to control
group [39, 40]. Furthermore, oxidative status in other
types of cancer patients such as thyroid cancer and colo-
rectal cancer patients reported increased concentration of
TOS [37, 38, 41, 42].

Consistently, ratios of TOS to TAC (OSI) in serum and
tissue samples from breast cancer patients were significantly
different as compared to those in serum samples from
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control group and noncancerous tissue of the same breast
cancer patients. Serum samples of breast cancer patients have
had a significantly higher ratio of total oxidative status to
total antioxidant capacity (OSI) value (3.3± 1.7) than control
group (2.3± 1.5) (P = 0 006). Likewise, tumor tissues of
breast cancer patients had significantly higher value of OSI
(2.15± 1.8) than noncancerous tissue (1.1± 0.5) (P = 0 002).
This finding agreed with the study of Feng and his colleagues.
They found a significantly higher values of OSI in breast can-
cer patients when compared to control group [43].

Surprisingly, even within the different stages of breast
cancer patients, OSI values were different. Lower stages
(0 and one) have lower values of OSI than the higher
stages (two to four) of breast cancer patients. Mean difference
of OSI between stages one and four in tumor tissue of breast
cancer patients was significantly (P = 0 037) different. These
results are supported by the study of Zarrini and his col-
leagues [44]. They reported that patients in advanced stages
had lower serum antioxidant capacity and higher lipid
peroxidation levels than control group [44].

The possible reason for high oxidative stress in breast
cancer cells may be due to oxygen radical production by the
macrophages. In addition, tumor necrosis factor-α is secreted
by tumor-associated macrophages and is known to induce
cellular oxidative stress. Determination of oxidative stress
in cancer cells is useful either to detect the increase of the
mutation rate during accelerated tumor progression or to
activate growth-promoting signaling pathways. It is also
helpful to adapt oxidative stress which results in increased
resistance to therapy or to increase blood supply to tumor
cells. It was also useful in evaluating the risk of invasion
and metastasis of cancerous cells [45, 46].

Reczek and Chandel explained the dual role of reactive
oxygen species (ROS) in cancer. ROS can promote protu-
morigenic signaling, facilitating cancer cell proliferation,
survival, and adaptation to hypoxia. Conversely, ROS can
promote antitumorigenic signaling and trigger oxidative
stress-induced cancer cell death [47].

Furthermore, oxygen radicals are powerful DNA damag-
ing agents, either ROS causes strand breaks or alterations in
guanine and thymine bases or sister chromatid exchanges.
This may inactivate additional tumor suppressor genes
within tumor cells or further increase expression of proto-
oncogenes. Genetic instability due to persistent carcinoma
cell oxidative stress will, therefore, increase the malignant
potential of the tumor [45].

4. Conclusion

Enzymatic activities of glutamate dehydrogenase and lactate
dehydrogenase, the concentration of reduced and oxidized
glutathione, and the ratio of total oxidative status and total
antioxidant capacity (OSI) in serum and tumor tissues of
breast cancer patients were determined. In conclusion,
enzymatic activities of glutamate dehydrogenase and lactate
dehydrogenase as well as ratios of total oxidative status to
total antioxidant capacity were significantly increased in
serum and tumor tissues of breast cancer patients as com-
pared to serum of control group and noncancerous tissues

of breast cancer. However, ratios of reduced to oxidized
glutathione were significantly decreased in both serum and
cancerous tissues of patients as compared to serum of control
group and noncancerous tissues of the same breast cancer
patients. Furthermore, marital status, bearing a child, and
breast feeding have a lower risk for breast cancer than
unmarried women who never bore a child and who did not
breast feed, whereas birth control has a higher risk for breast
cancer than nonuser women. Therefore, glutamate dehydro-
genase, lactate dehydrogenase, and oxidative stress play a
critical role in breast cancer progression and may be an ideal
therapeutic target for regulation of breast cancer disease.
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The presence of multidrug resistance (MDR) in tumor cells is considered as the major cause of failure of cancer chemotherapy. The
mechanism responsible for the phenomenon of multidrug resistance is explained, among others, as overexpression of membrane
transporters primarily from the ABC family which actively remove cytostatics from the tumor cell. The effect of 20 coumarin
derivatives on the cytotoxicity and expression of MDR1, MRP1, BCRP, and LRP genes (encoding proteins responsible for
multidrug resistance) in cancer cells was analyzed in the study. The aim of this research included determination of IC10 and
IC50 values of selected coumarin derivatives in the presence and absence of mitoxantrone in leukemia cells and analysis of
changes in the expression of genes involved in multidrug resistance: MDR1, MRP, LRP, and BCRP after 24-hour exposure of the
investigated cell lines to selected coumarins in the presence and absence of mitoxantrone in IC10 and IC50 concentrations. The
designed research was conducted on 5 cell lines derived from the human hematopoietic system: CCRF/CEM, CEM/C1, HL-60,
HL-60/MX1, and HL-60/MX2. Cell lines CEM/C1, HL-60/MX1, and HL-60/MX2 exhibit a multidrug resistance phenotype.

1. Introduction

Compounds of natural origin and their derivatives play an
increasingly important role in medicine and pharmacology.
Approximately 60%of therapeutic drugsused in the treatment
of cancer are compositions comprising natural compounds
and/or their derivatives [1]. The main problem of cancer che-
motherapy is the adverse effects resulting in high cytotoxicity
toward normal rapidly proliferating cells, especially the

bone marrow and gastrointestinal tract. In order to mitigate
the side effects, modified therapeutic regimens such as
combination therapy have been introduced [2–4]. Several
hundred membrane transporters in two major protein super-
families ATP-binding cassette (ABC) and solute carrier
(SLC) can be found in humans. The transporters may
represent the rate determining step in pharmacokinetics
and drug-drug interactions [5, 6]. ABC transporters, among
other functions, use the energy of ATP binding and
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hydrolysis to actively transport chemicals across extra- and
intracellular membranes.

Subfamilies of multidrug resistance proteins (MDRs and
ABCB), multidrug resistance-associated proteins (MRPs and
ABCC), and breast cancer resistance protein (BCRP and
ABCG2) alsobelong to thehumanABCtransporter family [5].

The phenomenon of multidrug resistance caused by
overexpression of these ABC drug transporters in cancer
cells confers cross-resistance to a multitude of drugs and
presents a significant obstacle limiting the effectiveness of
cancer chemotherapy. In recent years, a number of natural,
plant-derived compounds have been found to inhibit pro-
liferation, induce apoptosis, suppress angiogenesis, retard
metastasis, and enhance chemotherapy exhibiting antican-
cer potential both in vitro and in vivo. Many researchers
point to the use of natural products as inhibitors of mul-
tidrug resistance and often call them “fourth generation
modulators” [7, 8].

The occurrence of multidrug resistance was first
described by Biedler and Riehm in 1970 during incubation
of leukemia cells from a Syrian hamster and mice in an
increasing concentration of actinomycin D. They encoun-
tered not only resistance to this particular drug but also to
many others including daunorubicin and vinblastine [9].
However, the real breakthrough occurred in 1976 when
Juliano and Ling described for the first time the now classical
P-glycoprotein (ABCB; P-gp), which is the first known
human protein responsible for the occurrence of the multi-
drug resistance [10]. Numerous studies showed a close
relationship between overexpression of P-gp and a lower rate
of cancer remission with a higher incidence of resistance to
treatment. This observation underlines the importance of
the mechanism of multidrug resistance-related P-gp in
cancer. In addition, some studies provided evidence that
expression of P-gp may be a factor the clinical outcome of
therapy in certain tumors such as breast cancer and neuro-
blastoma or sarcoma in children [11, 12]. Based on these
observations and findings, we can state that the future success
of anticancer therapy is insignificant degree dependent on
the results of research targeted to overcome multidrug resis-
tance [13–15]. Mitoxantrone is a synthetic anthracenedione
that has been used in the clinical treatment of various
cancers. The anticancer mechanisms of mitoxantrone are
believed to be related to its capacity to bind DNA and inhibit
DNA topoisomerase II in the nuclear compartment of cells.
In addition, the action of its metabolites in the intracellular
cytosolic compartment may also contribute to the antineo-
plastic activities of mitoxantrone [16, 17].

It was reported that plant-derived polyphenolic com-
pounds, mainly flavonoids and stilbenes or their synthetic
derivatives, canmodulate the main ABC transporters respon-
sible for cancer drug resistance, including P-gp, multidrug
resistance-associated protein 1 (MRP1), and breast cancer
resistance protein (BCRP) [18]. The coumarins are secondary
plant metabolites that are characterized by enormous
structural diversity. They have very diverse mechanisms of
action. Their biological activity is determined by their lactone
structure, whereas pharmacological properties are deter-
mined by the structure of compounds [19].

Some of the coumarins, such as aesculetin, aesculin,
and fraxin, also possess antioxidant activity. It was con-
firmed that acute lymphocytic leukemia (ALL) and acute
nonlymphocytic leukemia (ANLL) have increased levels
of various reactive oxygen (ROS) such as superoxide radi-
cals, H2O2, and decreased levels of enzymatic (SOD and
CAT) and nonenzymatic antioxidants compared to healthy
individuals [20–22].

There are many publications about relationships that
modulate multidrug resistance that are not used in the clinic
due to weak action or side effects. There is also a need to look
for substances that overcome the drug resistance phenome-
non of tumor cells. Therefore, testing effective compounds
such as coumarins which can reverse drug resistance is
warranted [23].

In our previous papers, coumarin derivatives were
screened for their cytotoxic activity against human tumor
cells and several were found to exhibit potent cytotoxic activ-
ity [24–31]. These studies led to this analysis of the impact of
coumarin derivatives to reverse drug resistance in five human
leukemic cell lines via multidrug resistance genes expression.
In a continuing search for potent and selective cytotoxic
coumarin derivatives as antitumor agents, we analyzed 20
coumarin derivatives and evaluated their cytotoxic effects
against human leukemic cells and the impact on MDR1,
MRP1, BCRP, and LRP gene expression.

2. Materials and Methods

2.1. Cell Lines and Cell Culture. Human acute promyelocy-
tic leukemia cell lines HL60, HL60/MX1, and HL60/MX2
and acute lymphoblastic leukemia cell lines CEM/C1 and
CCRF/CEM were used. Cell lines were obtained from the
AmericanTypeCultureCollection (ATCC) 10801,University
Boulevard Manassas, VA 20110, USA. HL-60 (CCL 240) is a
promyelocytic cell line derived by Collins (1987). The periph-
eral blood leukocytes were obtained by leukopheresis from a
36-year-old Caucasian female with acute promyelocytic leu-
kemia. HL-60/MX1 (CRL–2258), a mitoxantrone-resistant
derivative of the HL-60 cell line, was obtained from periph-
eral blood leukocytes obtained by leukopheresis from a
patient with acute promyelocytic leukemia. HL-60/MX2
(CRL–2257) is also a mitoxantrone resistant derivative of
the HL-60 cell line. HL-60/MX2 cells display atypical multi-
drug resistance (MDR) with the absence of P-gp overexpres-
sion and altered topoisomerase II catalytic activity and
reduced levels of topoisomerase II alpha and beta proteins.
CCRF/CEM (CCL–119) was derived from human lympho-
blasts from the peripheral blood of a child with acute leuke-
mia. CEM/C1 is a camptothecin- (CPT-) resistant derivative
of the human T cell leukemia cell line CCRF/CEM. The cell
line was selected and subcloned in 1991 for resistance to
CPT (http://www.lgcstandarts-atcc.org/). The cells were
maintained in RPMI 1640 medium (PAA Laboratories, Linz,
Austria) supplemented with 10% fetal bovine serum (FBS)
(PAA Laboratories) for HL60/MX1, HL60/MX2, CEM/C1,
and CCRF/CEM cell lines and 20% FBS for HL60 cells,
penicillin-streptomycin (100U/mL PAA Laboratories), and
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amphotericin (PAA Laboratories) at 37°C in a humidified
atmosphere of 5% CO2.

2.2. Analysis of Cell Viability. Cells were seeded on 12-well
plates (Sarstedt, Wiener. Neudorf, Austria) at an initial
density of 1× 106 cells/ml. After 24 hours, the cell suspension
was stimulated with coumarin derivatives at concentrations
ranging from 10μM to 1000μM. After 24 hours, 1mL of cell
suspension was centrifuged at 1000 rpm for 5minutes and the
supernatant was discarded. The cells were resuspended in
50μL PBS. From each tube, a 10μL cell suspension was taken
and mixed with 10μL of Trypan blue reagent (Bio-Rad,
Hercules, CA,USA). The sample was incubated for 5minutes.
Cell viability wasmeasured by TC20 Automated Cell Counter
(Bio-Rad). Each experiment was repeated three times.

2.3. Standards and Reagents. Isopimpinellin (ISO), bergapten
(BER), xanthotoxol (XOL), xanthotoxin (XIN), byakangelicin
(BIN), byakangelicol (BOL), heraclenin (HEC), phellopterin
(FEL), herniarine (HER), aesculetin (AET), dihydrocoumarin
(DHD), coumarin (COU), aesculin (AEL), umbelliferone
(UMB), 4-methylo-7-methoxycoumarin (4,7M), 4-methylo-
7-ethoxycoumarin (4,7E), 7-methylocoumarin (7ME), 6-
methylocoumarin (6ME), 0,0-dimethylofraxetin (OOD),
and scoparone (SCO) were purchased from ChromaDex®
(ChromaDex, Irvine, CA, USA).

2.4. Determination of Gene Expression. Relative gene expres-
sion of MDR1, MRP1, BCRP, and LRP was assessed by real-
time quantitative PCR and 2−ΔΔCT method. Genes were
quantitatively assessed in each sample taken from the
research group and referred to gene expression determined
in the corresponding samples in the control group 1 : 1.

2.4.1. Cell Preparation. Cells were seeded on 12-well plates
(Sarstedt, Wiener. Neudorf, Austria) at an initial density of
1× 106 cells/ml. After 24 hours, the cell suspension was stim-
ulated with coumarin derivatives separately at IC10 and IC50
concentrations. Another group of cells was stimulated with
coumarin derivative sat IC10 and IC50 concentration with
mitoxantrone (+M) at a concentration of 0.02μM. We used
two controls—cell cultures without stimulators and cell
cultures with mitoxantrone at a concentration of 0.02μM.
After 24 hours, the cell suspension (from each well) was
centrifuged at 800 rpm for 5 minutes, and the supernatant
was discarded.

2.4.2. Isolation of Total Cellular RNA. To isolate total cellular
RNA, we followed the method of Kocki et al. with modifica-
tion, using a TRI-Reagent Solution (Ambion, USA) [32].
During this process, samples of cells were mixed with
250μl TRI-Reagent buffer (Ambion, USA) to obtain a
homogenous suspension. Samples were then incubated for
5min at room temperature until complete dissociation. At
the next stage, 50μl chloroform (Sigma-Aldrich, USA) was
added to the sample and shaken for 15 s. Next, the samples
were left for 15min to incubate at room temperature after
which they were centrifuged for 15min at 14,000 rpm at
4°C in 5415R Eppendorf centrifuges. The aqueous phase
was placed in a new tube and 250μl 2-propanol (Sigma-

Aldrich, USA) was added. The samples were thoroughly
mixed and incubated for 20min at room temperature.
Following that, the mixtures were centrifuged for 20min at
14,000 rpm at 4°C in 5415R Eppendorf centrifuges. Aqueous
phase was removed from the above precipitate. The RNA
precipitate was washed in cool 80% ethanol and obtained
RNA samples were stored in 80% ethanol at −80°C for
further analysis.

2.4.3. Quantitative and Qualitative Analysis of RNA. The
RNA concentration and purity were measured by spectro-
photometry on a NanoDrop2000 (Thermo Scientific, USA).
Precipitate of RNA in 80% ethanol was taken out at −20°C
and next centrifuged for 15min at 14,000 rpm at 4°C in
5415R Eppendorf centrifuges. The liquid part was removed,
and RNA pellets were left to dry at room temperature. Subse-
quently, the precipitate was dissolved in DNase-, RNase-, and
protease-free water (Sigma-Aldrich, USA) at 4°C, the volume
depending on RNA concentration.

2.4.4. cDNA Synthesis. The cDNA was synthesized using
High-Capacity cDNA Reverse Transcription Kit, according
to manufacturer’s instructions [33]. Each reactive mixture
contained the following set of reagents: 1×RT buffer, 20U
RNase inhibitor, 50U reverse transcriptase (MultiScribe
Reverse Transcriptase), 1×RT random primers, and 4mM
of each deoxynucleotide: dATP, dGTP, dTTP, and dCTP
plus examined 1μg RNA in DNase-, RNase-, and
protease-free water (Sigma-Aldrich, USA) to complete the
volume required for reaction. Final volume of the reactive
mixture was 20μl. Afterwards, the reactive components
were thoroughly mixed and centrifuged to fuse them well.
The cDNA was synthesized on Veriti Dx (Applied Biosys-
tems, USA) under the following conditions: stage I, 25°C
(10min); stage II, 37°C (120min); stage III, 85°C (5min);
and stage IV, 4°C.

2.4.5. The qPCR Protocol. The cDNA, which was obtained
by reverse transcription (RT) procedure, was amplified by
real-time gene expression analysis (qPCR) on a 7900HT
Real-Time Fast System [33], using the manufacturer’s SDS
software. Triplicate qPCR reactions were conducted for
each sample. To exclude reagent contamination by foreign
DNA, a blind trial was always performed without a DNA
target. Reaction components included 11.25μl mixture of
cDNA probe and 1.25μl oligonucleotide starters specific
for genes examined and 12.5μl buffer TaqMan Universal
PCR Master Mix. The reaction was performed on an optic
reaction plate in required reactive volume 25μl, using probe
sets of TaqMan Gene Expression Assays [33] with FAM-
NFQ markers and oligonucleotide starters for human genes
MDR1, MRP1, BCRP, and LRP and the housekeeping gene
GAPDH was used as an internal control gene. Amplification
protocol included in the following cycles: initial denatur-
ation: 95°C, 10min; and 40 cycles each composed of two
temperatures: 95°C, 15 s and 60°C, 1min. The number of
copies of DNA molecules was monitored and calculated
on a 7900HT Real-Time Fast System [33] in each amplifica-
tion cycle. To calculate the number of examined DNA
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molecules present in the mixture at the onset of reaction,
the number of PCR cycles after which the level of fluores-
cence exceeded the defined threshold cycle (CT) RQ Study
Software [33] was used. The CT value for each sample of
the endogenous control gene (GAPDH) was used to nor-
malize the level of the interesting gene expression. The
relative level of gene expression was calculated according
to [34].

The RQ defines the expression of an examined gene in a
stimulated cell sample with reference to the gene expression
in the control cell sample calibrator (without stimulation).
Finally, the RQs were analyzed after their logarithmic
conversion into logarithm of RQ (LogRQ) [33]. Thus, the
obtained results were more legible. LogRQ takes value
greater, equal to or less than zero. LogRQ=O means that
gene expression in the calibrated sample and the stimulated
one are the same. LogRQ< 0 points to decreased gene expres-
sion in the stimulated cell sample, whereas LogRQ> 0 points
to signal increased gene expression in the stimulated cell
sample compared to the calibrated one.

2.4.6. Statistical Analysis. The results obtained for stem cells
were statistically analyzed by STATISTICA software by
means of the nonparametric Mann–Whitney U test, Spear-
man rho correlation analysis, and Kruskal–Wallis test. The
results obtained for cell lines were analyzed by chemometric
techniques: cluster analysis based on Euclidean distance and
Parallel Factor Analysis (PARAFAC). Data were presented
as means± SEM. The level of statistical significance was set
at p < 0 05.

3. Results

3.1. Analysis of Cytotoxicity. The cytotoxicity of the examined
coumarins was estimated using trypan blue vital staining in
the presence of mitoxantrone M(+) and absence of mitox-
antrone. The experiment was performed in triplicate and
the mean values were calculated from the given values
(Tables 1, 2, 3, and 4).

The cells of the 5 cancer cell lines exposed to coumarin
derivatives presented diverse cytotoxicity dependent on the
dose of IC10, IC10M(+), IC50, and IC50 M(+).

Cytotoxicity depends on both the type of relationship and
the type of cell line. It turned out that the most sensitive cell
lines to the IC10 dose were CCRF/CEM>HL-60>CEM/
C1>HL-60/MX2>HL-60/MX1 and to the IC50 dose
without mitoxantrone were CCRF/CEM>CEM/C1>HL-
60>HL-60/MX1>HL-60/MX2.

It appeared that the most sensitive cell lines to the
IC10 dose were CCRF/CEM>HL-60>CEM/C1>HL-60/
MX2>HL-60/MX1 and to the IC50 dose with mitoxantrone
were CEM/C1>CCRF/CEM>HL-60>HL-60/MX2>HL-
60/MX1, respectively.

3.2. Analysis of Gene Expression Using Chemometry. In a
preliminary statistical analysis of data results, descriptive
statistics, minimal and maximal values, and means and
standard variances were used.

To investigate a similarity between the behavior of inves-
tigated compounds, cell lines, and gene expression changes
connected withmultidrug resistance after exposition to inves-
tigated coumarin derivatives, a dimensionality reduction was

Table 1: IC10 values for line cells CEM/C1, CCRF/CEM, HL-60, HL-60/MX1, and HL-60/MX2 (μM). SD: standard deviation.

CEM/C1 CCRF/CEM HL-60 HL-60/MX1 HL-60/MX2
IC10± SD IC10± SD IC10± SD IC10± SD IC10± SD

ISO 13.0± 2.5 6.9± 1.0 4.6± 0.6 13.8± 2.2 16.4± 2.1
BER 12.1± 2.0 8.8± 1.7 4.6± 1.1 15.8± 2.6 11.4± 2.4
XOL 11.7± 3.1 7.6± 1.0 4.6± 1.1 13.4± 2.0 11.1± 2.5
XIN 12.8± 2.1 5.7± 3.6 9.3± 3.1 11.7± 2.6 10.5± 2.0
BIN 15.5± 2.6 8.5± 3.1 4.6± 2.6 3.0± 2.5 12.9± 1.7
BOL 15.5± 2.5 6.4± 2.0 9.2± 2.5 11.5± 2.5 10.5± 1.0
HEC 12.7± 2.5 6.0± 3.1 9.2± 2.0 15.0± 3.2 18.2± 2.0
FEL 21.4± 3.5 5.9± 0.4 9.8± 3.1 14.5± 2.8 16.4± 2.0
HER 4.4± 1.2 4.3± 1.2 3.4± 1.9 18.2± 2.5 5.9± 0.9
AET 4.5± 0.8 3.6± 2.2 9.0± 3.1 11.1± 4.4 5.9± 1.5
DHD 5.3± 0.6 5.0± 1.5 4.8± 1.0 4.0± 4.3 5.9± 1.1
COU 5.3± 0.5 1.0± 3.1 5.0± 1.5 4.0± 4.2 4.3± 2.0
AEL 4.2± 1.1 4.2± 0.5 5.9± 4.2 2.5± 3.5 8.3± 1.1
UMB 5.0± 0.6 4.0± 1.1 5.5± 1.5 13.3± 2.2 8.3± 1.0
4,7M 3.6± 0.2 5.5± 0.5 2.3± 1.1 16.7± 2.8 6.7± 1.5
4,7E 1.9± 1.0 4.5± 0.8 1.7± 1.6 16.7± 2.6 7.7± 1.4
7ME 2.8± 1.0 3.6± 1.1 7.7± 2.1 14.3± 4.2 8.3± 1.6
6ME 2.6± 1.0 5.9± 2.1 6.2± 2.0 18.2± 3.8 5.5± 1.6
0,0D 2.6± 0.3 4.3± 1.4 2.9± 0.8 11.1± 3.4 8.3± 2.2
SCO 2.7± 0.5 6.2± 0.7 3.6± 0.3 22.2± 3.2 7.1± 1.9
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Table 2: IC10 +M values for line cells CEM/C1, CCRF/CEM, HL-60, HL-60/MX1, and HL-60/MX2 (μM). SD: standard deviation.

CEM/C1 CCRF/CEM HL-60 HL-60/MX1 HL-60/MX2
IC10± SD IC10± SD IC10± SD IC10± SD IC10± SD

ISO 12.8± 2.5 8.0± 0.5 5.6± 0.5 14.0± 1.5 16.8± 2.5
BER 12.3± 2.0 7.7± 1.0 5.2± 0.4 13.4± 1.8 12.7± 2.0
XOL 13.0± 2.1 9.1± 1.1 5.6± 0.6 10.3 13.1 10.7± 1.4
XIN 14.7± 2.1 10.2± 2.1 9.4± 1.1 12.0± 2.1 10.2± 1.3
BIN 15.0± 2.6 8.2± 1.6 6.6± 0.6 11.8± 2.6 11.1± 2.6
BOL 12.0± 2.5 7.1± 0.8 14.7± 2.5 13.0± 2.5 11.0± 2.5
HEC 14.3± 2.5 6.6± 2.1 10.2± 2.5 14.0± 2.5 15.9± 2.5
FEL 17.3± 3.5 6.4± 2.6 11.0± 3.5 12.2± 3.5 15.7± 3.5
HER 4.2± 0.6 5.1± 0.5 4.2± 0.4 17.3± 2.5 6.4± 0.5
AET 5.3± 0.5 4.3± 1.0 10.0± 2.0 10.2± 2.0 6.2± 1.0
DHD 5.1± 0.6 5.6± 1.1 5.8± 0.7 3.8± 0.5 6.2± 1.1
COU 5.0± 0.4 1.2± 0.1 6.2± 0.5 4.2± 0.5 4.8± 0.6
AEL 4.8± 0.6 4.0± 0.6 6.4± 2.6 2.3± 2.6 7.6± 2.6
UMB 5.2± 0.5 4.2± 0.5 6.8± 2.5 13.0± 2.5 7.8± 1.5
4,7M 3.2± 0.5 6.3 0.7 4.1± 2.5 14.8± 2.5 6.2± 0.5
4,7E 1.7± 0.2 5.2± 0.5 2.3± 3.5 14.8± 3.5 7.2± 1.5
7ME 4.1± 0.5 4.2± 0.5 8.2± 2.5 13.8± 2.5 7.6± 1.5
6ME 3.2± 0.8 6.2± 1.0 6.8± 2.0 16.2± 2.0 4.8± 2.0
0,0D 2.2± 0.6 4.8± 1.1 4.0± 0.5 10.4± 2.1 7.4± 1.1
SCO 2.4± 0.2 6.8± 2.1 4.2± 2.1 20.2± 2.1 6.4± 2.1

Table 3: IC50 values for line cells CEM/C1, CCRF/CEM, HL-60, HL-60/MX1, and HL-60/MX2 (μM). SD: standard deviation.

CEM/C1 CCRF/CEM HL-60 HL-60/MX1 HL-60/MX2
IC50± SD IC50± SD IC50± SD IC50± SD IC50± SD

ISO 21.5± 4.5 10.0± 4.2 21.5± 2.5 21.0± 4.2 26.0± 5.7
BER 28.5± 7.5 15.5± 4.5 16.5± 3.6 16.0± 4.9 36.5± 3.6
XOL 15.5± 4.5 12.5± 4.5 28.0± 5.0 19.0± 6.1 45.0± 9.0
XIN 24.0± 5.0 23.0± 7.6 61.0± 7..0 36.0± 5.1 46.5± 5.5
BIN 13.0± 4.5 5.5± 4.5 22.0± 3.6 8.0± 1.0 29.0± 4.0
BOL 19.0± 4.0 15.5± 4.0 43.0± 6.1 19.5± 2.6 34.5± 5.5
HEC 22.0± 5.3 18.0± 4.2 45.0± 10.1 18.0± 6.4 29.5± 5.0
FEL 8.0± 4.0 15.5± 4.5 42.0± 5.0 31.0± 8.0 40.5± 4.5
HER 25.0± 4.0 25.0± 4.0 25.0± 4.6 56.6± 4.1 30.0± 4.0
AET 25.0± 3.5 20.0± 2.6 25.0± 3.6 67.6± 7.7 30.0± 6.5
DHD 25.0± 4.0 20.0± 2.5 20.0± 3.2 47.2± 5.5 30.0± 4.6
COU 25.0± 5.0 30.0± 4.7 20.0± 3.0 43.8± 4.9 40.0± 4.9
AEL 25.0± 6.6 25.0± 3.5 20.0± 4.2 47.2± 4.6 40.0± 6.2
UMB 25.0± 3.2 25.0± 3.3 20.0± 2.1 42.8± 4.9 40.0± 4.0
4,7M 30.0± 3.8 20.0± 3.6 20.0± 4.2 30.0± 3.5 30.0± 5.3
4,7E 10.0± 1.5 25.0± 4.6 10.0± 2.5 32.4± 3.1 40.0± 3.8
7ME 15.0± 2.6 25.0± 3.1 25.0± 4.5 36.8± 3.1 40.0± 6.2
6ME 30.0± 5.7 30.0± 4.9 25.0± 2.1 39.5± 6.7 30.0± 4.3
0,0D 25.0± 3.5 30.0± 3.6 25.0± 4.0 35.7± 4.2 40.0± 5.5
SCO 20.0± 4.2 30.0± 4.6 25.0± 3.5 42.8± 4.8 40.0± 3.5
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applied using the chemometric techniques: cluster analysis
and Parallel Factor Analysis (PARAFAC).

To investigate a distribution of similarities of coumarin
derivative action, a total chemometric analysis (of all expres-
sion change values) was also performed.

The results of the cluster analysis were presented as
dendrograms (Figures 1 and 2). As the investigated data were
continuous variables, Euclidean distance was chosen as an
appropriate similarity measure.

The data was organized as a tensor of dimensions: four
genes (MDR1, MRP, LRP, and BCRP2), five cell lines
(HL-60, HL-60/X1, HL-60/MX2, CEM/C1, and CCRF/
CEM), and 8 furanocoumarin derivatives: isopimpinellin
(ISO), bergapten (BER), xanthotoxol (XOL), xanthotoxin
(XIN), byakangelicin (BIN), byakangelicol (BOL), heraclenin
(HEC), phellopterin (FEL), and 12 simple coumarins deriva-
tives: herniarine (HER), aesculetin (AET), dihydrocoumarin
(DHD), coumarin (COU), aesculin (AEL), umbelliferone
(UMB), 4-methylo-7-methoxycoumarin (4,7M), 4-methylo-
7-ethoxycoumarin (4,7E), 7-methylocoumarin (7ME), 6-
methylocoumarin (6ME), 0,0-dimethylofraxetin (OOD), and
scoparone (SCO).

3.3. Coumarin Derivative Dataset

3.3.1. Analysis of Similarity of the Investigated Coumarin
Derivatives on the Level of Gene Expression. The cutoff height
of the dendrogram (Figure 1(a)) was set to 12. Two visible
clusters were observed. The first consists of furanocouma-
rins: isopimpinellin (ISO), bergapten (BER), xanthotoxol

(XOL), xanthotoxin (XIN), byakangelicin (BIN), byakange-
licol (BOL), heraclenin (HEC), and phellopterin (FEL); the
second consists of coumarins: herniarine (HER), aesculetin
(AET), dihydrocoumarin (DIH), coumarin (COU), aescu-
lin (AEL), umbelliferone (UMB), 4-methylo-7-methoxy-
coumarin (4,7M), 4-methylo-7-ethoxycoumarin (4,7E),
7-methylocoumarin (7ME), 6-methylocoumarin (6ME),
0,0-dimethylofraxetin (OOD), and Scoparone (SCO).

The PARAFAC analysis of aforementioned data tensor
explained 61.56% with an optimal number of two factors.
The results grouped in two clusters. First, as previously,
contains furanocoumarin derivatives, whereas the second
contains the other coumarins (Figure 1(b)).

3.3.2. Analysis of Similarity of Genes Expression in Cell Lines
Stimulated with Coumarin Derivatives.Optimal cutoff height
for clustering was chosen to be 14 (Figure 1(c)). Genes are
divided into two distinct clusters: LRP+MRP and BCRP2+
MDR1. PARAFAC results (Figure 1(d)) do not show any
clustering tendency.

3.3.3. Analysis of Similarity of Cell Lines Specific Gene
Expression Stimulated with Coumarin Derivatives. The opti-
mal cutoff height was set to 20 (Figure 1(e)). First cluster is
created by HL-60, HL-60/MX2, and HL-60/MX1 lines, not
strictly similar. The rest of lines are much more similar to
themselves. In PARAFAC results (Figure 1(f)), the HL-60/
MX2 cell line is a visible outlier and the other lines are much
more similar to themselves.

Table 4: IC50 +M values for line cells CEM/C1, CCRF/CEM, HL-60, HL-60/MX1, and HL-60/MX2 (μM). SD: standard deviation. ∗The
survival of line cells after exposure to compounds at 50 μmol concentration drops to about 20%.

CEM/C1 CCRF/CEM HL-60 HL-60/MX1 HL-60/MX2
IC50± SD IC50± SD IC50± SD IC50± SD IC50± SD

ISO 15.5± 4.5 10.5± 4.2 29.0± 2.5 28.0± 4.2 28.5± 5.7
BER 15.5± 7.5 14.0± 4.5 18.5± 3.6 24.0± 4.9 23.0± 3.6
XOL 15.5± 4.5 12.0± 4.5 42.0± 5.0 28.0± 6.1 37.5± 9.0
XIN 25.0± 5.0 16.0± 7.6 60.5± 10.0 31.0± 5.1 37.5± 5.5
BIN 13.0± 4.5 11.0± 4.5 27.0± 3.6 25.5± 4.0 23.0± 6.0
BOL 12.0± 4.0 ∗ 19.0± 6.1 17.0± 2.6 30.0± 5.5
HEC 28.0± 5.3 ∗ 46.5± 10.1 16.0± 6.4 36.0± 5.0
FEL 10.5± 4.0 ∗ 36.0± 5.0 18.0± 8.0 42.0± 4.5
HER 23.2± 4.5 28.2± 4.5 28.1± 4.5 61.0± 4.5 28.2± 4.5
AET 23.6± 7.5 24.1± 7.5 22.6± 7.5 68.4± 7.5 29.4± 7.5
DHD 23.6± 4.5 23.2± 4.5 22.8± 4.5 52.3± 4.5 28.6± 4.5
COU 23.2± 5.0 34.0± 5.0 23.1± 5.0 47.8± 5.0 38.2± 5.0
AEL 24.0± 4.5 22.4± 4.5 21.4± 4.5 49.2± 4.5 38.8± 4.5
UMB 23.8± 4.0 22.6± 4.0 21.2± 4.0 44.8± 4.0 38.6± 4.0
4,7M 26.2± 5.3 23.6± 5.3 8.2± 5.3 34.0± 5.3 32.4± 5.3
4,7E 12.2± 4.0 27.6± 4.0 28.2± 4.0 34.2± 4.0 41.8± 4.0
7ME 13.8± 4.5 27.2± 4.5 27.6± 4.5 40.1± 4.5 37.6± 4.5
6ME 26.4± 7.5 34.0± 7.5 26.4± 7.5 42.0± 7.5 28.2± 7.5
0,0D 22.3± 4.5 32.2± 4.5 27.2± 4.5 38.2± 4.5 37.2± 4.5
SCO 18.7± 5.0 31.4± 5.0 27.4± 5.0 44.6± 5.0 36.4± 5.0
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(a) (b)

(c) (d)

(e) (f)

Figure 1: Comparison of similarities between coumarin derivatives (a, b), genes (c, d) and cell lines (e, f) by cluster analysis with Euclidean
distance (a, c, e) and PARAFAC (b, d, f).
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(a) (b)

(c) (d)

(e) (f)

Figure 2: Similarity between furanocoumarin compounds (a, b), genes (c, d) and cell lines (e, f) analyzed by cluster analysis with Euclidean
distance (a, c, e) and PARAFAC (b, d, f) while the mitoxantrone action.
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3.4. Coumarin Derivatives +Mitoxantrone Dataset

3.4.1. Analysis of Similarity of the Investigated Coumarin
Derivatives on the Level of Gene Expression—Mitoxantrone
Exposed Cells. Aesculin (AEL) was found to be an outlier
during cluster analysis (Figure 2(a)). Phellopterin (FEL) and
heraclenin (HEC) were similar to themselves but were
slightly different than byakangelicin (BIN). Umbelliferone
(UMB), 0,0-dimethylofraxetin (OOD), scoparone (SCO),
7-methylocoumarin (7ME), 6-methylocoumarin (6ME),
4-methylo-7-methoxycoumarin (4,7M), 4-methylo-7-ethox-
ycoumarin (4,7E), and dihydrocoumarin (DIH) formed
visible cluster; however, they differ to coumarine (COU).

In the next cluster, a strong similarity was found between
bergaptene (BER) and xanthotoxol (XOL), which were differ-
ent than xanthotoxin (XIN) and isopimpinellin (ISO).

Two-factor PARAFAC decomposition explained 45.89%
of whole data (Figure 2(b)). Aesculin (AEL) and byakangeli-
cin (BIN) were identified as outliers during this analysis.

3.4.2. Analysis of Similarity of Cell Line-Specific Gene
Expression Stimulated with Coumarin Derivatives and
Mitoxantrone. Expression levels of LRP and MRP1 genes
were found to be similar (Figure 2(c)), whereas the other
genes are not clustered. No clustering tendency was also
observed with PARAFAC (Figure 2(d)).

3.5. Cell Line Similarity. CCRF/CEM and CEM/C1 cell lines
were found to be most similar (Figure 2(e)), whereas the
other cell lines are not clustered. No visible clustering
tendency is observed with PARAFAC (Figure 2(f)).

3.5.1. Changes in Gene Expression of BCRP2, LRP, MDR1,
and MRP in Cell Lines after 24 h Exposition on Coumarine
Derivatives (Figure 3(a)). We observed a decrease in BCRP
gene expression to minimum −3.392 (MX2/HL-60; 4,7M;
IC50) and increased gene expression to a maximum LRP to
2.005-fold (MX1/HL-60; OOD; IC50), MDR1 to 2.761-fold
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Figure 3: The mean BCRP, LRP, MDR1, and MRP1 gene expression level in the cell lines CCRF/CEM, CEM/C1, HL-60, HL-60/MX1, and
HL-60/MX2 after 24 h exposition on: coumarin (a), coumarin with mitoxantrone (b), furanocoumarins (c), and furanocoumarins without
mitoxantrone (d) derivatives.
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(MX1/HL-60; 4,7M; IC50), MRP1 to 1.407-fold (CCRF/
CEM; OOD; IC50).

The mean expression levels of genes were BCRP −0.2346
(SD 1.06), LRP 0.933 (SD 0.50),MDR1 0.3664 (SD 1.56), and
MRP 0.204 (SD 0.41).

3.5.2. Changes in Gene Expression of BCRP, LRP, MDR1, and
MRP1 in Cell Lines after 24 h Exposition on Coumarine
Derivatives with Mitoxantrone (Figure 3(b)). We observed
increased gene expression to a maximum BCRP to 3.652-fold
(CEM/C1; AEL; IC50), LRP to 1.790-fold (MX2/HL-60; 7ME;
IC50), MDR1 to 1.973-fold (MX1/HL-60; 6ME; IC50) and a
decrease of MRP1 gene expression to a minimum −0.822
(MX1/HL-60; HER; IC50).

The mean expression levels of genes were BCRP 0.234
(SD 0.92), LRP 0.406 (SD 0.82), MDR1 0.278 (SD 0.53), and
MRP1-0.006 (SD 0.26).

3.5.3. Changes in Gene Expression of BCRP, LRP, MDR1, and
MRP1 in Cell Lines after 24 h Exposition on Furanocoumarin
Derivatives (Figure 3(c)). We observed an increase of gene
expression to a maximum BCRP to 2.850-fold (MX1/HL-
60; FEL; IC50), LRP to 1.358-fold (MX1/HL-60; BOL;
IC50), MDR1 to 2.513-fold (MX2/HL-60; BOL; IC50), and
MRP 0.841-fold (CCRF/CEM; BER; IC50).

The mean expression levels of genes were BCRP 20.800
(SD 1.13), LRP 0.647 (SD 0.37), MDR1 0.896 (SD 0.83), and
MRP1 −0.189 (SD 0.51).

3.5.4. Changes in Gene Expression of BCRP, LRP, MDR1, and
MRP1 in Cell Lines after 24 h Exposition on Furanocoumarin
Derivatives with Mitoxantrone (Figure 3(d)). We observed
decreased gene expression to a minimum BCRP to −1.6571-
fold (MX1/HL-60; IZO; IC50), LRP to −1.176-fold (CEM/
C1; BIN; IC50), and MRP1 to −1.213-fold (CEM/C1; BOL;
IC50) and increase ofMDR1 gene expression to a maximum
2.325-fold (CEM/C1; BIN; IC50).

The mean expression levels of genes were BCRP −0.186
(SD 0.94), LRP −0.012 (SD 0.48), MDR1 0.029 (SD 0.87),
and MRP1 −0.541 (SD 0.30).

4. Discussion

Multidrug resistance is one of the main causes of failure in
anticancer therapy. For over 40 years, research targeted at
searching for compounds that abolish the multidrug resis-
tance effect has been conducted by many research teams all
over the world. The mechanism of multidrug resistance can
be explained by overexpression of membrane transporters,
mainly from the ABC family, which remove drugs from the
cancer cell in an active way.

The cytotoxicity of the examined coumarins was esti-
mated using trypan blue vital staining in the presence of
M(+) and absence of mitoxantrone M. The IC10,
IC10M(+), IC50, and IC50 M(+) values were determined.
The cells of the five cancer cell lines exposed to coumarin
derivatives presented diverse cytotoxicity dependent on the
dose of IC10, IC10M(+), IC50, and IC50M(+).

Received dose values the IC10, IC10M(+), IC50, and
IC50M(+) of coumarin compounds show high cytotoxicity

for all tested cell lines. IC50 doses of coumarin compounds
were lower than those for furanocoumarins, indicating more
toxic effects on tumor cells. A similar conclusion was made
by Yang et al. [35], in which ostol—a representative of simple
coumarin—showed much higher cytotoxicity than the
furanocoumarins investigated.

Against the background of the results, it can be
concluded that lines without resistance phenotype are more
susceptible to the effects of coumarin compounds. The least
sensitive cell line is HL-60/MX1 and HL-60/MX2 derived
from promyelocytic leukemia.

Coumarin substances, both natural and synthetic, are
often screened for cancer toxicity in various cancer cell lines
[36–39]. A literature review shows that the most commonly
studied leukemia is HL-60.

Yang et al. [35] isolated five coumarin substances from
Cnidium monnieri L. fruits and then examined their toxic-
ity towards HL-60 cells. IC50 values have been established
on a level not more than 50μM for isopimpinellin (ISO),
bergapten (BER), and xanthotoxin (XIN). Similar values
were obtained in our work for isopimpinellin (ISO) and
bergapten (BER) but were slightly higher for xanthotoxin
(XIN) 61μM/ml.

Cluster analysis with the Euclidean distance measure
based on the MDR gene expression divided the examined
compounds into two groups. The first group comprises
furanocoumarin derivatives and the second one comprises
coumarin derivatives. Such a division shows that these
compounds have different mechanisms of action on the
transcriptome of cancer cells.

Most of the investigators in the work of coumarin com-
pounds induce increased expression of MDR1, BCRP, LRP,
andMRP genes in leukemia cells [40–42]. This phenomenon
can be explained by the correct detection by defense mecha-
nisms of cells in response to coumarin compounds, which are
recognized by the cell as xenobiotics.

However, to our knowledge, this is the first report
describing the study of the effect of coumarin compounds
with mitoxantrone on the expression of multidrug resistance
genes. Our research show, in the case of furanocoumarin
compounds in the presence of mitoxantrone, the expression
of the MDR1, BCRP, LRP, and MRP genes was reduced,
which may be of interest in a therapeutic context.

Studying the level of gene expression in the ABC
family is often used in clinical practice. The levels of gene
expression in the ABC family are examined in patients
prior to initiation of treatment. The result is determined
by further therapy. Evaluation of ABC gene expression in
leukemia diagnostics may contribute to the early identifi-
cation of patients at risk for treatment failure who require
individual therapy [40, 41, 43].

On the basis of the results of the analysis of the ABC
family gene expression in leukemia cells exposed to the
examined compounds and statistical analysis, it is concluded
that the furanocoumarin compounds are more promising in
terms of their mechanism of action.

The high activity of coumarin compounds seems to be a
basis for the design of new analogues characterized by
increased activity and safety of use. The challenge for
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researchers is to create new drugs based on the design and
synthesis of highly active derivatives and the elucidation of
their mechanism of action. Recent advances in the design of
new union structures may lead to the discovery of novel anti-
cancer drugs. Increased cancer mortality and high medical
costs are the incentive to continually seek for anticancer
drugs with increased efficacy.

The obtained results significantly broaden the knowledge
about the anticancer effects of coumarin compounds and
their effect on the expression of MDR1, BCRP, LRP, and
MRP multidrug induction genes of tumor cells derived from
the human hematopoietic system: CEM/C1, CCRF/CEM,
HL-60, HL-60/MX1, and HL-60/MX2.

Overexpression of resistance genes, resulting in cell-
induced drug resistance, is of great importance in the treat-
ment of cancer. Often, it is a major factor in the failure of
therapy. Therefore, it is important to look for new com-
pounds that will safely modulate the expression of genes that
affect multidrug resistance.

5. Conclusions

(1) For a majority of the coumarin compounds, the IC10,
IC10M(+), IC50, and IC50M(+) values were esti-
mated for the first time. The values obtained show
high cytotoxicity to the examined cell lines, that is,
CEM/C1, CCRF/CEM, HL-60, HL-60/MX1, and
HL-60/MX2.

(2) It was observed that cell lines without the resistance
phenotype are more sensitive to the coumarin
compounds. HL-60/MX1 and HL-60/MX2 cell
lines derived from promyelocytic leukemia are the
least sensitive.

(3) In the case of furanocoumarin compounds, in the
presence of mitoxantrone, the expression of the
MDR1, BCRP, LRP, and MRP genes was reduced,
which may be of interest in a therapeutic context.

(4) Cluster analysis conducted based on gene expression
clearly divided the examined compounds into two
groups. The first group comprises furanocoumarin
derivatives, and the second group includes coumarin
derivatives. Such a division shows that these com-
pounds have different mechanisms of action on
the transcriptome of cancer cells. The PARAFAC
analysis confirms this observation.

(5) The obtained results significantly broaden the knowl-
edge about the anticancer effects of coumarin com-
pounds and their effect on the expression of MDR1,
BCRP,LRP, andMRP genes in tumor cell lines derived
from human hematopoietic system: CEM/C1, CCRF/
CEM, HL-60, HL-60/MX1, and HL-60/MX2.
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Cancer is one of the most occurring diseases in developed and developing countries. Plant-based compounds are still
researched for their anticancer activity and for their quantity in plants. Therefore, the modern chromatographic methods
are applied to quantify them in plants, for example, UPLC-MS/MS (ultraperformance liquid chromatography tandem
mass spectrometry). Therefore, the aim of the present study was to evaluate the content of sanguinarine, berberine,
protopine, and chelidonine in Dicentra spectabilis (L.) Lem., Fumaria officinalis L., Glaucium flavum Crantz, Corydalis
cava L., Berberis thunbergii DC., Meconopsis cambrica (L.) Vig., Mahonia aquifolium (Pursh) Nutt., Macleaya cordata
Willd., and Chelidonium majus L. For the first time, N,N-dimethyl-hernovine was identified in M. cambrica, B. thunbergii,
M. aquifolium, C. cava, G. flavum, and C. majus; methyl-hernovine was identified in G. flavum; columbamine was identified
in B. thunbergii; and methyl-corypalmine, chelidonine, and sanguinarine were identified in F. officinalis L. The richest source
of protopine among all the examined species was M. cordata (5463.64± 26.3μg/g). The highest amounts of chelidonine and
sanguinarine were found in C. majus (51,040.0± 1.8 μg/g and 7925.8± 3.3 μg/g, resp.), while B. thunbergi contained the
highest amount of berberine (6358.4± 4.2 μg/g).

1. Introduction

Different ethnic communities of the world have used
plant-based drugs to manage various ailments for centuries.
Natural sources of drugs, such as paclitaxel (Taxus brevifolia)
and Vinca alkaloids, are examples for the value of tradition-
ally used plants for modern drug development. Plant-based
molecules are used very often as drug precursors being con-
verted into drugs by chemical modification, for example,
10-deacetybaccatin. It is established that about 120 plant-
derived compounds are used in western medicine, and about

80% of the world population use medicinal plants in primary
health care. Despite the fact that a lot of progress has been
made towards the discovery of effective anticancer drugs,
many western communities still use the plant-based drugs,
including plants from traditional Chinese medicine. The
plant-based drugs are used in developed and developing
countries separately or together with synthetic drugs [1].

Alkaloids are naturally occurring chemical compounds
with the strongest pharmacological activity among sub-
stances synthesized by plants. They are responsible for toxic
properties of many plant species. High biological activity
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made these compounds the subject of study for their use in
pharmacy, particularly as anticancer drugs. Sanguinarine,
berberine, and protopine are quaternary isoquinoline
alkaloids, while chelidonine is a tertiary alkaloid. These
compounds are extensively investigated for their antitumor
activity. According to literature reports, sanguinarine
induces apoptosis of many tumor cell lines [2, 3]. Berberine
also possesses antitumor activity against several cell lines
[4, 5]. Chelidonine is the main alkaloid of great celandine
(Chelidonium majus L.). An increased interest in chelido-
nine was observed at the beginning of the 21st century,
when scientists began to focus on its promising anticancer
activity, such as against uveal melanoma cells [6], liver cancer
[7], leukemia cells [8], or melanoma cells [6]. Protopine is an
alkaloid with high pharmacological activity. It inhibits blood
platelet aggregation and acts antihistaminically and antibac-
terially [9]. Regarding its antitumor activity, the fact of great
importance is that the compound significantly increases the
mRNA levels of CYP1A1 in human liver cells and hepatoma
HepG2 cells [10]. In prostate cancer cells, the compound
inhibits mitosis and induces apoptosis [11]. These alkaloids
are present mainly in plant species of Papaveraceae, Rannun-
culaceae, and Berberidaceae families.

There are different ways of the anticancer alkaloid action,
including an induction and activation of the apoptotic signal-
ing proteins and promotion of apoptosis via an induction of
DNA damage, caspase activators, and cell growth inhibitors.
Apart from these modes of action, there are the other ones
based on the formation of G-quadruplexes. This mode of
action can be considered as a novel approach for cancer
treatment [12, 13].

C. majus, M. cordata, D. spectabilis, F. officinalis, G.
flavum, C. cava, B. thunbergii, M. cambrica, and M. aqui-
folium are the sources of alkaloids. The best known among
the examined species are C. majus andM. cordata, character-
ized by the highest content of chelidonine. Until now, only
these two species have been analyzed using a UPLC method
[14]. B. thunbergii is the species which is currently arousing
a great interest in research, particularly in China. It is the
plant of the traditional Chinese and Tibetan medicine where
it is highly effective in treatment of many inflammatory
diseases in this region. Other species are also used as folk
medicine in North America and Europe and as Ayurvedic
medicine for their very rich chemical composition [15–17].
Until now, the discussed plant species have been analyzed
by methods such as nonaqueous capillary electrophoresis-
electrospray ion trap mass spectrometry [18], chromatog-
raphy on a silica-gel column, TLC [19], and HPLC [18].
For the species F. officinalis and G. flavum, methods of
individual substance extraction were mostly developed
[14, 20]. M. aquifolium was studied mainly in terms of
its antimicrobial activity due to the presence of (4-O-
methyl-α-D-glucurono)-D-xylan possessing potent immu-
nomodulation activity [21].

In this paper, we report on the separation and determina-
tion of four isoquinoline alkaloids in nine plant species in
order to confirm published data, obtained using other analyt-
ical methods. Seven of the investigated species have never
been analyzed using UPLC. The study was also conducted

in order to identify new alkaloids in the investigated plant
species. The UPLC method was chosen as it is precise,
accurate, reproducible, and allows the identification of
compounds based on their ESI-MS/MS spectra.

2. Experimental

2.1. Materials and Chemicals. Berberis thunbergii, Chelido-
nium majus, Corydalis cava, Dicentra spectabilis, Fumaria
officinalis, Glaucium flavum, Macleaya cordata, Mahonia
aquifolium, and Meconopsis cambrica were collected in June
2012 in the Botanical Gardens of Maria-Curie Sklodowska
University in Lublin, Poland. These specimens were authen-
ticated by Professor Anna Bogucka-Kocka (voucher speci-
mens: DS-0612, FO-0612, GF-0612, CC-0612, BT-.0612,
MeCa-0612, MA-0612, CM-0612, and MaCo-0612). The ref-
erence compounds protopine (P), berberine (B), chelidonine
(CH), and sanguinarine (S) were of analytical grade from
Sigma-Aldrich Company (St. Louis, USA). The purity of each
compound was more than 98%, according to the manufac-
turer. Acetonitrile, ammonium acetate, methanol gradient
HPLC grade, and acetic acid (>98%) for LC-UV-MS separa-
tions were purchased from J.T. Baker (Phillipsburg, NJ).
Water was purified in-house using a Simplicity-185 with
the Milli-Q water purification system (Millipore Co.).

2.2. Sample Preparation. Mixed standard stock solutions
containing protopine (P) (0.960mg/ml), berberine (B)
(1.105mg/ml), chelidonine (CH) (1.225mg/ml), and san-
guinarine (S) (1.065mg/ml) in methanol were prepared
and diluted with methanol to six different concentrations
within the ranges (P) 4.4–131.5μg/ml; (B) 6.1–183.8μg/ml;
(CH) 5.5–165.8μg/ml; and (S) 5.3–159.8μg/ml for the prep-
aration of calibration curves. The standard solutions were
filtered through a 0.22mm membrane prior to injection. All
solutions were stored in a refrigerator at 4°C before analysis.

The extracts were prepared according to the method as
described earlier [22]. Five grams of the dried and ground
plant materials were macerated with 80ml of methanol
for 3-4 days. Subsequently, methanol was poured off and
a new portion was added. This process was repeated nine
times. After the last extraction, there was no residue after
the evaporation of solvent. The obtained portions of the
extracts were combined. The solvent was partially evaporated
in the vacuum evaporator UnipanPro Typ 365 to the total
volume of 100ml.

2.3. Ultraperformance Liquid Chromatography-Tandem
Mass Spectrometry (UPLC-MS/MS). Chromatographic con-
ditions were based on Lu et al. [12] with some modifications.
The UPLC analysis was performed using the Waters
ACQUITY UPLC system (Waters Corp., Milford, MA,
USA) equipped with a binary pump system, sample manager,
column manager, and PDA detector (Waters Corp.).
Waters MassLynx software v.4.1 was used for acquisition
and data processing. The separation of alkaloids in ana-
lyzed extracts was carried out with BEH C18 column
(100mm× 2.1mm× 1.7μm), Waters Corp., Milford, MA,
USA. Column temperature was maintained at 35°C. The flow
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rate was adjusted to 0.40ml/min. Elution was conducted
using mobile phase A (ammonium acetate, 20mM, adjusted
to pH3.0 with acetic acid in Milli-Q water) and mobile phase
B (acetonitrile) with gradient program as follows: 0–0.8min,
3% B; 0.8–1.0min, 3–12% B; 1.0–9.5min, 12% B; 9.5–
15.0min, 12–20% B; 15.0–20.0min, 20–30% B; 20.0–
21.0min, 30% B; 21.0–21.1min, 30–80% B; 21.1–22.1min,
80% B; 22.1–22.2, 80–3% B; and 22.2–25.0min, 3% B. The
samples were kept at 15°C in the sample manager. The injec-
tion volume of the sample was 1.0μl (partial loop with needle
overfill mode). A strong needle wash solution (95 : 5, metha-
nol-water, v/v) and a weak needle wash solution (5 : 95, aceto-
nitrile-water, v/v) were used. Chromatograms were acquired
at 240 nm and 270nm at a 5-point rate, at 4.8 nm resolution.
Peaks were assigned on the basis of their retention times,
mass to charge ratio (m/z), and ESI-MS/MS fragmentation
pattern, in comparison to those of the reference compounds
and literature data [23]. The MS analyses were carried out on
a TQDmass spectrometer (Waters Corp.) equipped with a Z-
spray electrospray interface. The parameters for ESI source
were capillary voltage 3.0 kV, cone voltage 30V, desolvation
gas N2 800L/h, cone gas N2 80L/h, source temp. 120°C, des-
olvation temp. 350°C, dwell time 0.6 s. Analysis was carried
out using a full scan mode (mass range of 250–450 amu was
scanned). Compounds were analyzed in a positive ion mode.
The content of identified compounds was estimated based
on the peak area at 270 nm [+/− very low content (below 5%
of the total peak area at 270nm), + low content (below 15%
of the total peak are at 270nm), ++ moderate content (15–
30% of the total peak area at 270nm), and +++ high content
(above 30% of the total peak area at 270nm)]. The protopine,
berberine, chelidonine, and sanguinarine were quantified on
the basis of their peak areas and comparison with a calibra-
tion curve obtained with the corresponding standards.

The methods were validated in terms of accuracy, preci-
sion LOD, and LOQ. Moreover, the linear ranges of calibra-
tion curves were determined. The stock solution of the four
standards was prepared and diluted to six appropriate con-
centrations for the establishment of calibration curves. The
regression equations were achieved after linear regression of
the peak areas versus the corresponding concentrations.
Limit of detection (LOD) and limit of quantification (LOQ)
for each analyte were determined under the chromatographic
conditions at a signal-to-noise ratio (S/N) of 3 and 10, respec-
tively. Intraday and interday variations were chosen to deter-
mine the precision of the developed assay. Three different
concentration solutions (low, medium, and high) of the stan-
dards were prepared. The intraday variation was determined
by analyzing seven replicates a day. Interday variation was
examined in seven days. Repeatability was confirmed with
six solutions prepared from sample 1 and one of them was
injected into the apparatus at 0, 3, 6, 12, 16, 18, and 24 h to
access the stability of the solution. Variations were expressed
by RSDs.

3. Results and Discussion

In our experiment, the established analytical method was
applied for determination of alkaloids in nine species

belonging to Berberidaceae and Papaveraceae families.
The analysis of samples revealed the presence of nineteen
alkaloids. For the final identification of B, CH, P, and S,
the comparisons of retention times with available chemical
standards were made. The identification of alkaloids other
than B, CH, P, and S was based on the detected maxima and
the shape of the spectra. The results are presented in Table 1.
Exemplary UPLC chromatograms of B. thunbergii extract are
shown in Figure 1.

The least differentiated taxa are M. cambrica and D.
spectabilis—containing two of the identified alkaloids.
The richest are C. majus—eight identified alkaloids and
C. cava—seven identified alkaloids.

The lowest level of protopine was detected in M. cam-
brica (74.4± 0.4μg/g), while the highest content of it was
detected inM. cordata (54,636.4± 2.6μg/g). InM. aquifolium
and B. thunbergii, protopine was not detected. Berberine was
detected in four of investigated plant species—C. majus, M.
cordata, B. thunbergii, and M. aquifolium. The lowest level
of berberine was detected in M. cordata (1401.4± 2.4μg/g),
while the highest in B. thunbergii (6358.4± 4.2μg/g).

The lowest level of sanguinarine was detected in C. cava
(69.0± 0.1μg/g), while the highest content of sanguinarine
was detected in C. majus (7925.8± 3.3μg/g). In B. thunbergii,
M. cambrica, and M. aquifolium, sanguinarine was not
detected. Chelidonine was detected only in F. officinalis
(650.0± 0.5μg/g) and C. majus (51,040.0± 1.8μg/g). N,N-
Dimethyl-hernovine was not detected earlier in any of the
investigated plants. The compound was observed in M.
cambrica, B. thunbergii, M. aquifolium, C. cava, G. flavum,
and C. majus. Methyl-hernovine was detected for the first
time in G. flavum and columbamine in B. thunbergii.
According to literature data, columbamine occurs in C. cava
[24] andM. aquifolium [25] which was not confirmed in this
study. Methyl-corypalmine was detected in F. officinalis for
the first time. In this study, the presence of fumarophycine
[26] and corydamine [27] in this plant material was con-
firmed. The presence of jatrorrhizine in M. aquifolium [25]
and corydaline in C. cava [28, 29] was also confirmed, but
not in F. officinalis [27]. Corydine and tetrahydropalmatine
were found in this study only in C. cava but were not in other
investigated plant species. Allocryptopine was detected only
in C. majus andM. cordata. The analysis confirmed the pres-
ence of cryptopine in Chelidonium majus but not in F. offici-
nalis [27] nor in M. cordata [30]. The study did not confirm
the presence of columbamine in C. cava [23] and M. aquifo-
lium [25] and cryptopine in F. officinalis [27], D. spectabilis
[31], and M. cordata [30].

Validation of the UHPLC method was performed in
terms of accuracy and precision LOD and LOQ. The results
of the regression indicated that all four reference compounds
showed good linearity in a relatively wide concentration
range. The correlation coefficients of all calibration curves
were R2> 0.9992. The LODs and LOQs of the four analytes
were 10.0–47.8 and 33.2–159.6μg/g, respectively. Parameters
of calibration curves together with LOD and LOQ values are
presented in Table 2.

The relative standard deviation (RSD%), as a measure
of repeatability, was from 0.58% (berberine) to 1.25%

3Oxidative Medicine and Cellular Longevity



T
a
bl
e
1:
T
he

co
nt
en
ts
(μ
g/
g)

of
al
ka
lo
id
s
in

in
ve
st
ig
at
ed

pl
an
t
sp
ec
ie
s.

P
la
nt

sp
ec
ie
s

C
om

po
un

d

A
llo

cr
yp
to
pi
ne

B
er
be
ri
ne

∗
C
he
le
ry
th
ri
ne

C
he
lid

on
in
e∗

C
ol
um

ba
m
in
e

C
op

ti
si
ne

C
or
yd
al
in
e

C
or
yd
am

in
e

C
or
yd
in
e

C
ry
pt
op

in
e

N
,N
-

D
im

et
hy
l-

he
rn
ov
in
e

Fu
m
ar
op

hy
ci
ne

G
la
uc
in
e

Ja
tr
or
rh
iz
in
e

M
et
hy
l-

co
ry
pa
lm

in
e

M
et
hy
l-

he
rn
ov
in
e

P
ro
to
pi
ne

∗
Sa
ng
ui
na
ri
ne

∗
T
et
ra
hy
dr
op

al
m
at
in
e

B
er
be
ri
s
th
un

be
rg
ii

−
63
58
.4
±
4.
2

−
−

+
+

−
−

−
−

−
+
/−

−
−

−
−

−
−

−
−

C
he
lid

on
iu
m

m
aj
us

+
+
+

53
66
.6
±
4.
3

+
+
+

51
,0
40
.0
±
1.
8

−
−

−
−

−
+
+

+
+
+

−
−

−
−

−
11
,6
60
.6

±
13
.6

79
25
.8

±
3.
3

−

C
or
yd
al
is
ca
va

−
−

−
−

−
+
+

+
+

−
+
+

−
+
+

−
−

−
−

−
17
64
.0

±
0.
7

69
.0
±
0.
1

+
/−

D
ic
en
tr
a
sp
ec
ta
bi
lis

−
−

−
−

−
−

−
−

−
−

−
−

−
−

−
−

11
,8
99
.6

±
8.
6

11
05
.6

±
1.
0

−

Fu
m
ar
ia

offi
ci
na

lis
−

−
−

65
0.
0
±
0.
5

−
−

−
+
/−

−
−

−
+
/−

−
−

+
/−

−
37
26
.6

±
0.
6

12
5.
4
±
0.
2

−

G
la
uc
iu
m

fl
av
um

−
−

−
−

−
−

−
−

−
−

+
+

−
+
+
+

−
−

+
/−

49
90
.0

±
1.
3

40
7.
4
±
0.
9

−

M
ac
le
ay
a
co
rd
at
a

+
+
+

14
01
.4
±
2.
4

−
−

−
−

−
−

−
−

−
−

−
−

−
−

54
,6
36
.4

±
2.
6

18
35
.0

±
4.
3

−

M
ah
on
ia

aq
ui
fo
liu

m
−

33
44
.6
±
3.
7

−
−

−
−

−
−

−
−

+
+

−
−

+
+

−
−

−
−

−

M
ec
on
op
si
s
ca
m
br
ic
a

−
−

−
−

−
−

−
−

−
−

+
−

−
−

−
−

74
.4
±
0.
4

−
−

∗
C
om

pa
ri
so
ns

w
it
h
ch
em

ic
al
st
an
da
rd

ha
ve

be
en

m
ad
e;
w
it
ho

ut
∗
in
di
ca
te
s
te
nt
at
iv
e
as
si
gn
m
en
tb
as
ed

on
U
V
-V

is
an
d
M
S/
M
S
pr
ofi

le
.−
:n
ot
de
te
ct
ed
;+
/−
:t
en
ta
ti
ve
ly
de
te
ct
ed
,<
5%

ba
se
d
on

th
e
pe
ak

ar
ea

re
co
rd
ed

at
27
0
nm

fo
r
al
li
de
nt
ifi
ed
;+

:<
15
%
ba
se
d
on

pe
ak

ar
ea

re
co
rd
ed

at
27
0
nm

fo
r
al
li
de
nt
ifi
ed
,+

+
:1
5–
30
%
ba
se
d
on

th
e
pe
ak

ar
ea

re
co
rd
ed

at
27
0
nm

fo
r
al
li
de
nt
ifi
ed
;+

+
+
:>

30
%
ba
se
d
on

th
e
pe
ak

ar
ea

re
co
rd
ed

at
27
0
nm

fo
r
al
li
de
nt
ifi
ed
.

4 Oxidative Medicine and Cellular Longevity



(chelidonine). These values are in good agreement with
requirements for a developed method. The intra- and
interday precision RSD values were less than 3.0% for all
compounds, which showed good reproducibility of the
method. The results are summarized in Table 3.

4. Conclusions

Despite the extensive research conducted on the phytochem-
ical composition of the investigated species, several alkaloids
were detected in this study for the first time. These were

cryptopine in Chelidonium majus; N,N- dimethyl-
hernovine in Meconopsis cambrica, Berberis thunbergii,
Mahonia aquifolium, Corydalis cava, Glaucium flavum, and
Chelidonium majus; methyl-hernovine in Glaucium flavum;
columbamine in Berberis thunbergii; methyl-corypalmine,
chelidonine, and sanguinarine in Fumaria officinalis; and
sanguinarine in Corydalis cava. Environmental conditions
are one of the possible causes of variation of alkaloidal com-
position of the tested plant materials, since the data were
obtained from studies of the raw materials originating from
Turkey and China. These differences may also result from
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Figure 1: The UPLC-PDA (240 nm) and UPLC-ESI-MS/MS (positive ion mode) chromatograms of Berberis thunbergii extract.

Table 2: Analytical parameters of UPLC-MS/MS quantitative methods; data for calibration curves, limit of detection (LOD), and limit of
quantification (LOQ) values for four analyzed alkaloids. y = Ax + B, where y is the peak area, x is concentration of the alkaloids (μg/g),
and R2 is the correlation coefficient of the equation.

Analytes Regression equations R2 Linear range (μg/g) LOD (μg/g) LOQ (μg/g)

Protopine y = −129 20 + 58 62x 0.9992 88–2630 14.0 46.6

Berberine y = −607 10 + 133 00x 0.9992 110–3316 47.8 159.6

Chelidonine y = −35 14 + 53 91x 0.9996 122–3676 12.6 42.0

Sanguinarine y = −344 30 + 167 20x 0.9997 106–3196 10.0 33.2
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the analytical methods used, because extracts from C. cava
and F. officinalis were not analyzed by UPLC-MS/MS
method earlier.

Abbreviations

P: Protopine
B: Berberine
CH: Chelidonine
S: Sanguinarine
UPLC-MS/MS: Ultraperformance liquid chromatography-

tandem mass spectrometry.
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The Antarctic plant Deschampsia antarctica (DA) is able to survive in extreme conditions thanks to its special mechanism of
protection against environmental aggressions. In this work, we investigated whether an aqueous extract of the plant (EDA)
retains some of its defensive properties and is able to protect our skin against common external oxidants. We evaluated EDA
over young human fibroblasts and exposed to H2O2, and we measured cell proliferation, viability, and senescence-associated β-
galactosidase (SA-β-Gal). We also tested the expression of several senescence-associated proteins including sirtuin1, lamin A/C,
the replicative protein PCNA, and the redox protein thioredoxin 2. We found that EDA promoted per se cell proliferation and
viability and increased the expression of anti-senescence-related markers. Then, we selected a dose of H2O2 as an inductor of
senescence in human fibroblasts, and we found that an EDA treatment 24 h prior H2O2 exposure increased fibroblast
proliferation. EDA significantly inhibited the increase in SA-β-Gal levels induced by H2O2 and promoted the expression of
sirtuin 1 and lamin A/C proteins. Altogether, these results suggest that EDA protects human fibroblasts from cellular senescence
induced by H2O2, pointing to this compound as a potential therapeutic agent to treat or prevent skin senescence.

1. Introduction

Aging is a complex biological process that involves intrinsic
genetic variations and external factors such as nutrition, dis-
eases, or environmental conditions [1]. Hydrogen peroxide
(H2O2) is an oxidant agent that induces a typical senescence
called “stress-induced premature senescence” (SIPS) when
applied exogenously in vitro. SIPS shares some features with
natural or replicative senescence [2–4], including changes
in the morphology of the cells, decreased cell proliferation,
and DNA synthesis and increased SA-β-Gal levels [5, 6].
A previous work has shown that cellular senescence in
human diploid fibroblasts is accompanied by a decrease

in the expression of proliferating cell nuclear antigen
(PCNA), a protein involved in replication and cell cycle
[7, 8]. This effect on PCNA correlates with a decrease in
cell proliferation as well as lower levels of several proteins
involved in metabolism. Some of these are sirtuins (Sirt),
which are nicotinamide adenine dinucleotide- (NAD+-)
dependent histone deacetylases. The Sirt family includes
several members localized in different subcellular compart-
ments: the nuclei (Sirt1, Sirt2, Sirt6, and Sirt7), cytoplasms
(Sirt1 and Sirt2), and mitochondria (Sirt3, Sirt4, and Sirt5)
[9, 10]. Stress downregulates Sirt1, promoting acetylation
of p53 and the acquisition of a premature senescence-
like phenotype [11–16]. Conversely, overexpression of
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Sirt1 prevents cells from physiological alteration toward
senescence [13].

Senescence also promotes changes in the architecture of
the nucleus of mammalian cells. Lamins are nucleoskeletal
proteins that define the structure of the nucleus. Some
reports reveal that contents of lamin A/C (LmnA/C) show
changes in expression along organism life [17, 18]. A
reduction of LmnA/C has been observed in osteoblasts of
old mice as compared to those of young mice [17].

During senescence, an increase of free radicals induces
oxidative damage in almost every cell compartment [19].
Redox proteins such as thioredoxins (Trxs) reduce free
radical-promoted damage in stress-induced premature
senescence cells [20–22] through activation of the p16
and p53 tumor suppressor pathways [17, 22] or reducing
indirectly the ROS levels [23]. Mammalian cells express two
Trx isoforms, the cytosolic-nuclear Trx1 and the mito-
chondrial Trx2. Mitochondria is the main source of ROS
in senescence, and Trx2 is one of the most important
protein-regulating oxidative stress in this organelle [24].

Research of natural substances that can delay skin aging
has been the object of increasing interest in the last few years
[4, 25, 26]. In this regard, Deschampsia antarctica (DA) is an
Antarctic plant able to live under high-solar irradiation,
high-salinity and high-oxygen concentrations, low tempera-
ture, and extreme dryness. Some of the DA defensive proper-
ties have been reported in vivo in human cells, and an extract
from the plant (EDA) prevents UV-induced human photo-
aging (patent US 8.357.407 B2). In order to get more infor-
mation about the potential benefits of EDA over skin aging
induced by external oxidants agents, we have evaluated the
effect of different treatments of EDA on the senescence pro-
cess of young fibroblasts from human foreskin induced by
several H2O2 concentrations. Cell proliferation and morpho-
logical measurements together with quantification of the
levels of PCNA as marker of DNA replication; the senescence
markers β-galactosidase, Lamin A/C, and Sirt1; and the
redox protein Trx2 revealed a protective effect of EDA, posi-
tioning it as a therapeutic candidate to counteract oxidation-
dependent cell senescence induced by H2O2 exposure.

2. Materials and Methods

2.1. Reagents. Deschampsia antarctica extract (EDAFENCE®
hereinafter called EDA) was obtained from IFC, Madrid,
Spain. Briefly, dry green leaves, harvested from cultured
Deschampsia antarctica plants in defined conditions, were
milled and extracted by percolation with water at 40–60°C,
during 4–6 hours. The extract was filtered through a 1μm
filter and lyophilized.

2.2. Cell Culture and Treatments. Senescent human foreskin
fibroblasts (SHFF) were derived from primary human fore-
skin fibroblasts (HFF) by repeated passages. Stress-induced
premature senescence fibroblasts (SIPSF) were obtained by
exposure to H2O2. Primary young fibroblasts were consid-
ered of less than 20 population doublings (PD), presenescent
between 21 and 29 PD, and senescent cultures at 30 PD
or later. The cells were propagated in F-25 flasks. All

experiments were done with young (13 PD), presenescent
(26 PD), and senescent (45 PD) fibroblasts. The medium
used was Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 4.5 g/L glucose, 10% (v/v) fetal calf serum
(FCS), 50μg/mL penicillin, and 0.2M L-glutamine. Cells
were incubated at 37°C in an atmosphere containing 5%
CO2. When cells reached the confluency, they were sub-
cultured using a solution containing 0.25% trypsin and
0.02% EDTA.

For the EDA treatment, this compound was dissolved
in sterile water under agitation during 30min at 25°C
and sterilized by filtration through 0.22μm syringe filters
to a final concentration of 10mg/mL. EDA treatments were
done at 0.3mg/mL, 0.5mg/mL, and 1mg/mL. HFF cultures
were treated at different times: 24 h after seeding during
24 h (condition 1) and 48h (condition 3) and 48 h after
seeding during 24h (condition 2), (Supplemental Figure S1
available online at https://doi.org/10.1155/2017/2694945).
For H2O2-induced premature senescence, cells at 48 h after
seeding were treated with different H2O2 concentrations
(100μM, 150μM, and 200μM) for different times (30min,
1 h, and 2h). In these assays, cells were incubated with 0.3,
0.5, and 1mg/mL EDA during 24 h before H2O2 treatment
(PRE-treatment), after H2O2 treatment (POST-treatment),
and before and after the treatment (PRE-POST-treatment),
(see Supplemental Figure S2). In all cases, the treatment with
H2O2 was done only with basalt medium and H2O2. EDA
was removed from the medium immediately before the
H2O2 exposition.

2.3. Cell Viability and Proliferation Assays. Cell viability was
measured by the MTT reduction assay and cell proliferation
was assayed using the crystal violet staining. Cells were
seeded in a 96-well plate at a density of 3.5× 103cells/well.
At the measure point, MTT was added at 0.5mg/mL for 2 h
at 37°C. The result formazan product was solubilized in
DMSO under agitation during 30min, and absorbance was
measured at 570 nm and 690 nm (background). Crystal violet
was prepared at 0.1% w/v in 2% ethanol. Previously, cells
were fixed with Carnoy staining (methanol: acetic acid
in 3 : 1 (v/v proportion)) during 5min, and after being
completely dried, they were incubated with the crystal violet
solution during 30min at 37°C. Cells were washed several
times with water (until rinses were clear). Crystal violet was
extracted from cells with 40% (v/v) methanol under agitation
during 30min and absorbance was measured at 570nm.

2.4. SA Beta Galactosidase Level. The β-Gal level was deter-
mined as described elsewhere [27]. Briefly, subconfluent cul-
tures were previously fixed for 5min with 0.2% (v/v)
glutaraldehyde and 2% (v/v) formaldehyde and afterwards
rinsed with PBS. For the fluorescent assay, cells were incu-
bated with a reaction solution containing 0.2M citrate
Na2HPO4 pH5.0, 6.4mM MgCl2, 100mM potassium hexa-
cyanoferrate (II) trihydrate, 100mM potassium hexacyano-
ferrate (III), 5M NaCl, and 2mM fluorescein di-β-
galactopyranoside (FDG) solubilized in DMSO. Fixed fibro-
blasts were incubated with the reaction solution during 16–
20 h at 37°C. Fluorescence was measured at 485/525 nm
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excitation/emission wavelengths. For the colorimetric assay,
FDG was substituted by 100μM X-Gal (5-bromo-4-chloro-
3-indolyl β-D-galactopyranoside). Positive cells were
detected as blue stained, under a standard light microscopy.
A total of 1000 cells were counted in five random fields on
culture plates to determine the percentage of β-Gal-posi-
tive cells [27].

2.5. Western Blot Analysis. Subconfluent cultures were
washed with PBS 1× and then lysed with RIPA buffer con-
taining phosphatase cocktail 2 and protease inhibitor cocktail
(Sigma, St Louis, MI, U.S.A.). The sample protein contents
were adjusted to the same protein concentration measured
by the BCA protein assay reagent (Pierce, Rockford, IL,
U.S.A.), mixed with Laemmli sample buffer containing
50mM DTT and boiled for 5min. Afterwards, 80μg of each
sample was subjected to electrophoretic separation in 6–12%
SDS-PAGE. Gels were then transferred to a nitrocellulose
membrane (0.2μm pore, Millipore, Bedford, MA, U.S.A.)
for 10 minutes using the Trans-Blot Turbo Transfer System
(Bio-Rad, California, USA). Membranes were stained with
Ponceau S staining solution (0.1% (w/v) Ponceau S in 5%
(v/v) acetic acid) to control the loading, and after bleaching,
membranes were blocked with 1% BSA in Tris-buffered
saline (TBS: 25mM Tris-HCl pH7.5, 150mM NaCl). The
membranes were incubated in TBS containing 0.1%
Tween-20 and 1% BSA (TBST) and the following specific
antibodies: goat polyclonal Actin-C (1 : 1000), mouse
monoclonal PCNA (1 : 3000), goat polyclonal Trx2
(1 : 1000), goat polyclonal Sirt1 (1 : 1000), and goat poly-
clonal LmnA/C (1 : 1000). As secondary antibodies, we
used HRP monoclonal antibody anti-mouse Ig G
(1 : 6000) and HRP polyclonal anti-goat IgG (1:1000).
Membranes were incubated with primary antibodies over-
night at 4°C, and after being washed with TBST, secondary
antibody was used to incubate the membranes 1 h at room
temperature. Detection of bands was performed using ECL
Plus Western blotting detection system (GE Healthcare,
Hertfordshire, U.K.). To quantify the bands we applied
Quantity One software-based analysis (Bio-Rad). All anti-
bodies used were from Santa Cruz Biotechnology.

2.6. Microscopic Observations and Statistical Analysis.Micro-
scopic observations and photographs were performed in a
Nikon Mod. Diaphot-TMD photomicroscope equipped with
a HBO 100Wmercury lamp and the corresponding filter sets
for fluorescence microscopy: green (545 nm, exciting filter
BP 545). Data were expressed as mean± S.E. The statistical
significance was determined using the analysis of variance
(ANOVA) showed by Duncan post hoc test (p < 0 05)
using SPSS software (IBMR SPSSR Statistics 19).

3. Results

3.1. EDA Affects Cell Proliferation and Viability of HFF Cells.
To test whether EDA affected the proliferation of HFF cells
(13 PD), we incubated cultures after 24 h and/or 48h from
seeding with different concentrations of EDA (0, 0.3, 0.5,
and 1mg/mL), as it is shown in Supplemental Figure S1.

In all cases, we evaluated the different parameters after
72 h postseeding. In condition 1, only 0.5mg/mL EDA
increased cell proliferation whereas in condition 3,
0.3mg/mL and 0.5mg/mL increased this parameter. Both
EDA concentrations also increased the survival rate in condi-
tions 1 and 3, and 0.5mg/mL increased it also in condition
2. Higher concentrations of EDA (1mg/mL) decreased
survival in conditions 2 and 3 but increased in condition
1 (Figures 1(a) and 1(b)).

We also evaluated cell proliferation indirectly by mea-
suring the levels of PCNA, an important marker of cell
replication. We found that in conditions 1 and 3, 0.3 and
0.5mg/mL EDA induced a significant increase in the PCNA
level compared to that in the control conditions. Neverthe-
less, higher EDA concentrations (1mg/mL) decreased PCNA
levels in conditions 1 and 2 but increased it in condition 3
(Figure 1(c)).

These results indicate that cell proliferation, survival rate,
and PCNA levels are in agreement with the fact that cell
proliferation of HFF cells increased with an EDA treatment
of 0.3 and 0.5mg/mL in both conditions 1 and 3.

3.2. EDA Treatment Promotes Expression of Both Sirt1 and
LmnC and Decreases SA-β-Gal. We assessed the effect of
EDA on the levels of several senescence markers in HFF cells
(13 PD). In this regard, the process of senescence is charac-
terized by an increase of SA-β-Gal-positive cells and by
changes in the expression of known senescence markers such
as Sirt1 and LmnA/C.

The addition of EDA to HFF caused a decrease in the SA-
β-Gal level. In condition 1, any of the EDA concentrations
decreased the SA-β-Gal level; however, all EDA concentra-
tions were able to decrease SA-β-Gal in conditions 2 and 3
(Figure 2(a)). We next tested whether EDA treatments were
able to induce expression of Sirt1, a marker of metabolism
status and senescence. Western blot showed only an increase
in Sirt1 protein content at 0.3mg/mL EDA in condition 1
(Figures 2(b) and 2(c)). On the other hand, the nucleoskele-
ton protein LmnA/C increased at EDA doses of 1mg/mL in
condition 1 but increased at all EDA concentrations tested
in conditions 2 and 3 (Figure 2(d)).

These results showed that different EDA treatments
induced a decrease in markers of basal senescence including
higher levels of LmnA/C and Sirt1 and a decrease in the
SA-β-Gal level (Figure 2).

3.3. H2O2 Decreases Cell Proliferation and Survival. In order
to establish a condition of extrinsic senescence, we evaluated
the effect of different H2O2 concentrations over cell prolifer-
ation, viability, and associated senescence markers described
in the previous section. Cell cultures (13 PD) were treated
48 h after seeding (50% of confluency) with different doses
of H2O2 (100 and 200μM) for different times (30min, 1 h,
and 2h). We performed the analysis at 24 h, 48 h, and 72h
after H2O2 exposure. A decrease in cell proliferation was
observed at both H2O2 concentrations applied for 1 h and
2h treatments. This effect was noticeable 24 h after H2O2
recovery, becoming more pronounced at 72 h. Data obtained
from the survival rate were in agreement with these results
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(Figures 3(a), 3(b), and 3(c)). As expected, PCNA levels
decreased significantly compared to those of control (C13),
but only in cells treated with 200μM H2O2 for 2 h and after
24 h of H2O2 recovery (Figure 3(d)).

In conclusion, these results indicate that a range of 100–
200μM H2O2 applied during 1-2 h decreased cell prolifera-
tion and viability in human fibroblasts in a sustained manner
from 24h to 72 h of recovery from the H2O2 treatment.

3.4. H2O2 Increases the Expression of Senescence-Related
Proteins. We next analyzed the effect of H2O2 on the onset

of the extrinsic senescence in HFF. Different H2O2 doses
were used and we measured the SA-β-Gal level by color-
imetric and fluorescence assays. Hydrogen peroxide
induced an increase in the percentage of positive SA-β-
Gal cells (blue cells) at every dose assayed, particularly
at the highest one (200μM H2O2) (Figure 4(a)), but we
were able to detect this increase only 48 h after H2O2
recovery. As an alternative measurement, we quantified
SA-β-Gal using the fluorescence reagent FDG. After
24 h of H2O2 recovery, (see Material and Methods) all
hydrogen peroxide concentrations assayed showed an
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Figure 1: Effect of EDA in cell proliferation and viability of HFF cells. (a) Cell proliferation and (b) survival rate of control (C, untreated EDA
cells) and EDA-treated cells with 0.3, 0.5, and 1mg/mL. (c) Densitogram (upper panel) and Western blot (lower panel) of PCNA in control
and EDA-treated cells. Act-C is used as loading control. The time of EDA treatment was 24 h after seeding during 24 h (Cond 1), 48 h after
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increase in SA-β-Gal levels (Figure 4(b)). The sensitivity
of this method affords us to detect SA-β-Gal in hydrogen
peroxide cultures, 24 h before, than with the colorimetric

method. However, the differences in SA-β-Gal levels
between H2O2 treatments were more evident 48 h after
recovery as it is shown in the colorimetric assay.
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We next tested whether H2O2 exposure modulated
expression of Sirt1 in HFF cells. We found that 150 and
200μM H2O2 decreased Sirt1 protein content compared to
control cells from 13 PD (C13, Figure 4(d)). Regarding
lamins, we found that cell cultures exposed to 150 and
200μM of hydrogen peroxide decreased around two fold
levels of LmnA/C compared to those of the HFF control
(Figure 4(e)).

In summary, our results are consistent with H2O2 induc-
ing a senescent phenotype and they allowed us to determine
an optimal dose and timing (200μM for 2 h).

3.5. A Treatment of H2O2 Induces Trx2 Expression. Trx2 is an
important mitochondrial redox protein involved in different
processes including apoptosis, cell cycle, and ROS response.
Parallel to the previous assays, we also tested the Trx2 protein
content in HFF (13 PD, C13), SHFF (45 PD, C45), and H2O2-
exposed HFF cultures (SIPSF), (Figure 5). The results showed
a decrease of Trx2 in SHFF although its level increased signif-
icantly (P < 0 05) after the exposition of HFF to 100, 150, and
200μM H2O2 for 2 h compared to unexposed HFF cells.

3.6. EDA Prevents Loss of Cell Viability in H2O2-Exposed
Cells. To assess the ability of EDA to protect against oxidative
senescence-related damage or to repair its deleterious effects,
we assessed different concentrations of EDA (0, 0.3, 0.5, and
1mg/mL) and different incubation times in HFF, measuring
proliferation and survival rate. HFF cells were treated with
different concentrations of EDA prior to H2O2 exposure
(PRE-condition) and/or after H2O2 exposition (PRE-POST

condition and POST-condition, resp.). The evaluation of
the different parameters was carried out 24 h after recovery
from the H2O2 treatment (see supplemental Figure S2). As
it can be seen in Figures 6(a) and 6(b), an EDA treatment
(0.3, 0.5, and 1mg/mL) prior H2O2 exposure and prior and
after H2O2 exposure (PRE-POST-treatment) increased both
cell proliferation and survival rate, even though there are over
values found in control conditions (C) (approximately 10–
20% increase).

We also found that the levels of PCNA correlated well
with the data on survival and proliferation. We noted that
PRE-treatment of 0.3mg/mL EDA increased PCNA levels
of SIPSF cells compared with those of control H2O2-
exposed cells. Besides, the PRE-POST treatment increased
PCNA levels in all EDA doses (0.3, 0.5, and 1mg/mL).
By contrast, the addition of EDA (0.3, 0.5mg/mL) only
after H2O2 treatment neither induced changes in cell pro-
liferation nor improved their survival rate (Figure 6(b)).
Moreover, the higher EDA doses (1mg/mL) decreased cell
proliferation, survival rate, and PCNA protein content
(Figure 6).

3.7. EDA Modulates the Expression of Senescence Proteins in
H2O2-Exposed Cells. Senescence causes profound changes in
cell morphology. Hence, we tested whether the morphologi-
cal changes promoted by H2O2 could be prevented or
reverted by the EDA treatments. Morphological observations
after crystal violet staining indicated that control SIPSF cells
(C+H2O2) presented a more evident polyhedral morphology
and were larger compared to that of control HFF cells (C13),
which showed the characteristic spindle shape (Figure 7(a)).
The morphology of cells treated with 0.3mg/mL EDA prior
H2O2 exposure was similar to H2O2-unexposed cells (control
C13). However, treatments at higher doses (0.5 and 1mg/mL
EDA) did not cause substantial changes compared to those of
control SIPSF cells (Figure 7(a)).

Also, PRE-treatment with 0.3 and 0.5mg/mL EDA prior
to H2O2 exposition significantly decreased H2O2-induced
SA-β-Gal (P < 0 05) at 24 h and 48 h after H2O2 recovery
(Figure 7(b)). Furthermore, EDA POST-treatment decreased
SA-β-Gal (P < 0 05), but only at 0.3mg/mL EDA doses.
Noteworthy, PRE-POST-treatment did not decrease SA-β-
Gal levels more than PRE-treatment and POST-treatment
conditions separately.

Regarding Sirt1, we observed significantly decreased
levels in H2O2-exposed cells, compared to those in the con-
trol group. However, EDA treatments increased Sirt1 expres-
sion (Figure 8(a)). Specifically, the application of 0.3mg/mL
EDA prior H2O2 exposition increased Sirt1 expression
whereas 0.5 and 1mg/mL increased Sirt1 similarly in POST
and PRE-POST conditions.

In case of LmnA/C, as it can be observed in Figure 8(b),
both the PRE-treatment and POST-treatment of 0.3mg/mL
EDA induced an increase in LmnC levels, but not LmnA,
which remained stable in every treatment comparing with
SIPSF cells (C+H2O2). Strikingly, PRE-POST-treatment
with EDA had no effects in protein LmnA/C contents.

These results indicate that different EDA doses have dif-
ferent effects on the onset of senescence markers in SIPSF
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cells. The morphology, SA-β-Gal, and contents of Sirt1 and
LmnA/C suggested that treatment with 0.3mg/mL EDA
had a protective effect against H2O2 stress.

3.8. EDA Decreases the Expression of Trx2 in H2O2-Exposed
Cells. Finally, we investigated the effect of EDA treatment
over unexposed versus H2O2-exposed cells in the conditions

previously described (see Supplemental Figure S2). We
checked that 0.5 and 1mg/mL EDA decreased Trx2 contents
in HFF cells in condition 1 but increased in condition 2
(Figure 9(a)). Levels of Trx2 were higher than those of the
control in EDA-treated cells with 0.3mg/mL in condition 2.
In condition 3, only EDA treatment of 0.5mg/mL increased
levels of Trx2.
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Besides, we observed that exposition to 200μM H2O2
increased Trx2 expression in HFF cells. PRE- and POST-
treatment with 0.3, 0.5, and 1mg/ml EDA significantly
decreased (P < 0 05) Trx2 protein content compared to
that of H2O2-exposed cells, whereas PRE-POST-treatment
had no effects (Figure 9(b)). These experiments suggest
that the protective effect of EDA may be unrelated to
the role of Trx2 in the curbing ROS generation and/or
their deleterious effects.

4. Discussion

Skin aging is a complex process influenced by intrinsic and
extrinsic factors. Intrinsic factors such as genetic and meta-
bolic aspects confer inevitable physiological changes over
time. In contrast, extrinsic agents such as UV light exposure,
extreme temperatures, pollution, or diet, among others, can
accelerate the intrinsic senescence process [4, 28, 29]. During
senescence, an increase in production of cellular reactive
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oxygen species (ROS) results in deleterious damages in differ-
ent cell components. Antioxidants provide defense against
ROS, and depletion in the levels of these compounds has
been found in senescence cells in vitro as well as in vivo
[30, 31]. In this context, the search for products and mainly
natural products that can reduce oxidative stress and, hence,
senescence induced by stressors is being object of increased
interest in recent years.

Many natural products are endowed with regenerative
properties as well as antioxidant activity. In the past, some
of them have been identified in several products, such as, a
secretion of the mollusk Cryptomphalus aspersa (SCA) [32],
extracts from fern leaves [33], curcumin [34], green tea
[35], or resveratrol [36]. In this study, we have tested the anti-
senescence effects of an extract from the Antarctic plant
Deschampsia antarctica (EDA), an extremophile plant
endowed with a high antioxidant capacity and with tested
resistance to oxidant stressors such as UV radiation [37].
To carry out this work, we selected human foreskin fibro-
blasts as a model due to their importance in skin regeneration
[4, 26], and as a trigger of stress-induced senescence, we used
H2O2, which is known to be a ROS generator of premature
aging [38, 39].

Premature senescence shares some characteristics with
replicative or chronologic senescence, such as typical cell
morphology, decreased cell proliferation up to irreversible
growth arrest or increased SA-β-Gal levels. Morphological
changes involved in senescence are a consequence of the
cytoskeleton reorganization [4, 26]. In vitro, SHFF are
much larger, displaying round and flat appearance com-
pared to HFF. Moreover, H2O2-exposed cells were also
similar to SHFF, whereas EDA PRE-treatment prevented
the morphological changes associated to senescence.
Indeed, EDA PRE-treatment of H2O2-exposed HFF cells
maintained similar morphological characteristics (spindle
shape and smaller size) to that of untreated HFF cells. This
effect is consistent with that of other proven natural-origin
antioxidants [4].

As previously indicated, senescence involves a decrease in
cell proliferation until growth arrest. In this regard, PCNA is
a marker of cell proliferation that decreases its expression
with age [40]. Some antioxidants such as genistein increase
PCNA contents, preserving cutaneous proliferation [7]. Like-
wise, other antioxidant agents, for example, SCA, resveratrol,
caffeic acid, or ascorbic acid, have been described to increase
cell proliferation, and this effect seems to be related to the
repair ability of each compound [26, 32, 41, 42]. Here, we
demonstrate that EDA promotes a slight increase in HFF
proliferation and viability, which indicates the proliferative
effect of this compound.

The effects of H2O2 over cell proliferation as inductor of
oxidative damage have been broadly studied in several cell
types [28, 43–45]. We report that EDA PRE-treatment pre-
vents the antiproliferative effect of H2O2, moreover, increas-
ing cell proliferation over control non-H2O2-exposed cells.
This behavior was similar to that found in other antioxidant
compounds [20, 33, 46]. In fact, EDA extracts are rich in phe-
nolic substances including flavonoids such as apigenin and
luteolin, suggesting that the protective role of EDA may be

related to its antioxidant capability. Nevertheless, this role
would need further studies. Additional mechanisms may
include an effect on the cellular levels of DNA-modifying
enzymes, for example, Sirt1. Sirt1 is a nicotinamide adenine
dinucleotide- (NAD+-) dependent deacetylase and ADP-
ribosyltransferase that is involved in mitochondrial biogene-
sis and DNA modification. Importantly, transgenic mice for
Sirt1 display a significantly longer life span and delayed onset
of senescence, including improved physical parameters [47].
At a molecular level, Sirt1 promotes cell proliferation and its
expression levels decreased with cellular senescence [48, 49].
Furthermore, deacetylation of FOXO, p53, p73, Ku70, and
Smad7 proteins by Sirt1 induced tolerance to oxidative stress
and inhibited apoptosis [50, 51]. Different doses of EDA
negated the inhibition of Sirt1 expression caused by H2O2,
which partly explains the positive effect of EDA protecting
against senescence via increased resistance to oxidative stress
[52]. In this regard, EDA was also effective in preventing
other markers of stress-induced senescence, for example,
increased SA-β-Gal, which is a commonly used marker of
cell senescence [53, 54].

It has been showed that a significant negative correlation
exists between the percentage of senescent cells and the per-
centage of proliferating cells during human disc tissue degen-
eration [55]. However, this relationship is not always so; in
some cases, an excessive mitogenic stimulation may induce
senescence [56]. These reports underline that EDA decreases
senescence markers, but this fact is not completely parallel to
an increase in cell proliferation.

We find that the increase of Trx2 after the exposition of
HFF to H2O2 is counteracted by the EDA treatment, indicat-
ing that EDA could promote protection against H2O2
premature-induced senescence decreasing the levels of oxi-
dative stress. Recent studies have shown that Trx2 overex-
pression in vitro can protect mammalian cells against t-
butyl hydroperoxide and etoposide-induced apoptosis, as
well as increasing the mitochondrial membrane potential
[57, 58]. In addition, human cardiomyocytes deficient in
Trx2 display increased cellular ROS and apoptosis [23].
On the other hand, overexpression of either Trx1 or Trx2
has been shown to influence life span in experimental models
[24, 59]. The increase in Trx1, Trx2, and thioredoxin
reductase proteins has been proposed as a compensatory
response to counteract increased oxidative stress during
the senescence process [60].

EDA also prevents the stress-induced decrease in pro-
teins that control the nuclear architecture, for example,
lamins A and C. These proteins are key players in cellular
senescence, as illustrated by their genetic depletion, which
causes early onset of senescence, comprising a group of rare
genetic diseases collectively referred to as laminopathies. In
natural senescence, LmnA seems to remain constant over
time whereas LmnC decreases significantly [17, 18], although
this could be cell-type dependent, since other studies report a
concomitant decrease of both isoforms [17]. In our experi-
ments, H2O2 decreased LmnC and LmnA, and this decrease
was counteracted by the PRE-treatment with EDA, which is
consistent with an antisenescence effect of EDA in H2O2-
exposed HFF cells.
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In conclusion, our data proves the positive effect of an
extract from Deschampsia antarctica to counteract H2O2
stress-induced premature senescence in human diploid fore-
skin fibroblasts suggesting its potential as a therapeutic agent
for treating skin aging.
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Quercetin is a flavonoid widely studied as a chemopreventive agent in different types of cancer. Previously, we reported that
quercetin has a chemopreventive effect on the liver-induced preneoplastic lesions in rats. Here, we evaluated if quercetin was
able not only to prevent but also to reverse rat liver preneoplastic lesions. We used the modified resistant hepatocyte model
(MRHM) to evaluate this possibility. Treatment with quercetin was used 15 days after the induction of preneoplastic lesions. We
found that quercetin reverses the number of preneoplastic lesions and their areas. Our results showed that quercetin
downregulates the expression of EGFR and modulates this signaling pathway in spite of the activated status of EGFR as detected
by the upregulation of this receptor, with respect to that observed in control rats. Besides, quercetin affects the phosphorylation
status of Src-1, STAT5, and Sp-1. The better status of the liver after the treatment with quercetin could also be confirmed by the
recovery in the expression of IGF-1. In conclusion, we suggest that quercetin reversed preneoplastic lesions by EGFR
modulation and the activation state of Src, STAT5, and Sp1, so as the basal IGF-1.

1. Introduction

Hepatocellular carcinoma (HCC) is one of the most common
and deadly cancers worldwide [1]. HCC, as another type of
cancer, is established by a multistep and multifactorial pro-
cess; there, we can distinguish three stages, the initiation,
the promotion, and the progression. Different risk factors
stimulate the progression of the malignancy, and when it is
detected, actual treatments are not efficient. Some of these
factors are the infection with hepatitis B or C virus, heavy
alcohol intake, nonalcoholic steatohepatitis, and exposure
to toxic substances such as aflatoxin B or vinyl chloride,
among others. Even if the relation is not clear, the diet has

been also shown to play an important role in the develop-
ment of HCC [2, 3].

Antioxidants in the diet, such as flavonoids contained in
several fruits and vegetables, have a beneficial effect on liver
tumors in animal models and induce apoptosis in cancer cell
lines [2, 4, 5]. Quercetin, a flavonoid widely studied as a che-
mopreventive agent in different types of cancer, is considered
an excellent antioxidant with a proapoptotic effect and able
to inhibit the growth of different cancer cell lines [6]. It has
been proved that quercetin is able to inhibit the metabolic
activity and cell death by apoptosis in HCC cell lines like
HepG2, HuH7, and Hep3B2 [7]. It also induces a decrease
in oxidative stress and a significant decrease of antioxidant
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activity in the liver of rats treated with N-nitrosodiethylamine
as a cancer inducer [5]. We have also previously reported that
quercetin has a chemopreventive effect on the liver of rats
when this is used previously to the use of the MRHM to
induce HCC. Quercetin reduces the number of cells initiated
to cancer through decreasing lipoperoxidation, activating
caspases 3 and 9, and promoting the enzymatic and nonenzy-
matic antioxidant defense system during the initiation of
hepatocarcinogenesis [8, 9]. While the use of chemoprotec-
tive substances would have a major impact on the incidence
of HCC, it is also necessary to discover substances that
contribute to reverse the injuries, since this type of cancer is
usually detected in late stages.

The MRHM is a well-characterized model useful for the
analysis and quantitation of different stages of HCC. On this
model, N-diethylnitrosamine (DEN) in single doses is
applied as an initiator agent. Later, 2-acetylaminofluorene
(2-AAF) and partial hepatectomy act in promoting the devel-
opment of initiated cells and their progression to altered
hepatic foci [10, 11]. Moreover, the detection of gamma-
glutamyl transpeptidase (GGT) is a useful tool, which has
been used in detecting HCC-related lesions. GGT is not pres-
ent in hepatocytes of adult rats, but it is detected in altered
hepatic foci induced by carcinogens, in most animal models,
from the initial lesions caused by carcinogens until the tumor
formation [9].

It has been proposed that quercetin can influence the
activation of epidermal growth factor receptor (EGFR)
through the overexpression of some ligands like amphiregu-
lin [12] and also has been shown that quercetin, at a dose of
10μM, decreases the phosphorylation of EGFR in prostate
cancer cells (PC3), producing a diminished expression of tar-
get proteins like vimentin, N-cadherin, and cyclin D1 [13].
Quercetin has been also proven to affect other signaling path-
ways in different cancers or cell lines, like JAK/STAT in chol-
angiocarcinoma cells [14] or phosphoinositide 3-kinase
(PI3K) and mitogen-activated protein (MAP) kinases in
B16F10 melanoma cells [15]. In view of the mentioned effects
of quercetin on different molecular pathways, we evaluated
EGFR signaling pathways as a possible participating mecha-
nism of quercetin to reverse rat liver preneoplastic lesions.

Here, we show that quercetin reverses liver preneoplastic
lesions in the MRHM, influences the expression of EGFR,
and modulates other related signaling pathways through
the induction of the phosphorylation of Src-1, STAT5, and
Sp-1. And finally, quercetin induces the recovery in the
expression of IGF-1B, which reflects a recuperation of a bet-
ter status of the liver.

2. Materials and Methods

2.1. Materials. Primary antibodies used were EGFR-t (C2C3,
GeneTex), EGFR-p (S.684.2, Thermo), Src (36D10, Cell
Signaling), Src-p (GTX24816, Genetex), STAT5 (9310, Cell
Signaling), STAT5-p (9359, Cell Signaling), Sp1 (GTX110593,
Genetex), Sp1-p (phosphor Thr739, Genetex), IGF1 (sc-9013,
Santa Cruz Biotechnology), and β-actin (mouse monoclo-
nal, CINVESTAV). Secondary antibodies used were goat
anti-rabbit HRP (catalog number 62-6120, Invitrogen) or

goat anti-mouse HRP (catalog number A9044, Sigma),
WesternSure Chemiluminescent Western blotting reagent,
and the Li-COR C-DiGit Blot Scanner (LI-COR Biosci-
ences, Finland).

2.2. Animals and Treatments. Three groups of seven Fischer
344 male rats were used to perform this study. All the
experiments were done according to the guidelines of the
Institutional Committee for Animal Care and Use. Male rats,
with 180 to 200 g of weight, were provided by the Unit of
Production and Experimentation on Animals of Laboratory
(UPEAL), at CINVESTAV, Mexico City, Mexico. All the rats
were maintained under controlled temperature conditions
with 12 hours light/dark cycles. Access to food and water
was given ad libitum. Two groups of rats were subject to
the MRHM, and an additional group was used as a control.
In this last group, only the vehicles were administrated and
were named the nontreated group (NT).

In the two groups where the MRHM was used, an intra-
peritoneal single dose of 200mg/kg of diethylnitrosamine
(DEN) was administered in order to initiate a carcinogenic
process. After this, three consecutive intragastric doses
of 20mg/kg of the promoter agent 2-acetylaminofluorene
(2-AAF) were administrated in days seven, eight, and nine
of the experimentation. Finally, ten days after initiation, a
proliferative stimulus was induced through a partial hepatec-
tomy including the 75% of the liver. From day fifteen until
the sacrifice, quercetin in doses of 10mg/kg was adminis-
trated every two days in one of the groups (FT+Q group).
In the second group, only the vehicle for quercetin, carboxy-
methylcellulose (CMC) at 0.5%, was given (FT). The animals
of the three groups were sacrificed at day thirty after DEN
administration (Figure 1).

After sacrifice, livers were removed and each one was
sectioned in two parts. One of them was frozen, cryosec-
tions of 20μ of thickness were obtained, and slices were
kept frozen until the GGT detection was performed. The
other part was cryopreserved with liquid nitrogen for fur-
ther protein analysis.

2.3. Histochemistry for Gamma-Glutamyl Transpeptidase
(GGT). Slices of 20μ thickness on slides with gelatine were
fixed in ethanol at −20°C for 10minutes. Then, a Tris buffer
solution (pH7, containing gamma glutamyl-4-methoxy-2
naphthylamide (GMNA), glycyl-glycine, and fast blue) was
added. Slices were incubated. After the incubation, the red
color produced by a 100mM solution of copper sulfate
(CuSO4) made the enzymatic activity evident (all the chemi-
cals were from Sigma Chemicals Co., St. Louis, MO). Using a
polychromatic camera coupled to an OLYMPUS SZ045
microscope, images of the stained liver were captured.

2.4. Western Blot. From each rat of the three groups, total
protein was obtained from a frozen liver sample of 100mg
of tissue. Tissues were mechanically homogenized in 1ml of
cold RIPA buffer supplemented with the protease inhibitors
PhosSTOP and Complete (Roche Life Science, both). Extracts
were centrifuged at 3500 rpm, at 4°C for 15min. The superna-
tant was transferred to a new tube and centrifuged at
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12,000×g at 4°C for 10min. The supernatant was recovered
again, and the total protein was quantified by the modified
method of Bradford. Proteins were boiled 5min in Laemmli
buffer 2x and immediately placed on ice. 60μg of each sample
were separated by SDS-PAGE in concentrated acrylamide
gels between 6% and 15% (according to the protein in analy-
sis). Later, proteins were transferred to polyvinylidene fluo-
ride (PVDF) membranes. Nonspecific binding was blocked
with TBS-T containing 10% of nonfat dry milk at room
temperature for 2 h. Membranes were then incubated at
4°C overnight, with their corresponding primary antibodies.
Primary antibodies were EGFR-t, EGFR-p, Src, Src-p,
STAT5, STAT5-p, Sp1, Sp1-p, IGF1, and β-actin. After
three washes, membranes were incubated with secondary
antibodies goat anti-rabbit HRP and goat anti-mouse HRP
at room temperature for 2 h. The membranes were newly
washed, by three times, and the proteins of interest were
visualized and analyzed using the WesternSure Chemilumi-
nescent Western blotting reagent and the C-DiGit Blot
Scanner (Li-COR. both).

2.5. Statistical Analysis. The number of GGT-positive foci
and their area were quantified by using the analysis software
AnalySIS Soft Imaging System GmbH. The intensity of the
bands obtained in Western blot analysis was quantified with
the software included in the C-DiGit Blot Scanner. The data
were collected and statistically analyzed to generate the
corresponding graphs, all this using the GraphPad Prism 4
software. The data were expressed as the mean± SE.

3. Results

3.1. The Quercetin Reverses the Number and Area of Foci
Related to Preneoplastic Lesions. We use the modified resis-
tant hepatocyte model (MRHM), in order to induce preneo-
plastic lesions in the liver of rats (FT group) and to evaluate
the capacity of quercetin for reversing the lesions (FT+Q
group). Briefly, lesions were induced with a single dose of
DEN administrated to rats, whose characteristics have been
previously described, to initiate the carcinogenic process.
Seven days after DEN administration, the rats were treated

during four days with the promoter agent 2-AAF, and a par-
tial hepatectomy was done 10 days after DEN administration.
From the fifteenth to the thirtieth day, one dose of quercetin
(Q) was administrated to the rats in the FT+Q group every
two days or only to the vehicle in the CMC group. All the
rats, in the experimental and control groups, were sacrificed
thirty days after the initiation (Figure 1). The expression pat-
tern of the tumor marker GGT was analyzed to evaluate the
effect of quercetin in chemoprevention of preneoplastic
lesions. Gamma-glutamyl transpeptidase (GGT) is an enzy-
matic protein highly expressed in most models of hepatic
cancer and is consider an early tumor marker on them. The
activity of this enzyme was evaluated on liver slices, and the
number of foci and their areas were determined. As it was
expected, the activity of this enzyme could be detected in
the liver of rats in the FT group (Figure 2(a), FT) but not in
those of the control group without any treatment
(Figure 2(a), NT). The FT and FT+Q groups present preneo-
plastic lesions as shown by GGT enzyme-positive staining,
but preneoplastic lesions did not have a particular assigned
distribution; they were in random distribution throughout
the lobes. The observed difference was in the number and
area of the lesions; the FT group was the one with more
and with the most positive mark for GGT (Figure 2(a)). In
general, on haematoxylin and eosin staining (data not
shown), hepatocytes were observed altered, intensely baso-
philic, and translucent with vesicular nuclei and with
prominent nucleoli, as expected. The treatment with querce-
tin, after the induction of premalignant lesions, produced a
reduction in the number of foci positive for GGT
(Figure 2(a), FT+Q). The quantitation of the number of foci
positive for GGT indicates that there was a reduction of 58%
in the number of preneoplastic lesions (Figure 2(b)). A
reduction of the area in 81% of the preneoplastic lesions
was observed; this decrease in number and area of preneo-
plastic lesions was statistically significant (Figure 2(c)). This
result indicates that quercetin not only prevents the develop-
ment of lesions as previously reported but also reverses them.

3.2. Diminished Expression of EGFR Was Observed When
Premalignant Lesions Were Reversed by Quercetin. Because

NT

300

FT

300

DEN

2–AAF
PH

CMC

7 8 9 10 15 17 19 21 23 25 27 29

FT + Q

300

DEN

2–AAF
PH

Quercetin

7 8 9 10 15 17 19 21 23 25 27 29

Figure 1: Groups of treatment. The rats were sacrificed 30 days after initiating the carcinogenesis treatment. NT, rats without treatment and
just received the quercetin vehicle. FT, rats treated with MRHM and received the quercetin vehicle. FT +Q, rats treated with MRHM and
received the quercetin. n = 7 rats per group.
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some signaling pathways are activated by quercetin through
the EGFR protein, we analyze if EGFR participates in the
observed effect of the quercetin reversion of preneoplastic
lesions. The analysis by Western blot indicates that the total
EGFR was 2.2 times overexpressed with respect to control
values in the liver tissue of rats when preneoplasic lesions
were induced (Figure 3(a), FT), but this was diminished to

half of control values when quercetin was used to reverse
the lesions. (Figure 3(a), FT+Q). To know the activation sta-
tus of EGFR, the phosphorylated form of this receptor was
evaluated by Western blot (Figure 3(b)). The activation of
EGFR as shown by the ratio of phosphorylated EGFR versus
total EGFR in the liver of rats with preneoplastic lesions was
similar to that observed in the liver of rats without lesions

 NT

FT FT + Q

(a)

100

80

N
um

be
r o

f p
os

iti
ve

 G
G

T 
fo

ci
(#

/m
m

2 ) 60

40

20

0
FT FT + Q

⁎

(b)

10

8

6

A
re

a G
G

t-p
os

iti
ve

 (m
m

2 )
(#

/m
m

2 )

4

2

0
FT FT + Q

⁎⁎

(c)

Figure 2: Effect of quercetin on GGT tumor-marker activity. (a) Preneoplastic lesions were detected by GGT activity (red area). (b) Number/
mm2 of GGT-positive liver lesions. (c) Total GGT-positive area. A 2mg/kg dose of quercetin showed reversion of preneoplastic lesions.
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Figure 3: Expression of EGFR during quercetin treatment. (a) Western blot of EGFR expression. (b) Western blot of EGFR-p expression. A
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(Figure 3(b), FT and NT); this ratio increases 3.0 times show-
ing the activation of EGFR when the treatment with querce-
tin was used (Figure 3(b), FT+Q).

3.3. The Reversion of Premalignant Lesions by Quercetin
Corresponds with the Activation of the STAT5 Signaling
Pathway. The phosphorylation of EGFR induces the expres-
sion of several molecules through the activation of some sig-
naling pathways; Src is one protein activated by EGFR, and it
was increased in livers where quercetin was used to revert the
preneoplastic lesions. The increase in the activation was 2.3
times more in the FT+Q group than in the FT group, which
is statistically significant as could be observed by densitomet-
ric analysis. The activation of Src (Src-t) was similar in both
the NT and FT groups (Figure 4(a)). In summary, the activity
of Src was increased during the reversion of lesions, when
quercetin was used.

The evaluation of some signaling pathways activated by
EGFR allowed us to observe an increase in the activation sta-
tus of STAT5. STAT5 was phosphorylated in a similar way in
the liver from rats in the NT and FT groups. But an impor-
tant increase in the activation of STAT5 (STAT5-p) was

observed in the group where the preneoplastic lesions were
diminished by the treatment with quercetin (4.4 times more
than that in the NT group). The higher activation status of
STAT5 in the FT+Q group, with respect to that observed in
the FT group, was also statistically significant (Figure 4(b)).
So, we could think that quercetin induces the phosphoryla-
tion of STAT5, increasing its activity.

The activation of Sp1 along with STAT5 has been previ-
ously reported. Then, the activation status of Sp1 was also
evaluated in the liver of rats in the study. The analysis of
the group where the treatment with quercetin was used to
revert preneoplastic lesion revealed an increase in the activa-
tion of Sp1which was quantified by densitometry. The
increase observed was more than 1.4 times with respect to
that in the FT group (Figure 4(c)). There was no significant
difference in the activation status of Sp1 between the NT
group and FT group. In such manner, Sp1 is activated along
with STAT5 when quercetin is used.

The target gene IGF-1 that is an indicator of the func-
tional status of the liver was also evaluated. As we expected,
the induction of preneoplastic lesions by using the MRHM
resulted in a 74% decrease of IGF-1 expression (Figure 4(d),
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Figure 4: Signaling pathway activation through EGFR phosphorylation. (a) Western blot of phospho-Src. (b) Western blot of phospho-
STAT5. (c) Western blot of phospho-Sp1. (d) Western blot of IGF-1A and IGF-1B. A representative image and the analyses of seven
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FT).When we analyzed its expression in the liver of rats in the
FT+Q group, the expression of IGF was recuperated, from
26% to 83% of control values (Figure 4(d), FT+Q group).
This last result is a reflection of the functional status of the
liver in the three groups.

4. Discussion

The ability of quercetin to reverse preneoplastic lesions in the
liver was tested in the MRHM. This model has been used by
us [9] and other authors in order to observe the three
different stages associated with the development of HCC: ini-
tiation, promotion, and progression [11, 16, 17]. The evalua-
tion of the presence of preneoplastic lesions was done
through the activity of the GGT. This enzyme has been ana-
lyzed in the different stages, and it is expressed all along from
the initiation to progression in models of chemical carcino-
genesis and led to the identification of preneoplastic cells
[18, 19]. The GGT enzyme is a focal marker commonly used
and also considered as a tumor marker. We found that the
administration of quercetin reverse the preneoplastic lesions
in this model, which was evident by the lower number of
altered hepatic foci (positive for GGT) but the major effect
was seen in the decrease of the area. In the FT and FT+Q
groups, we observed lesions with GGT staining; however, it
is evident that in the FT group, multiple lesions were
observed and the FT+Q group showed a drastic effect on
GGT decline. In the quantification of GGT, 0.01mm2 was a
low-end measure to discard stains not associated with pre-
neoplastic lesions (ductile cells) with a preferential circular
shape. Several reports indicate that quercetin has diverse
antitumor activities in different cancers or precancerous
lesions. And its activity occurs through the regulation of
different signaling pathways like β-catenin/Tcf or AMP-
activated protein kinase (AMPK) in colon cancer cells
[20, 21], NF-κB and AP-1/JNK in human hepatoma cells
[22], or EGFR/PI3K/Akt pathway in prostate cancer [13]
and EGFR in liver cells [12]. The signaling pathways are
maintained overexpressed during the progression of cancer.
So if quercetin is able to regulate several pathways during
the progression, it was expected to cause a reversible effect
over the lesions.

We observed a clear decrease in the number of altered
hepatic foci and their area, which coincides with the dimin-
ished expression of EGFR and then a lower quantity of
phosphorylated EGFR. But due to the increase in the ratio
of phosphorylated EGFR, we evaluated the activation of Src
and we found that phosphorylated Src was higher in the tis-
sues treated with quercetin. This last result agrees with previ-
ous reports which indicate that the transactivation of EGFR
can occur through GPCR ligands and some cytokines. These
can induce phosphorylation of EGFR in the absence of a
ligand and, as a consequence, the activation of Src or Janus
tyrosine kinase 1 (Jak1) [23]. In addition, Src can activate
different STATs. STATs could be activated by JAK kinases,
growth factor receptors (EGFR), or Src family members
[24]. Here, we showed that STAT5 is phosphorylated in the
liver of rats treated with quercetin to reverse the preneoplas-
tic lesions. The activation of STAT5 by Src has been

previously reported [24]. Even more, in rat hepatocytes in
primary culture, it has been proved that EGF induces the
activation of STAT5 apparently through a Src-dependent
mechanism [25]. Moreover, Src induces the expression of
proteins, like MMP2, through the ERK/Sp1 pathway [26].
And a signaling interaction between STAT5 and Sp1 has also
been proved, mainly in the expression of cyclin D2 [27].
Here, we found that Sp1 is more active in the liver of rats
treated with quercetin. It is important to highlight that Src,
STAT5, and Sp1 were more phosphorylated in the liver of
rats when treated with quercetin. But there were no signifi-
cant differences in the phosphorylation of Src, STAT5, and
Sp1, between the groups with induced preneoplastic lesions
and controls. Therefore, we can deduce that the reversion
of preneoplastic lesions by quercetin occurs by a direct effect
on signaling pathways responsible for the development of
lesions, like EGFR, and additionally to the activation of sig-
naling pathways whose molecules are considered as a tumor
suppressor, like STAT5 [28]. The STAT5 activity as a tumor
suppressor is attributed mainly to the control of reactive oxy-
gen species through the expression of PUMA, BIM, and
NOX4 [28]. We also analyzed the expression of IGF-1, and
it was diminished in the liver of rats with preneoplastic
lesions. This was expected since, previously, it has been
showed that diminished expression of IGF-1 is related to
the progression of different liver diseases [29]. Specifically,
in HCC, serum levels of IGF-1 are diminished and it has been
associated with poor prognosis [30, 31], but the patients with
the highest levels of IGF previously to antiangiogenic treat-
ment are associated with a better disease control rate [31].
Our results showed that the treatment with quercetin recu-
perates IGF-1 almost to control values. Even if the level did
not reach that in the control group, this increase in the
expression of IGF-1 coincided with the lower number and
area of the neoplastic lesions. This allowed us to conclude
that this last reflects a better control of the preneoplastic
lesions in the liver of rats treated with quercetin.

5. Conclusions

In conclusion, we showed that besides the known effect of
quercetin as a protective agent, quercetin treatment is also
useful to reverse preneoplastic lesions. This effect is observed
not only on the decreased proliferation, but we also cannot
discard the possibility that tumor-initiating cells were
removed. Therefore, the expression of EGFR as well as the
modulation of its activation state participates in the decrease
of the preneoplastic lesions. Also, the activation state of Src,
STAT5, and Sp1 as the basal IGF-1 restoration participates
on the decrease in the number and size of preneoplastic
lesions caused by quercetin.
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Scope. Human neoplastic transformation due to DNA damage poses an increasing global healthcare concern. Maintaining genomic
integrity is crucial for avoiding tumor initiation and progression. The present study aimed to investigate the efficacy of an apple
flavonoid fraction (AF4) against various carcinogen-induced toxicity in normal human bronchial epithelial cells and its
mechanism of DNA damage response and repair processes. Methods and Results. AF4-pretreated cells were exposed to
nicotine-derived nitrosamine ketones (NNK), NNK acetate (NNK-Ae), methotrexate (MTX), and cisplatin to validate
cytotoxicity, total reactive oxygen species, intracellular antioxidants, DNA fragmentation, and DNA tail damage. Furthermore,
phosphorylated histone (γ-H2AX) and proteins involved in DNA damage (ATM/ATR, Chk1, Chk2, and p53) and repair
(DNA-PKcs and Ku80) mechanisms were evaluated by immunofluorescence and western blotting, respectively. The results
revealed that AF4-pretreated cells showed lower cytotoxicity, total ROS generation, and DNA fragmentation along with
consequent inhibition of DNA tail moment. An increased level of γ-H2AX and DNA damage proteins was observed in
carcinogen-treated cells and that was significantly (p ≤ 0 05) inhibited in AF4-pretreated cells, in an ATR-dependent manner.
AF4 pretreatment also facilitated the phosphorylation of DNA-PKcs and thus initiation of repair mechanisms. Conclusion.
Apple flavonoids can protect in vitro oxidative DNA damage and facilitate repair mechanisms.

1. Introduction

Mammalian genomic DNA is susceptible to various environ-
mental, cytotoxic, or genotoxic agents that sense DNA dam-
age and activate signaling cascades for effective repair
mechanisms. Under a normal circumstance with a specific
type of DNA lesion, DNA damage is commonly repaired
through nonhomologous end joining (NHEJ)/homologous
recombination (HR) mechanisms [1, 2]. Alkylating agents,
platinum drugs, antimetabolites, topoisomerase inhibitors
and ionizing radiations, nitrosoureas, aziridine compounds,
alkyl sulphonates, and triazine compounds are some of the
electrophiles that covalently transfer alkyl-groups onto the
DNA bases, disrupting the DNA helix and induces DNA
breaks [3]. DNA double-strand breaks (DSBs) are the most
lethal lesions that can result in mutations, chromosomal
aberrations, and cell death [4, 5]. Extensive DNA damage

and defects in repair systems can lead to poor genomic stabil-
ity and initiate cardiovascular disease and cancer [2, 6].
Hence, maintaining genomic integrity possess global health-
care challenge and should be well addressed.

An increased level of oxidative stress often causes exces-
sive reactive oxygen species (ROS) generation, which breaks
the equilibrium of metabolic process of normal cells and ini-
tiates DSBs [7]. As a result, the cells activate DNA damage
response (DDR) mechanisms and initiate various enzymes
that modify the DNA and nuclear damage. Recruitment of
phosphatidylinositol-3-kinase (PI3K) family members to
the site of DNA damage is the first step of DDR mechanisms,
and the phosphorylation of ataxia telangiectasia-mutated
(ATM) or ATM-Rad3-related (ATR) kinases are often
followed in DDR process [8]. The phosphorylation of
ATM/ATR regulates downstream targets including cell cycle
check point kinases (Chk2/Chk1), tumor suppressor p53,
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and phosphorylated histone γ-H2AX foci, commonly known
as a marker for DSBs [9]. γ-H2AX foci serve as a platform for
the assembly and recruitment of other DNA repair factors,
including mediators of DNA damage check point 1 (MDC1)
to initiate DDR mechanisms [10]. DNA-dependent protein
kinases (DNA-PK), composed of Ku70/80 heterodimer and
a catalytic subunit (DNA-PKcs), serve as the pinnacle protein
that cooperates with ATR/ATM to phosphorylate other pro-
teins involved in the DNA damage [11, 12]. Upon phosphor-
ylation in serine and threonine residues (T2609, T3950, and
S2056), DNA-PK initiates NHEJ repair mechanisms which
are found to be very common in mammalian cells [4].
DNA-PK also gets autophosphorylated and expressed differ-
entially in normal and malignant human tissues with rela-
tively little variation in level [13]. However, there are many
other proteins involved in this complex mechanisms and
their roles are still inconclusive.

Development of effective nutraceuticals from natural
resources has been major research endeavors over the past
decade. While several reports are available to show the pro-
tective effects of various plant flavonoids and extracts against
different genotoxicity [14], to the best of our knowledge,
there are no specific studies available to show the mechanism
of action of apple flavonoids to exert protection against DNA
damage in normal human cells. Our previous studies have
shown that an apple peel flavonoid fraction (AF4) possess
antioxidant, neuroprotective, anti-inflammatory, and anti-
cancer activities in various in vitro and in vivo models
[15–17]. Moreover, AF4 is highly rich with flavonoids and
phenolic acids such as quercetin glycosides, cyanidin 3-
galactoside, epicatechin, phloridzin, and chlorogenic acid
[17]. In light of these findings, we hypothesized that AF4
could possibly render protection against DNA damage
induced by various chemicals or environmental agents, whose
primary target is inevitably airway epithelial cells in the lung.
To test this hypothesis, we investigated the effects of AF4 on
normal human bronchial epithelial cells (BEAS-2B) chal-
lenged with known carcinogenic chemical agents such as
4-(methylnitrosamino)-1-(3-pyridyl-d4)-1-butanone (NNK),
4-[(acetoxymethyl) nitrosamino]-1-(3-pyridyl)-1-butanone
(NNK acetate; NNK-Ae), methotrexate (MTX), and cis-
platin. We also analyzed the signaling proteins involved in
DNA damage pathways since understanding the DNA
repair mechanisms has important implication in developing
a potent therapeutic agent.

2. Material and Methods

2.1. Chemicals, Kits, and Antibodies. Bronchial Epithelial Cell
Growth Medium (BEGM) for BEAS-2B cells was purchased
from Lonza (Walkersville, MD, USA). COMET SCGE assay
kit was purchased from ENZO (New York, NY, USA). Cellu-
lar DNA fragmentation ELISA kit was purchased from Roche
Diagnostics (Berlin, Germany). For immunofluorescence
studies, anti-H2AX primary antibody (S139) was obtained
fromMillipore (Etobicoke, ON, Canada) and secondary anti-
body Alexa Flour 594 donkey anti-mouse from Life Tech
(Carlsbad, CA, USA). Bicinchoninic acid (BCA) protein assay
kit was purchased from Thermo Scientific (Chelmsford, MA,

USA). The total antioxidant capacity (TAC) kit was pur-
chased from Biovision (Milpitas, CA, USA). Antibodies
for DNA-PK, p-ATM, p-ATR, p-Chk1, p-Chk2, p-H2AX,
p-P53, Ku80, SOD1, catalase, GPX1, and beta-actin were
purchased from Cell Signaling Technology (Danvers, MA,
USA). p-DNA-PKcs antibody was purchased from Abcam
(Toronto, ON, Canada). DNA-PK inhibitor [NU7026; (2-
(morpholin-4-yl)-benzo[h]chomen-4-one)] was purchased
from Sigma-Aldrich (Oakville, ON, Canada). NNK and
NNK-Ae were purchased from Toronto Research Chemi-
cals (Toronto, ON, Canada). Cisplatin, MTX, and NP-40
were purchased from Sigma-Aldrich (Oakville, ON, Can-
ada). Apple flavonoid fraction (AF4) was isolated from
apple peels as described previously [14]. Stock solutions
were prepared in 100% dimethyl sulfoxide (DMSO), and
the final concentrations never exceeded 0.5% (v/v) in cul-
ture treatment medium.

2.2. Cell Culture. Normal human bronchial epithelial cells
(BEAS-2B) were purchased from American Tissue Type
Culture Collection (ATCC; CRL-9609) and were cultured
in BEGM media at 37°C in a humidified incubator with 5%
CO2. Cells were cultured on polystyrene T75 (75 cm

2) culture
flasks, precoated with a mixture of 0.01mg/mL fibronectin,
0.03mg/mL bovine collagen type I, and 0.01mg/mL bovine
serum albumin dissolved in BEBM (basal) medium for over-
night. Cells were grown to ~70% confluence during all exper-
imental conditions and were used from early passages (<10)
and within exponential growth phase.

2.3. Cell Viability by MTS Assay. Cell Titer 96™ aqueous cell
viability assay (MTS) [18] was used to perform the viability of
BEAS-2B cells under different treatment conditions. In order
to find out the sublethal dose for AF4, a dose-dependent pre-
liminary assay for various concentrations of AF4 was per-
formed for 24 h. Similarly, the dose-response effect for
various carcinogens (NNK, NNK-Ae, cisplatin, and MTX)
was also standardized using this assay. For cytoprotection
analysis, 1× 104 cells were plated on a 96-well plate with
media of 150μL/well. After 24 h, cells were either pretreated
with AF4 (50μg/mL) prior to different carcinogen treatments
(200μM NNK; 100μM NNK-A; 10μM cisplatin; and
200μM MTX) or alone with carcinogens for additional
24 h. Fifteen microliters of MTS reagent (with PMS) was then
added to each well and incubated further 3 h at dark. Absor-
bance was recorded at 490 nm using a microplate reader
(Infinite® 200 PRO, TECAN, Switzerland). DMSO control
cells which are devoid of any treatments and cells containing
only culture medium and MTS reagent served as the blank
for each experiment.

2.4. Measurement of Intracellular ROS. The ROS level was
measured in BEAS-2B cells after treatments as described pre-
viously [19]. 2′,7′-Dichlorofluorescin diacetate (DCFH-DA)
is readily taken up by cells and is subsequently hydrolyzed
to DCFH, which can be oxidized to measurable fluorescent
product dichlorofluorescein (DCF). AF4-pretreated cells
(for 1 h) were exposed to 3 h of carcinogens or alone in differ-
ent experimental groups. Cells with only DMSO media
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served as the vehicle control. After treatments, DCFH-DA
was added to the cell culture plates at a final concentration
of 5μM followed by 40min incubation at dark. The fluores-
cence degradation was then measured at an excitation wave-
length of 490nm and an emission wavelength of 510nm by
using Infinite 200 PRO, TECAN, Switzerland. The results
were expressed as relative total ROS level with respect to
DMSO control.

2.5. Total Antioxidant Capacity (TAC). A colorimetric-based
method was used to measure intracellular TAC, according to
the manufacturer’s instructions with slight modification.
Briefly, the total cell lysate was prepared after treatments in
NP-40 lysis buffer (5M NaCl, 1M Tris, 10% NP-40). Each
sample was added with 100μL of freshly prepared Cu2+

working solution and incubated for 1.5 h at dark. The reduc-
tion (Cu2+ to Cu+) reaction was then measured at 570nm by
using Infinite 200 PRO, TECAN, Switzerland. Trolox was
used as the standard to quantify the TAC of the tested sam-
ples, and the results were expressed in Trolox equivalence.

2.6. γ-H2AX Immunofluorescence Assay. Immunofluores-
cence method [20] was used to measure the DNA damage
at histone level by quantifying γ-H2AX foci in BEAS-2B cells.
Briefly, 2× 105 cells were seeded on a coated cover slip placed
in a 6-well plate with 24 h incubation. For experimental set-
up, the cells were then treated with AF4 alone for 1 h or prior
to each carcinogen treatment for 3 h (same treatment condi-
tions were maintained for all following experiments). DMSO
media served as a control for each test sample. After treat-
ments, cells were washed thoroughly with PBS and fixed in
3.7% formaldehyde for 20min at dark. The cells were then
permeabilized with 0.5% Triton X-100 in PBS for 15min
on a rocker at room temperature followed by blocking with
4% BSA for 20min. The cells were incubated with primary
antibody (1 : 250) for 1 h at room temperature, washed three
times with PBS, and then incubated with secondary antibody
(1 : 500) for 45min. After washing the cells three times in
PBS, coverslips were carefully transferred into slides and
mounted by using wet-mounting medium, Vectashield® con-
taining DAPI and sealed with nail polish. The fluorescent
images were then captured by using a microscopy (ZEISS,
X-Cite series 120 PC) at 100x magnification.

2.7. DNA Fragmentation Analysis. DNA fragmentation in
BEAS-2B cells was measured by cellular DNA fragmentation
ELISA kit [21] as per the supplier’s instructions. In short,
BEAS-2B cells were labeled with 10μM bromodeoxyuridine
(BrdU) at 1× 105 cells/mL density. Hundred microliters of
BrdU-labelled cells in culture medium were treated as per
above-mentioned conditions. The cells were then lysed with
lysis buffer, and apoptotic DNA fragments in supernatants
were collected for each sample after centrifugation at 270g
for 10min. Hundred microliters of the sample was then
transferred to precoated anti-DNA 96-well, flat-bottom
microplates with incubation for 90min at 25°C. The DNA
was then denatured by microwave irradiation (500W for
5min) followed by the addition of 100 μL anti-BrdU-POD
conjugate solution with additional 90min of incubation.

The plates were washed by three times with wash buffer
(1x), and 100 μL of substrate (TMB) solution was then added
for color development. Twenty-five microliters of stop solu-
tion was added after 5min, and the plates were read at
450 nm using a microplate reader (Infinite 200 PRO,
TECAN, Switzerland).

2.8. Comet Assay. The comet assay was performed to measure
the DNA tail moment as per kit instructions with minor
modifications. After treatments, 1× 105 cells were combined
with molten LMA (low melting agarose) at a ratio of 1 : 10
(v/v) and 75μL of each sample was pipetted on to a comet
slide and incubated in dark at 4°C for 20min. The slides were
then immersed in cold lysis buffer at 4°C for 45min followed
by alkaline treatment (300mM NaOH, 1mM EDTA,
pH > 13) for additional 45min in dark. The slides were
washed with TBE buffer (1x) for 5min and subjected to hor-
izontal electrophoresis conditions (1V/cm for 10min). The
slides were air-dried after dipping in 70% ethanol for 5min,
stained with CYGREEN® dye (1 : 1000), and examined under
epifluorescence microscopy (ZEISS, X-Cite series 120 PC;
Toronto, ON, Canada) with 40x magnification (excitation/
emission 489/515 nm). The comets were scored by commer-
cially available software, OpenComet (http://www.cometbio
.org), and a minimum of 50 cells was quantified by measuring
percentage DNA tail moment.

2.9. Western Blotting. The cells were harvested after the treat-
ments and were lysed using 1× SDS lysis buffer (1mM Tris–
HCl [pH6.8], 2% w/v SDS, 10% glycerol) under reduced con-
ditions on the ice. Total protein concentration in each sample
was measured by using BCA protein assay kit. A total of
25μg of protein samples were loaded on 4–12% SDS-PAGE
gel and electro-transferred to a nitrocellulose membrane.
The membrane was then blocked with 5% nonfat milk solu-
tion, probed with specific primary antibodies (1 : 1000) for
overnight incubation, washed and reprobed with respective
secondary antibodies (1 : 2000) for 45min, and then devel-
oped by enhanced chemiluminescence (ECL) method using
Chemidoc MP (Bio-Rad, Mississauga, ON, Canada). Protein
expression of each band was normalized with respective actin
level, and relative protein expression was quantified with
respect to untreated control bands for each experiment.

2.10. Statistical Analysis. All the experiments were performed
in triplicates (n = 3) and for at least three independent times
and analyzed by two-tailed Student’s t-test by using Graph-
Pad Prism software (GraphPad Software Inc., San Diego,
CA, USA). Data were presented as mean± standard deviation
(SD), and p values ≤ 0 05 were considered as significant
between experimental groups.

3. Results

3.1. Cell Viability and Cytoprotective Effects of AF4. In order
to realize the sublethal dosage for AF4, preliminary dose-
responsive effects on the viability of BEAS-2B cells were
studied using MTS assay. A dose-responsive decline in cell
viability was observed in BEAS-2B cells with increasing
concentrations of AF4, especially at 100 and 200μg/mL
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(Figure 1(a)). However, over ≥80% cell viability was
observed up to 50μg/mL concentrations of AF4 and hence
taken for evaluating protective effects in further experiments.
Our previous studies have also shown that 50μg/mL of AF4
did not alter cell viabilities of three primary normal cells
treated for 24 and 48 h [17]. DMSO control in all experi-
ments showed ≤5% cytotoxicity. After 24 h of treatments
with each carcinogen, we observed a higher cytotoxicity
(>50%) for 10μM of cisplatin, 200μM of MTX, and
100μM of NNK-Ae (Figure 1(b)). Cisplatin exhibited a very
high cytotoxicity (>80%) among the carcinogens studied.
However, NNK did not show higher cytotoxicity for
BEAS-2B cells (<50%). Likewise, for studying cytoprotective
effects of AF4, we initially treated BEAS-2B cells with AF4
(50μg/mL) prior to each carcinogen exposure. AF4 pre-
treatment showed significant (p ≤ 0 05) reduction in cyto-
toxic level for NNK-Ae, MTX, and NNK exposed cells
when compared to their treatments alone. In contrast,
AF4 pretreatment did not show any significant reduction
in cytotoxicity for cisplatin-treated cells and found to be
morphologically distinct with rounded-shape or detached
cells (data not shown).

3.2. ROS Mitigating and Antioxidant Potentials of AF4.
Excessive ROS is one of the primary factors that can initiate
DNA damage in healthy cells [22]. ROS level was studied
either with AF4 alone or with carcinogen-treated BEAS-2B
cells, and the data is shown in Figure 2(a). All the
carcinogen-treated cells showed an almost two-fold increase
in relative to total ROS (DMSO control) levels when com-
pared to AF4-treated cells. Pretreatment with AF4 prior to
each carcinogen exposure significantly (p ≤ 0 05) reduced
ROS levels in these cells. Interestingly, in all the AF4

preexposed cells, we observed similar levels of ROS despite
each carcinogen tested in the study.

Antioxidants are well-known for their capacity to miti-
gate ROS generation, especially under oxidative stress, which
is considered as the primary event in many diseases [23]. We
assessed the antioxidant enzymes [superoxide dismutase
(SOD), glutathione peroxidase (GPX), and catalase]
(Figure 2(b)) and TAC (Figure 2(c)) in BEAS-2B cells after
treated with either AF4 alone or with carcinogens. Preexpo-
sure of AF4 showed an increased SOD1 expression in
NNK-Ae or MTX-treated samples when compared to their
controls. However, both catalase and GPX levels remained
almost the same in all the tested groups. TAC in AF4 preex-
posed groups showed greater antioxidant capacity than car-
cinogens alone. The findings indicate that AF4 has enhanced
intracellular antioxidant potential.

3.3. AF4 Inhibits DNA-Histone Protein Damage. γ-H2AX
immunofluorescence assay was used to analyze the DNA
damage at histone level after each treatment conditions,
and the results are shown in Figure 3(a). DAPI was used to
stain the nucleus (blue color) colocalized with γ-H2AX foci,
which appeared as red color when observed under fluores-
cence microscope. Cisplatin-, NNK-Ae-, or MTX-treated
groups exhibited severe damage at histone level (S 139) when
compared to DMSO control cells. Treatment with AF4 did
not cause any increase in histone damage level when com-
pared to DMSO control cells. Quantification of data
(Figure 3(b)) showed that pretreatment with AF4 signifi-
cantly (p ≤ 0 05) inhibited γ-H2AX damage (foci/nucleus)
level caused by NNK-Ae or MTX exposure. The DNA dam-
age caused by cisplatin could not able to reduce by preexpo-
sure to AF4. As observed in other assays, cisplatin showed the
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Figure 1: (a) Dose-dependent effect of AF4 on BEAS-2B cells after 24 h of treatment. (b) Cytoprotective effects of AF4 against various
carcinogens challenged after 24 h of treatment. Experimental values presented as mean± SD of n = 3 independent experiments. ∗ indicated
statistical difference at P ≤ 0 05. ns: nonsignificant.
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highest damage among all carcinogens tested. Cisplatin and
NNK were therefore avoided from all the remaining studies
since they are found to be either too toxic or less toxic,
respectively, as observed from the γ-H2AX assay.

3.4. AF4 Protects DNA Fragmentation in BEAS-2B Cells.
DNA fragmentation was considered as an early event that
initiates the phosphorylation of H2AX histone proteins at
Serine 139 position [24]. To investigate whether AF4 protects
severe toxic effects of NNK-Ae or MTX at DNA level, we

used an ELISA method and the fragmentation levels are
shown in Figure 4. OD at 450nm corresponds to the DNA
fragmentation levels in BEAS-2B cells. The treatment with
NNK-Ae and MTX enhanced the DNA fragmentation levels
when compared to DMSO control. We do observe some
DNA fragmentation in AF4-treated cells but was found to
be nonsignificant with respect to DMSO control. Pretreat-
ment with AF4 significantly (p ≤ 0 05) reduced DNA frag-
mentation in both NNK-Ae- and MTX-treated groups and
protect DNA integrity in these cells.
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Figure 2: (a) The relative amount of ROS assessed on BEAS-2B cells after exposed to either carcinogen alone or with pretreatment of AF4. (b)
Effects of AF4 on intracellular antioxidant enzymes (SOD1, catalase, and GPX1) along with carcinogen-treated groups as shown by western
blotting. Beta-actin is used as in internal control to demonstrate equal protein in all tested samples. (c) TAC of BEAS-2B cells after various
treatments was measured by a colorimetric kit-based method and showed in Trolox equivalence. Experimental values presented as mean± SD
of n = 3 independent experiments. ∗ indicated statistical difference at P ≤ 0 05.
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3.5. Preexposure to AF4 Reduces DNA Tail Damage. Comet
assay was used to measure the DNA strand breaks in an indi-
vidual eukaryotic cell and got multiple applications such as
monitoring environmental contamination with genotoxins,
human biomonitoring and molecular epidemiology, DNA
damage, and repair studies [25]. After the treatments, DNA
tail damage was evaluated as the migration of DNA from
the nucleus and the data was quantified and depicted in
Figures 5(a) and 5(b). Untreated cells (DMSO control) and
AF4-treated cells retained their cellular integrity, and their
percentage tail damage were <15%. Similar results were also

observed for untreated PC12 neuronal cells [26]. BEAS-2B
cells treated with either NNK-Ae or MTX showed a higher
percentage of DNA damaged tails (97.4% and 68.0%, respec-
tively), and AF4 pretreatment significantly (p ≤ 0 05)
reduced the length of percentage tail damage, as quantified
from at least 50 comet cells. NNK-Ae-treated cells showed
the highest DNA tail damage compared to MTX treatment
at identical concentration and time.

3.6. AF4 Inhibits DDR Signaling and Facilitate Repair
Mechanisms. We further investigated the mechanism of
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Figure 3: (a) BEAS-2B cells were exposed to either carcinogens alone or in combination with pretreatment of AF4 followed by
immunofluorescence staining with γ-H2AX antibody and were captured by epifluorescence microscopy at 100x magnification. Nuclei
were stained as blue and γ-H2AX foci (S 139) appeared as red. The image shown represents cells from three independent experiments. (b)
Quantification of focus/nucleus ratio was calculated for each sample from at least 50 cells. ∗ indicated statistical difference at P ≤ 0 05.
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action of AF4 to render protection against NNK-Ae- and
MTX-induced toxicity in BEAS-2B cells by analyzing signal-
ing proteins involved in DDR process. The phosphorylation
levels of ATM, ATR, and DNA-PK were studied using west-
ern blotting (Figure 6). Cell cycle check point kinases Chk1
and Chk2 and tumor suppressor protein p53 were also ana-
lyzed and quantified (Figure 6). ATM/ATR mutations are
the primary causes for DNA damage, and they act upstream
of p53 sensors and sense DDR functions to the cells [9].
Treatment with NNK-Ae and MTX augmented DDR signal-
ing and ATR phosphorylation (serine 428) in BEAS-2B cells
with respect to control cells. However, we did not observe any
phosphorylation of ATM protein at identical dosages and
time. Expression of DNA-PK level was found to be the same
with untreated control or carcinogen-treated cells. Interest-
ingly, pretreatment with AF4 downregulated DNA-PK pro-
tein with respect to control cells. Effector proteins like
Chk1, Chk2, and p53 were found to be phosphorylated in
NNK-Ae-treated cells. In contrast, MTX treatment did not
induce these signaling proteins. Pretreatment with AF4
showed significant (p ≤ 0 05) reduction in the phosphoryla-
tion of ATR, Chk1, and p-53 levels in NNK-Ae-treated cells.
We also observed a significant inhibition of γ-H2AX protein
in AF4-pretreated cells prior to NNK-Ae treatment. Overall,
our data showed that pretreatment with AF4 significantly
attenuates DDR proteins especially challenged against
NNK-Ae genotoxicity.

Further, to investigate whether AF4 facilitates DNA
repair mechanisms in vitro, we also tested for proteins such
as p-DNA-PKcs and KU80 with AF4-pretreated cells prior
to NNK-Ae treatment (Figure 7(a)). Interestingly, AF4

reduced DNA-PK level either when treated alone or in com-
bination with NNK-Ae but activates p-DNA-PKcs at the
T2609 position. The phosphorylation level of DNA-PKcs
was found to be comparatively higher in AF4-pretreated cells
than in NNK-Ae-treated cells, indicating its DNA repairing
potential. Further to confirm this, we have used NU7026 that
inhibits DNA-PK protein expression [27]. Treatment with
NU7026 on BEAS-2B cells for 20μM (30min) almost elimi-
nated DNA-PK protein in these cells (Figure 7(b)). An
autophosphorylated DNA-PKcs protein was observed in
untreated cells, and treatment with inhibitor reduces the
DNA-PKcs level even in AF4-pretreated cells. This prelimi-
nary result further confirms that AF4 pretreatment will facil-
itate the cells to phosphorylate DNA-PKcs which is essential
in NHEJ repair mechanism.

4. Discussion

Aberrant mutations in the genome of an organism caused by
increased exposure to a carcinogen often lead to a condition
called genomic instability. Even low-dose chemicals or envi-
ronmental exposure can induce DNA damage especially
when there is a failure in proper DNA repair mechanism
[28]. Due to the excessive ROS, a disturbance in natural anti-
oxidant defense system is expected with damage to all bio-
molecules, including nucleic acids. Antioxidant-rich diet
and nutraceutical supplements can be a good therapeutic
strategy to overcome oxidative nucleic acid damage [29].
Hence, in this study, we have evaluated the apple flavonoids,
which are a rich source of antioxidants [17, 30, 31] against
various carcinogen-induced DNA damage in BEAS-2B cells.
We also aimed to study the underlying mechanism of AF4’s
effects in DDR and repair process followed by DNA damage.

Our previous studies have demonstrated the selective
cytotoxicity of AF4 to induce cell death in cancer cells with-
out altering physiological functions of normal cells, including
primary human hepatocytes (NHEPS), primary rat hepato-
cytes (RTCP-10), and primary lung cells (WI-38) [17]. To
expand this knowledge, we have analyzed the impact of dif-
ferent doses of AF4 on the viability of BEAS-2B cells and
observed that 50μg/mL maintains cellular integrity with
more than 80% viability even after 24 h treatment. However,
higher doses were found to reduce the viability considerably
and also reported by others [32], suggesting the hormetic
effects of dietary flavonoids [14, 33]. Hence, we have chosen
50μg/mL for evaluating the protective effects of AF4 in
BEAS-2B cells. NNK, NNK-Ae, MTX, and cisplatin were
used to induce DNA damage in BEAS-2B cells since we and
others have observed that these carcinogens can significantly
reduce cell viabilities of normal cells by enhancing ROS levels
and cell death mechanisms [34, 35]. Pretreatment of AF4 sig-
nificantly reduced toxic effects of these carcinogens but not
for cisplatin treatment. This could be because of an increased
intracellular antioxidant enzyme (SOD and small molecules
or proteins, as observed in AF4-pretreated groups, which
could possibly play a role in scavenging these ROS and
helped the cells to mitigate the oxidative stress. Flavonoids
are well-known for their ROS scavenging potentials
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[14, 36], and similar effects for apples were reported by
many investigators [15, 16, 31].

Histone posttranslational modifications are one of the
earliest events in DSBs and are often characterized by remod-
eling of chromatin organization [37]. The carcinogens used
in this study were observed to modulate posttranslational
mechanisms of histone proteins even at 3 h of exposure. This
observed toxicity could possibly due to the interstrand
crosslink-induced DSBs that are produced at replication
forks and are largely responsible for observed γ-H2AX foci
in carcinogen-treated cells [38]. Each focus assumed to repre-
sent a single DSB [39]. However, pretreatment with AF4
inhibited the reorganization of histone variants that regulates
DNA methylation. This could account for the similarities in
protective effects of both at histone and DNA fragmentation,
which appeared to be sensitive tools for analyzing DNA
lesions. DNA fragmentation is considered as the hallmark
of cell death mechanisms and an irreversible event that com-
mits the normal cell to die [20]. AF4 was found to protect this
phenomenon in BEAS-2B cells against NNK-Ae and MTX
toxicity. Flavonoids are known to exhibit these protective
potentials against various genotoxicity as evident from vari-
ous studies [14, 29, 40, 41]. The fragmentation level observed
in untreated cells could be because of the normal mechanism

of the body to dispose large fragments of DNA from dying
cells, which may be critical in maintaining normal tissue
homeostasis [42].

Consequently, quantitative analysis was carried out by
using comet assay to understand the extent of DNA damage
caused by carcinogenic factors. Increased comet tails indi-
cated the induction of DSBs through excision followed by
resynthesis and ligation of fragments. A significant inhibi-
tion of DNA tail damage was recorded in AF4-pretreated
cells when compared to carcinogen treatments, further, sub-
stantiate the potential of AF4 to render DNA protection in
BEAS-2B cells. Taken together, we speculate that these pro-
tective effects are mainly due to either AF4’s antioxidant
properties or its ability to stimulate DNA repair enzymes.
Polyphenols such as luteolin, quercetin, and rosmarinic acid
have shown similar effects to protect DNA damage against
oxidative stress in neuronal cells [14, 26]. A recent study
has also shown that sesaminol, a lignin from sesame seeds
with increasing activities of catalase and SOD, protects
BEAS-2B cells against DNA damage caused from cigarette
smoke extract [43]. All these studies confirm that plant
polyphenols with antioxidant activity could counteract the
toxic effects of carcinogens and may help to maintain geno-
mic stability.
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Figure 6: (a) Effects of AF4 on various DDR signaling proteins exposed to NNK-Ae or MTX as assessed by western blotting. (b), (c), (d), (e),
(f), (g), and (h) The relative amount of each protein expression levels (DNA-PK, p-ATR, p-ATM, p-Chk2, p-Chk1, p-P53, and γ-H2AX) with
respect to beta-actin loading control, quantified from at least 3 independent experiments. ∗ indicated statistical difference at P ≤ 0 05 with
mean± SD. ns: nonsignificant.
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In order to test our hypothesis, we further investigated
the molecular mechanism of DSBs induced by NNK-Ae or
MTX, since it is crucial to identify therapeutic targets during
drug discovery process. The recruitment of DDR factors to
DSBs was analyzed by immunoprobing against different pro-
teins (ATM, ATR, DNA-PK, Chk1, Chk2, and p53). ATM/
ATR mutation plays a key role in surveillance of genomic
integrity along with signal transducers [38]. ATM-Chk2 or
ATR-Chk1 are the two common pathways that get activated
during DSBs and ultimately triggers p53 [44]. Our data
showed that NNK-Ae induces DSBs through the phosphory-
lation of ATR and not ATM in BEAS-2B cells. ATR is the
major kinase activated during a replication stress and plays
a key role in “S” phase cell cycle arrest [11]. Effector proteins
such as Chk1, Chk2, and p53 also became activated by NNK-
Ae treatment. However, MTX did not induce these proteins
in BEAS-2B cells. We speculate that lower dosage and expo-
sure time for MTX may be ideal for inducing early events in
DSBs but may not be sufficient to activate a cascade of effec-
tor proteins. Moreover, MTX is also known to have therapeu-
tic applications when used at lower doses [45]. We have also
observed the phosphorylation of DNA-PK at T2609 loci
which is the most common target for its activation [46].
ATM/ATR often thought to coregulate DNA-PK expression
in DSBs, but their choice of involvement still remains incon-
clusive [4, 11, 46].

Consistent with our immunofluorescence data, exposure
to NNK-Ae triggers the phosphorylation of γ-H2AX as
observed in western blot, further confirms the reorganization
of histone proteins during DSBs. One hour of AF4 pre-
treatment significantly inhibits ATR/Chk1/p53/γ-H2AX
signaling, suggesting the mechanism of protective effect
possibly through ATR-dependent manner. Further, we also
evaluated AF4’s involvement in DNA repair mechanisms.
AF4 slightly activates DNA-PKcs along with coexpression
of KU80 protein in NNK-Ae-treated BEAS-2B cells. The
activation of DNA-PKcs primarily enhances NHEJ repair
mechanisms [4]. This effect of AF4 was confirmed by
using a DNA-PK inhibitor, NU7026. However, more stud-
ies are required to claim DNA repairing efficacies of AF4

against NNK-Ae exposure. Overall, our study enlightens
to be the first step in evaluating apple flavonoids against
oxidative damage induced by carcinogens in bronchial
epithelial cells.

In summary, our studies showed that preexposure of
apple flavonoids protect BEAS-2B cells challenged against
various carcinogens, especially nicotine-derived nitrosa-
mine ketones, by inhibiting DDR signaling and initiate
DNA repair mechanisms. Further studies can also give
insights to understand the active constituents of AF4 that
can also be developed as potential therapeutic adjuvants
to reduce the side effects of various cytotoxic or genotoxic
chemotherapeutics.
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