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A B S T R A C T :

In the present study, various minor cereals including rye, oat, spelt, primitive and wild wheat species (20
genotypes each) were tested for their antioxidative effects in cell biological studies, and the effects were com-
pared with the effects of 12 common wheat genotypes. Ethanol soluble extracts of grains were used and studied
in human cancer-derived cell lines including HeLa (cervical) and HCT116 (colorectal) cell lines by analyzing
cellular levels of reactive oxygen species (ROS), mitochondrial health, DNA damage and cell survival. The cereal
genotypes were also examined for the total phenolic concentration (TPC) and for the relationship between
oxidative cell damage and TPC values. Most genotypes of the minor cereal species showed superior antioxidant
effects in human cell cultures compared to the common wheat genotypes. Many of the minor cereal genotypes
with high antioxidant capacities protected DNA and mitochondrial damage and prevented cell death in HeLa
cells and colon-derived HCT116 human epithelial cells. There was no significant relationship between TPC
values and oxidative cell damage. However, common wheat genotypes had, on average, lower TPC values. The
results show that minor cereals contain potentially high levels of certain antioxidant substances which might be
useful in preventing oxidative damage in cellular systems.

1. Introduction

In recent years, there has been a growing interest and awareness
about consuming a healthy and antioxidant-rich diet to maintain and
improve well-being. In this regard, cereal-based foods are receiving a
particular attention, because of the presence of unique and diverse
nutritionally valuable compounds and biologically active antioxidants
in cereal grains (Adom and Liu, 2002; Shewry and Hey, 2015). Various
epidemiologic results and related meta-analysis studies are available
showing that regular consumption of cereals is associated with a re-
duced risk of chronic diseases like cancers and cardiovascular diseases

(Fardet et al., 2008; Williams et al., 2014). Today, it is widely accepted
that cereal grains with high content of antioxidants and related bioac-
tive compounds mitigate deleterious effects of natural aging in body
and minimize adverse impacts of several chronic human diseases such
as cancer and inflammatory, cardiovascular and neurodegenerative
diseases (Losada-Barreiro and Bravo-Diaz, 2017; Ziegler et al., 2016).
These protective effects are, most likely, related to individual and/or
combined (synergistic) effects of antioxidant compounds prevalent in
cereals (Fardet et al., 2008).

Major antioxidative bioactive compounds present in cereals include
phenolic acids, dietary fibers, carotenoids, β-glucan, and several other
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phytochemicals such as tocopherols, alkylresorcinols and flavonoids.
Cereal species as well as genotypes of a given cereal species differ lar-
gely in their concentration and composition of nutritional compounds
and antioxidants (Shewry et al., 2013). Some cereal species contain
unique antioxidants, and some antioxidants occur at much higher levels
in certain cereal species. For example, oat contains greater amounts of
β-glucan compared to almost all other cereal species. Consumption of
foods rich in β-glucan is a useful dietary approach for better manage-
ment and minimizing risk of various diseases, for example diabetes and
cardiovascular disorders. Generally, oat provides exceptional anti-
oxidative and anti-inflammatory effects in the human body (Losada-
Barreiro and Bravo-Diaz, 2017). Rye is typically rich in phenolic anti-
oxidants including phenolic acids, alkylresorcinols and lignans (Bondia-
Pons et al., 2009). Alkylresorcinols, which are also known as phenolic
lipids, are used as good biomarkers of consumption of rye and whole-
grain wheat products in human plasma (Kruk et al., 2017). Einkorn
wheat is known for its generally high amounts of lipophilic antioxidants
such as tocopherol and total carotenoids (Ziegler et al., 2016). Very
recently, Gotti et al. (2018) showed that old varieties of common wheat
had more phenolic acids than modern varieties, especially in the case of
ferulic acid and vanillic acid. It is, however, important to mention that
growth conditions have large effects on grain phenolic acids (Shewry
et al., 2013).

According to Adom and Liu (2002), antioxidative activity and
health impacts of cereals are underestimated due to the fact that ex-
tractable antioxidants (i.e., free or loosely-bound antioxidants) are most
commonly studied, and these represent only a small fraction of the
antioxidant pool of grains. Indeed, most of the total antioxidants in the
grain are existing in a bound form, which cannot be extractable or
isolated by common extraction methods. For example, the percentage
of bound phenolic compounds in cereal grains is usually ranging be-
tween 70 and 90% of the total phenolics as shown in oat, barley and
wheat (Adom and Liu, 2002; Comert and Gokmen, 2017).

Ferulic acid is known to be the most abundant phenolic acid in
cereal grains. In a study with 130 common wheat cultivars it has been
found that ethanol-extractable ferulic acid in whole grain ranged be-
tween 1.2 and 6.2 μg/g DW, while the range of bound-ferulic acid
concentration was between 162 and 721 μg/g DW (Wang et al., 2014).
Bound antioxidants probably exert their biological effects for longer
time periods in body than soluble ones (Comert and Gokmen, 2017). It
is suggested that bound antioxidants might be released in intestinal
tissue and exert their biological effects, for example, against colon
cancer and other digestive cancers (Adom and Liu, 2002; Fardet et al.,
2008).

Antioxidative compounds have usually high potential to detoxify
reactive oxygen species (ROS) and show high anti-inflammatory and
anti-carcinogenic effects in cellular systems. Oxidative damage to cel-
lular systems is the basic phenomena behind the most common diseases
and cell death and responsible for the degradation of vital cell con-
stituents such as lipids, proteins and genomic DNA. ROS are known to
be extensively produced in human cells as result of mitochondrial and
peroxisomal activity under environmental stress factors such as
smoking, air pollution, UV light, as well as chemical contaminants in
food. Moreover, ROS levels increase under various pathological situa-
tions including inflammation and infections, neurodegenerative con-
ditions and cancer (Reuter et al., 2010).

To our knowledge, studies conducted on the antioxidative potential
and biological effects of cereal species have been conducted usually by
using only a small number of genotypes. In addition, no study is known
to us in which a large number of genotypes of different cereal species
were tested for their biological effects in human cell cultures. In the
present study, 20 genotypes each of oat, rye, spelt wheat, primitive and
wild wheat and 12 genotypes of common wheat were used to study
their protective effects against oxidative stress generated in human
HeLa (cervical) and HCT 116 (colorectal) cancer cell lines. In these cell
cultural assays, cellular levels of ROS, mitochondrial health, DNA

damage and cell survival were analyzed by using standard cell biolo-
gical tests (Jakubowski and Bartosz, 2000; Mosmann, 1983). All cereal
genotypes mentioned were also studied for the concentration of total
phenolics (TPC) and for the relationship between oxidative cell damage
in human cell lines and TPC values.

2. Materials and methods

2.1. Seed materials

This study has used 20 genotypes each of oat (Avena sativa L.), rye
(Secale cereale L.), spelt wheat (Triticum spelta L.) and 20 genotypes of
different wild and primitive wheats, including T. boeoticum Boiss. (wild
einkorn), T. monococcum L. (einkorn wheat) and Aegilops species.
Additionally, 12 genotypes of common wheat (T. aestivum L.) were in-
cluded in the studies. All plant material was grown within the frame of
the FP7 Collaborative EU Project: “HealthyMinorCereals”. All rye, oat,
spelt, and primitive and wild wheat samples originated from Estonia
(Estonian Crop Research Institute, Jõgeva), the Czech Republic (Selgen
a. s., Krukanice), Austria (BOKU, Tulln) and the Czech Republic (Crop
Research Institute, Prague), respectively. Supplementary Table 1 pro-
vides a detailed description of the tested genotypes.

2.2. Preparation of seed extracts

Cereal seeds were first ground to a fine powder in an agate stone
mill. For oat and spelt wheat, seeds were dehulled before milling using
a pressure dehulling device as described by Kittlitz and Vetterer (1972)
and a US 1500 dehuller (Horn Technic, Bad Saulgau, Germany), re-
spectively. Primitive and wild wheat genotypes were dehulled manu-
ally. About 250 mg wholemeal flour were dissolved in 10 ml 100%
ethanol overnight in a +4 °C cold room with a gentle agitation. Sam-
ples were then centrifuged for 4 min at 2000 rpm at +4 °C and su-
pernatants were aliquoted and dried under vacuum. Pellets were dis-
solved in 100 μl ethanol and stored at −80 °C until further analysis.

2.3. Human cell cultures

HeLa human cervix cancer cell line was cultured in Dulbecco's
modified Eagle's media (DMEM; PAN Biotech, Aidenbach, Germany)
and HCT116 human colon cancer cell lines were cultured in McCoy's 5A
media (PAN Biotech, Aidenbach, Germany), that were supplemented
with 10% fetal calf serum (PAN Biotech, Aidenbach, Germany), L-glu-
tamine (Biological Industries, 03-020-1B) and 100 U/100mg/ml peni-
cillin/streptomycin (Biological Industries, 03-031-1B). Cells were
grown in a 37 °C tissue culture incubator under 5% CO2.

2.4. MTT cell viability assay

For the evaluation of cell viability, MTT assay was used which
measure the activity of mitochondrial enzymes by monitoring the ab-
sorbance of purple formazan salt. First, 1× 104 cells/well were plated
in 96-well plates, allowed to attach overnight, and treated for 2 h with
cereal extracts or N-acetylcysteine (NAC) (A9165, Sigma, St Louis, MO).
Then cells were treated with 1mM H2O2 for 2 h. After treatments, the
MTT cell viability assay was performed. Briefly, 10 μl MTT (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) reagent (5 mg/
ml; M5665, Sigma, St Louis, MO) was added to culture media, followed
by 4 h incubation. Formazan crystals that were formed as result of the
esterase activity of healthy mitochondria were solubilized following the
addition of 100 μl DMSO (Sigma, St Louis, MO). Color change was
quantified in a microplate reader (reading at 570 nm, Bio-Rad,
Hercules, CA).
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2.5. Cell death analysis by FACS

As a late event of apoptosis, DNA is condensed and fragmented. This
cellular phenomenon can be monitored by fluorescence-activated cell
sorting (FACS) with the help of DNA binding dye PI (propidium iodide).
In the cell death assay, we used, floating and adherent cells were first
collected, washed twice with ice-cold 1×PBS and fixed in 70% ethanol
for 16 h at 4 °C. Then, ethanol was removed from the samples by cen-
trifugation at 1200 rpm for 5min. The pellet was dissolved in 100 μl
1× PBS, RNase (100 μg/ml) and PI (40 μg/ml) (P3566, Invitrogen,
Eugene, OR) were added to the solution. Samples were then incubated
for 30min in dark at 37 °C. FACscan analyses of PI positivity were
performed in a BD FACS Canto Flow Cytometry System (BD, San Jose,
CA). At least 10,000 events were analyzed per experimental point.

2.6. Immunofluorescence analysis

The cell permeant 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCFDA) (also known as dichlorofluores cin diacetate) is a chemi-
cally reduced form of fluorescein that is used widely as an indicator for
ROS in cells. Upon cleavage of the acetate groups by intracellular es-
terases and oxidation, the non-fluorescent H2DCFDA is converted to the
highly fluorescent 2′,7′-dichlorofluorescein (DCF). In the assay, first,
cells were seeded onto poly-l-lysine (P8920, Sigma, St Louis, MO)
coated coverslides in 12-well plates. Following attachment, cells were
treated with either cereal extracts or NAC (A9165, Sigma, St Louis, MO)
for 2 h. Then, 1mM H2O2 was added for 2–4 h. For ROS analysis, 1 mM
CM-H2DCFDA (DCF) (C6827, Invitrogen, Eugene, OR) or 100 nM
MitoTracker Red CMXRos (M7512, Invitrogen, Eugene, OR) was added.
Nuclei of cells were stained with DAPI (H3570, Invitrogen, Eugene,
OR). DCF signal, hence ROS generation in cells was visualized at
40×magnification under a fluorescent microscope (Olympus B×60,
Japan).

For γH2A.X staining cells were fixed in 3.7% PFA in 1×PBS, pH:
7.4 for 30min, washed with PBS and permeabilized in 1×PBS con-
taining 0.1% saponin and 0.1% BSA. After 3 washes in 1×PBS, cov-
erslides were incubated with the primary antibody (anti-phospho his-
tone γH2A.X, MerckMillipore, 05–636, 1:200) for 1 h at RT. Following 3
washes in 1×PBS, coverslides were incubated with Alexa 568-con-
jugated secondary antibodies (Molecular probes, 927075, Invitrogen,
Eugene, OR) for 1 h at RT. Cells were washed 3 times and DAPI stain
was added in the last wash to visualize nuclei.

Coverslides were mounted using 50% glycerol in 1× PBS and
analyzed under a fluorescent microscope (Olympus BX60, Japan) using
a plan-apochromat 60x/1.42 oil objective.

2.7. Immunoblotting analysis

Cellular signaling and stress can be determined to evaluate the
changes and status of related-proteins by immunoblotting. To obtain
protein extracts, human cells were lyzed in RIPA buffer (50mM TRIS-
HCl pH 7.4, 150mM NaCl, 1% NP40, 0.25% Na-deoxycholate) sup-
plemented with a protease inhibitor cocktail (Roche, 04-693-131-001)
and 1mM phenylmethylsulfonyl fluoride (PMSF; Sigma-Aldrich,
P7626). For phospho-protein analyses, 100 nM okadaic acid, 1 μM cy-
closporine A, 1mM NaF, 50mM β-glycerophosphate were added to the
RIPA buffer with above-mentioned supplements. Protein extracts (50
μg/well) were separated in 10 or 15% SDS-polyacrylamide gels and
transferred to nitrocellulose membranes. Following blocking in 5% non-
fat milk in PBST (3.2mM Na2HPO4, 0.5 mM KH2PO4, 1.3mM KCl,
135mM NaCl and 0.05% Tween 20, pH 7.4) or in TBST (137mM NaCl,
1.3 mM KCl, 19mM Tris-base and 0.05% Tween 20, pH 7.4) for
phospho-protein analysis for 1 h at RT, membranes were incubated in
3% BSA-PBST solutions containing primary antibodies (ab): anti-PARP
ab (CST, #9542S, 1:1000), anti-cleaved caspase-3 (Asp175) ab (CST,
#9661, 1:1000), anti-Bax (Santa Cruz, sc-493, 1:1000), anti-bcl-2 ab

(Santa Cruz, sc-7382, 1:1000), anti-JNK ab (Sigma, J4750, 1:1000),
anti-P-JNK (phospho-Tyr183 and -Tyr185) ab (Sigma, J4644, 1:1000),
anti-phospho histone γH2A.X ab (MerckMillipore, 05–636, 1:1000) and
anti-β-actin ab (Sigma-Aldrich, A5441, 1:10.000). Then, secondary
mouse or rabbit antibodies coupled to horseradish peroxidase (anti-
mouse: Jackson Immunoresearch Laboratories, 115035003; anti-rabbit:
Jackson Immunoresearch laboratories, 111035144, 1:10.000) were
applied in 5% milk/PBST for 1 h at RT. Protein bands were revealed
with a home-made chemiluminescence solution as previously described
(Erbil et al., 2016).

2.8. Measurement of ROS staining with spectrofluorometer

To further validate the level of intracellular oxidation, cells were
seeded in 12-well plates (1×105 cells/well). Following cereal extract,
NAC and/or H2O2 treatment for 4 h, 1mM DCF was added. Then, cells
were trypsinized and washed twice in ice cold 1×PBS by centrifuga-
tion. Final cell pellets were resuspended in 200 μl ice cold 1× PBS and
placed into Thermo black 96 well plates. DCF signal was measured with
a spectrofluorometer using a λex: 495 and a λem: 527. (Thermoscan,
Thermo Scientific, IL). Readings were normalized to the results of MTT
cell survival values from parallel experiments.

2.9. Total phenolic concentration (TPC)

The total phenolic concentration of the floor samples was measured
according to the Folin-Ciocalteu spectrophotometric method (Singleton
and Rossi, 1965) after extraction of the floor samples in acidified me-
thanol.

2.10. Statistical analyses

Data obtained from independent experiments (n=3) were ana-
lyzed. Results were evaluated using analysis of variance (ANOVA) with
the Bonferroni and Dunnett correction for multiple mean comparison.
Results are presented as mean ± standard deviation (SD). Statistical
differences were considered significant if p < 0.05.

3. Results

3.1. Effect of seed extracts on the ROS levels in human epithelial cells

As shown in Fig. 1A, the seed extracts of the common wheat gen-
otypes failed to decrease cellular H2O2 levels compared to the NAC
control. In cells that were exposed to common wheat extracts, ROS
levels were around 2 times higher than that of NAC-treated cells. On the
other hand, under similar conditions, the majority of rye, spelt or wild
wheat extracts showed significantly high protective effects against ROS
accumulation (Fig. 1B–D). For example, out of 20 oat cultivars only 4
failed to show protective effects on oxidative stress (Fig. 1E), while seed
extracts of almost all genotypes of common wheat were not able to
exhibit a protective effect against oxidative stress in human cell lines.

The minor cereal genotypes with contrasting antioxidative potential
(rye samples R4 and R6; oat samples O9 and O19; spelt wheat samples
SW6 and SW2; wild wheat samples WW9 and WW12, and common
wheat samples CW12 and CW14) were used in another experiment to
collect further experimental evidence for their differential ROS-pro-
tective effects. The results presented in Fig. 2 confirmed that the
magnitude in the generation of ROS based on the DFC fluorescence
measurement in HeLa and HCT116 cervix- or colon-derived human
epithelial cells corresponded with the differential antioxidative poten-
tial of the genotypes as shown in Fig. 1.
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3.2. Effects of cereal extracts on oxidative stress-induced death of human
cells

The genotypes with high antioxidant capacity protected cells from
ROS-induced death while the genotypes with low antioxidative poten-
tial were less effective in preventing oxidative stress-induced cell death
in HeLa (Fig. 3A) or in HCT116 (Fig. 3B) cells. As molecular markers of
apoptotic cell death activation, PARP cleavage and caspase-3 activation
were analyzed in HeLa (Fig. 3C–E) and HCT116 (Fig. 3F–H) cells. PARP
cleavage and caspase-3 activation were observed in cells that were
treated with the extracts of genotypes with low antioxidant capacity.
Conversely, cells that were exposed to ROS-protective cereal extracts
had no apoptosis marker accumulation, confirming their cell death
sparing effects. Using ethanol in the seed extraction did not have any
significant effect on cell death under the given experimental conditions.

3.3. Effects of cereal extracts on oxidative stress-induced mitochondrial
damage

The genotypes of minor cereals with high antioxidant effects limited
ROS-induced mitochondrial damage in cells while the genotypes having
poor antioxidant activity failed to do so in both HeLa and HCT116 cells
(Fig. 4A–E). Therefore, we checked JNK activation levels in HeLa
(Fig. 4F and G) and HCT116 (Fig. 4H and I) cells following cereal ex-
tract treatments. In line with their ROS protective effects, we observed
less JNK activation in cells-treated with antioxidant cereal extracts
compared to those that performed poorly.

3.4. Effects of cereal extracts on oxidative stress-induced DNA damage

As shown in Fig. 5A–E, we could observe accumulation of DNA
damage foci in cells following ROS exposure. Prominent suppression of
damage accumulation was detected in cells that were treated with an-
tioxidant-rich cereal extracts, while extracts with low antioxidant

Fig. 1. Protective effects of minor cereal extracts versus common wheat. Antioxidant capacity of 20 different genotypes of minor cereals - rye, spelt wheat, wild
wheat and oat (B–E) were compared to that of 12 genotypes of common wheat (A). ROS levels in HeLa cells that were treated with H2O2 (1mM, 4 h) alone or together
with ethanol extracts of cereals or NAC (Positive control N-Acetyl Cysteine) were analyzed using a spectrofluorometric DCF staining test. Cell survival corrected DCF
measurements were shown. R, rye. O, oat. SW, spelt wheat. WW, wild wheat. CW, common wheat. Data are presented as the mean ± SD of independent experiments
(n=3).
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activity remained less effective. The γH2A.X accumulation was con-
firmed by immunoblotting (Fig. 5F–I). The amount of phosphorylated
protein found showed a good correlation with the antioxidant capacity
of the tested extracts. Therefore, cereal extracts that showed anti-
oxidant capacity, prevented DNA damage in human epithelial cells.

3.5. Total phenolic concentration (TPC) of cereal extracts

Among the cereal species studied, rye and common wheat had the
highest and lowest TPC values, respectively (Fig. 6). When compared to
the genotypes of common wheat, the rye, oat and spelt wheat genotypes
contained significantly higher TPC considering the average values,
while the wild and common wheat genotypes were similar (Fig. 6). The
correlation coefficient (r) values between TPC and cell viability data
given in Fig. 1 did not show any statistical association. The corre-
sponding r values were −0.15 for rye, −0.05 for oat, +0.12 for spelt
wheat, −0.007 for wild wheat and −0.21 for common wheat.

4. Discussion

In this study, 20 genotypes of each oat, rye, spelt and wild wheat

were studied for their protective effects against oxidative stress gener-
ated in human HeLa (cervical) and HCT 116 (colorectal) cancer cell
lines, and the results were compared with the effects of 12 modern,
commonly cultivated bread wheat genotypes. N-acetylcysteine (NAC), a
commonly used antioxidant molecule, was included in the assays as
positive control (Elbini-Dhouib et al., 2016). When compared to
common wheat genotypes, almost all genotypes of the minor cereal
species tested exhibited superior antioxidant activity in HeLa cells
treated with H2O2 (Fig. 1). Many genotypes of minor cereal species
showed strong antioxidant capacity like NAC, while no modern wheat
genotype was found having similar or better antioxidant activity
(Fig. 1). In the case of oat, 4–5 genotypes had poor antioxidant activity
when compared to NAC and behaved like modern wheat genotypes.
However, there were 55–60 number of minor cereals genotypes be-
haved oppositely; therefore, these results highlight the importance of
their testing for their superior antioxidative activity in the present
study.

In the additional studies, contrasting genotypes from each cereal
species regarding their antioxidative activity were used to collect ad-
ditional supportive evidence for their biological effectiveness in pre-
venting ROS-mediated cellular damage. Results presented in Figs. 3–5

Fig. 2. Antioxidant effects of cereal
extracts using two different human
epithelial cell types. Minor cereals
with highest (R4, O9, SW6, WW9) or
low antioxidant capacity (R6, O19,
SW2, WW12) were selected and their
biological effects were confirmed and
compared to that of a common wheat
genotype (CW4, CW12) cervix-derived
HeLa and colon-derived HCT116
human epithelial cells. (A–E)
Microscopy pictures showing DCF
signal intensity in cells treated with
indicated cereal extracts (400× mag-
nification). (F, G) Graphs compairing
DCF signal per live cells in HeLa (F)
and HCT116 (G) cells. Data were pre-
sented as the mean ± SD of in-
dependent experiments (n = 3). *,
p < 0.05, **, p < 0.001, p < 0.0001.
n. s., not significant (Bonferroni post
hoc test).
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showed that the genotypes with high antioxidant potential had superior
protective effects against ROS-induced DNA and mitochondria damage,
preventing cell death in HeLa cells and colon-derived HCT116 cells. By
contrast, selected genotypes with poor antioxidant activity failed to
exert such effective protection. ROS-induced stress resulted in caspase-3
activation and PARP cleavage and eventually cell death in both cell
lines. Under these conditions, cell death was prevented by the minor
cereal genotypes with high antioxidant activity while the genotypes
with less antioxidant capacity had no or little rescue effect (Fig. 2).

Epithelial cells lining digestive system surfaces such as colon lumen
are constantly facing food-derived chemicals, toxins (e.g. pesticides),

food additives and environmental pollutants. Several of these factors
induce ROS production in cells (Gorrini et al., 2013). Additionally,
various infectious agents and inflammatory reactions against them ex-
acerbate ROS accumulation in tissues (Naito and Yoshikawa, 2002). In
this study it has been shown that in HCT116 colon epithelial cells, seed
extracts from selected minor cereal genotypes were able to show pro-
tective effects against ROS-induced mitochondria and DNA damage.
Therefore, it is suggested that the antioxidant pools of minor cereals
might help to protect digestive system cells from the hazardous effects
of external factors. Some of the hazardous substances are known to be
ingested and distributed in tissues. It is possible that the protective

Fig. 3. Protective effects of minor cereal extracts from ROS-induced cell death. Analysis of ROS-induced cell death (PI exclusion) in HeLa (A) or HCT116 (B)
cells that were treated or not with cereal extracts. (C–E) Caspase activation and PARP cleavage analysis in HeLa cells. (F–H) Caspase activation and PARP cleavage
analysis in HCT116 cells. Data represents mean ± SD of independent experiments (n = 3). *, p < 0.05, **, p < 0.001, p < 0.0001. n. s., not significant (Dunnett's
post hoc test).

Y. Akkoc et al. Journal of Cereal Science 85 (2019) 143–152

148



effect of antioxidants from minor cereals might continue following in-
gestion. Indeed, these observations were also confirmed using the
cervix-derived epithelial cell line HeLa.

To our knowledge, the current study is the first reporting protective
effects of minor cereal seeds against oxidative stress in human epithelial
cells. It is not clear why modern wheat cultivars remained less effective
against oxidative stress compared to most of the genotypes of rye, oat,
spelt wheat and wild wheats. One explanation might be the loss of al-
leles affecting antioxidant traits in modern wheat seeds during intensive
breeding or dilution of the antioxidant pools in modern wheat through
their high grain yield capacity (Shewry and Hey, 2015; Shewry et al.,
2016). Similarly, also micronutrient concentrations such as zinc and
iron are very commonly lower in modern wheats compared to wild and
primitive wheats (Cakmak et al., 2010). As discussed by Shewry et al.
(2016), currently available evidence on the poor antioxidative potential
of modern wheat is not adequate and needs further experimental evi-
dence. In this study, we solely concentrated on the antioxidant capacity
of the whole seed (without hull) of minor cereals and modern wheat in

human cell cultures. Additionally, the present study examined the
concentration of total phenolics of the minor cereals and modern
wheat. The total phenolic concentrations did not show any association
with the cell survival against oxidative stress; however, the common
wheat genotypes had the lower TPC in the extracts made from whole
seed compared to minor cereal species (Fig. 6). Lower TPC values of
common wheat might be one of the contributing factors to why
common wheat had less antioxidative effect against oxidative damage
in human cell lines.

Considering the distinct protective effects against oxidative damage
in human cell cultures (Fig. 1), it is suggested that minor cereals contain
effective bioactive compounds with high antioxidant potency, which
alone or synergistically contribute to the alleviation of ROS-induced
oxidative damage in human epithelial cells. Almost all genotypes of rye
showed very high antioxidative potential comparable to NAC (Fig. 1).
Rye was reported to contain antioxidant molecules, including phenolic
acids, alkylresorcinols and lignans (Bondia-Pons et al., 2009). The high
antioxidant capacity of rye was correlated to ferulic acid, which is

Fig. 4. Protective effects of minor cereal extracts from ROS-induced mitochondrial depolarization and JNK-mediated stress signaling activation.
MitoTracker red staining and immunofluorescence microcopy (400×magnification) of the mitochondrial network in cells treated with rye (A), oat (B), spelt wheat
(C), wild wheat (D), and common wheat (E) extracts. (F, I) Phosphorylation status of JNK in HeLa (F and G) and in HCT116 (H and I) cells was analyzed by
immunoblotting. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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predominantly located in cell walls and the bran fraction of grains
(Andreasen et al., 2001). It would be highly interesting to compare rye
(and other minor cereals) with common wheats for the concentration of
the selected antioxidants and protection against oxidative cell damage
in human cell lines by using the bran part of the genotypes (especially
the cell wall materials). Rye bran part is also rich in alkylresorcinols,
which are well-documented phenolic compounds and used in cancer
prevention and anticancer activity, and rye contains more alkylre-
sorcinols than barley, bread and durum wheat (Kruk et al., 2017).

It would be of great interest to test the role of selected rye phenolic
antioxidants such as ferulic acids or alkylresorcinols in reducing ROS-
dependent oxidative damage to DNA and cell death in human epithelial
cells in future studies. There is very little research on antioxidative
impacts of spelt wheat in cellular systems exposed to oxidative stress.
According to Gawlik-Dziki et al. (2012) spelt wheat grains exhibit also
high antioxidant capacity that is linked to its high amounts of phenolic

acids especially sinapinic acids as well as ferulic acid.
With the exception of a few genotypes (i.e. ‘Dan’ and ‘Steinar’), oat

was also highly effective in reducing oxidative damage in cell lines
(Fig. 1). The protective effect on oxidative stress was even much greater
than NAC. The identification of the specific oat phytochemicals in-
volved in this particular antioxidative effect will be an important re-
search subject in future. Several published evidence is available in-
dicating that oat contains unique and particular bioactive compounds,
which have strong antioxidant capacity, anticancerogenic properties,
and anti-inflammatory effects (Martinez-Villaluenga and Penas, 2017).
Phenolic amides, known as avenanthramides, represent further unique
bioactive compounds of oat. According to several epidemiological and
clinical tests, avenanthramides have strong antioxidant capacity, anti-
proliferative impacts and protective effects against coronary heart dis-
eases (Meydani, 2009). The antioxidant capability of avenanthramides
has been found to be much greater (up to 30 times) compared to many

Fig. 5. Protective effects of minor cereal extracts from ROS-induced DNA damage. Confocal microscopy analysis of γH2A.X positive damaged DNA foci in cells
treated with rye (A), oat (B), spelt wheat (C), wild wheat (D) or common wheat (E) extracts (630× magnification). Immunoblot analysis of γH2A.X phosphorylation
status in HeLa (F) or in HCT116 (H) cells. H2A, antibody recognizing total (phosphorylated and unphosphorylated) H2A protein. Graphs showing γH2A.X/H2A ratios
in HeLa (G) or HCT116 (I) cells. *, p < 0.05, **, p < 0.001, p < 0.0001. n. s., not significant.
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other phenolic antioxidants. Probably, one of the oxidative stress pro-
tective function of oat genotypes found in the present study is related to
effective bioactive compounds such as β-glucan and avenanthramides
that are abundant in the seed.

Almost all wild wheat genotypes showed similar and even better
antioxidant effects compared to NAC (Fig. 1). Wild and primitive
wheats have usually small seeds and low yield capacity, and therefore
their seeds may contain higher amounts of antioxidants. Einkorn wheat
is generally highly rich in lipophilic antioxidants such as alpha-toco-
pherol, lutein and β-carotene when compared to bread and durum
wheat (Ziegler et al., 2016). Lipophilic antioxidants have particular
protective effects against different oxidative diseases and provide

health benefits. Therefore, in einkorn wheat, lipophilic antioxidants
might be responsible for the antioxidant pool-mediated protective role
against oxidative stress generated in the present study.

Based on the findings of the present study, it is suggested that foods
made from minor cereals could be potentially important for main-
taining a high pool of antioxidants in the body against ROS-related
chronic human diseases. In fact, the oxidative damage might be a result
of exposure to chemicals and radiation, but the malfunction of cell's
own mitochondria also leads to a similar outcome, or exacerbates the
hazardous effects of exogenous substances (Scheme 1). ROS accumu-
lates in cells and damages DNA, lipids, proteins and organelles such as
mitochondria, leading to a vicious disease cycle. ROS-induced damage
to cellular components, especially to DNA, play a critical role in the
origin of several chronic diseases including cancer, neurological dis-
orders, inflammation damage and cardiovascular diseases (Liou and
Storz, 2010; Reuter et al., 2010). Synthetic antioxidant substances and
supplement drugs are used in the food industry, but a number of studies
warn about possible side-effects, including liver damage and carcino-
genesis (Bjelakovic et al., 2014). Hence, control of ROS levels through
regular intake of natural antioxidants might be a better alternative in
preventing disease development and progress, and contribute to a
healthier life. Of course, following characterization of unknown natural
antioxidant molecules or molecule combinations resulting in the anti-
oxidant effects that were presented in this study, and determination of
their concentration in relevant seeds, further clinical studies with large
patient cohorts are required for the assessment of the safe and biolo-
gical effective dosage. Nevertheless, in recent years, there is an in-
creasing trend to consume antioxidants from natural products for better
health and as supplements during the treatment of chronic diseases
(Banach et al., 2017). Therefore, adding minor cereals (particularly the
bran) into wheat-based foods such as bread might be considered for
better antioxidant intake and balanced nutrition of human populations
and for minimizing the risk of life-threatening diseases. Further re-
search is, however, required for the identification and characterization
of individual bioactive compounds involved in better antioxidative
potential of minor cereals.
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