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Abstract—Hydroxycinnamic acids have received particular attention because they are the most abundant
phenolic class in our diet and because of the increasing interest in reducing oxidative damages. These dam-
ages are related to diseases such as cancer and atherosclerosis, as well as neurodegenerative disorders. The
objective of this study was to evaluate the antioxidant protection of chlorogenic and caffeic acids and caffeic
acid phenethyl ester (CAPE) against oxidative stress in vivo. Antioxidant activity was evaluated using BY4741
strain and superoxide dismutase- and glutathione-deficient (Asod1 and Agshl) mutants of Saccharomyces
cerevisiae through cell viability assays, lipid peroxidation levels and glutathione quantification. In the cell via-
bility tests, caffeic acid promoted higher stress tolerance, with a 106% increase in . cerevisiae BY4741. How-
ever, in the Asod mutant, the effect of chlorogenic acid was more prominent, showing a 3.3-fold increase
and in the Agsh I mutant all treatments provided a similar level of protection. The phenolic acids protected
cell membranes in control and mutant cells at the same level. CAPE maintained the GSH concentration at
levels similar to the non-stressed control (48.6 £ 10.9 nmol/mg of cells). The maintenance of cytoplasmic
levels of GSH that was promoted by CAPE, despite the induction of stress, indicates its superior antioxidant

protection to its precursor, caffeic acid.
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Dietary polyphenols are known to be beneficial to
human health and associated with the prevention or
reduction of oxidative stress in the body, that comes
from a redox unbalance in cells and is connected with
the etiology of a number of diseases. These include ath-
erosclerosis, neurodegenerative diseases, cardiovascu-
lar diseases and some types of cancer [1, 2]. Hydroxy-
cinnamic acids (HCAs) are a class of polyphenols with
a high antioxidant power in biological systems [3] and
the caffeic acid (CA, 3-(3,4-dihydroxyphenyl)-2-pro-
penoic acid) is one of the main representatives of
HCAs, highly abundant in foods [4, 5].

Caffeic acid phenethyl ester (CAPE) and chloro-
genic acid are compounds that are derived from caffeic
acid. CAPE is formed by the esterification of CA with
phenethyl alcohol, while chlorogenic acid is obtained
from the esterification of quinic acid with CA. The
chemical characteristics of the esterified group influ-
ence the polarity of the molecule and consequently its

! The article is published in the original.

absorption by the cells, in addition to specifically
influencing its antioxidant activity.

These compounds have several biological and
pharmacological effects. These include immuno-
modulatory [6], anti-inflammatory [7], anticarcino-
genic [8] and neuroprotective [3] properties, as well as
antioxidant activities [9]. However, the intracellular
response and the mode of action of these substances
depend intrinsically on the site of action and how
these substances alter the oxidative environment
within the cells. For example, phenolic compounds
can mobilize radical species from endogenous or
exogenous sources [10], and the induction of endoge-
nous antioxidant defense systems involves several dif-
ferent steps and pathways [11], many of which are still
unknown.

Some organelles and cellular structures can poten-
tially be affected by oxidative stress, in particular the
DNA, mitochondria and the plasma membranes of
cells [12]. Additionally, antioxidant defense systems
show variations in their activities depending on
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changes to the redox state of the cells [7]. In this con-
text, antioxidant assays in Saccharomyces cerevisiae
cells are interesting because these cells are a simplified
biological model. They are a unicellular eukaryotic
organism, showing a high level of orthology in mamma-
lian cells; especially regarding the macromolecules and
organelles of the antioxidant defense system [13, 14].
Furthermore, knowledge of the yeast genome allows
genetic manipulation, to obtain more sensitive strains
to oxidative stress, such as the Asodl (deleted in the
enzyme superoxide dismutase) and Agsha/ (deleted in
the tripeptide glutathione) mutants. These strains are
deficient in protection systems linked to the cell’s
redox homeostasis, allowing a more precise evaluation
of the compound’s actions [15, 16].

In this study, we used S. cerevisiae as a unicellular
eukaryotic model to verify the differences in the anti-
oxidant action of CAPE, chlorogenic acid and caffeic
acid on yeast strains deficient in the superoxide dis-
mutase (SOD) or tripeptide glutathione (GSH) under
oxidative stress caused by 1 mM hydrogen peroxide.

MATERIALS AND METHODS

Yeast strains and growth conditions. The S. cerevi-
siae BY4741 control strains (MATa; his3AI; leu2A0;
met15A0; ura3A0) and their isogenic mutants Asod/
and Agsh 1, which respectively harbor versions of the
SODI1 and GSHI1 genes that have been interrupted by
the gene KanMX4, were acquired from Euroscarf
(Frankfurt, Germany). Stocks of yeast strains were
maintained on a solid YPD medium containing (g/L):
yeast extract—10.0, glucose—20.0, 2% peptone—20.0
and agar—20.0. For the mutant strains, the medium
also contained 0.02% geneticin. Media components
were obtained from Difco (USA). Chlorogenic acid,
CAPE and caffeic acid were obtained from Sigma-
Aldrich (USA). A stock solution of phenolics
(2 mg/mL) was prepared using dimethylsulfoxide and
water (1 : 1). For all experiments, cells were cultivated
on a liquid 2% YPD using an orbital shaker with
160 rpm at 28°C. The cell growth continued until the
population reached the mid-exponential phase (ODs;,
of 0.6 and 1.0 mg dry weight/mL). The factor used to
convert absorbance into dry weight was calculated using
the centrifugation of 10 mL of the cell suspension at
2000% g for 5 min, followed by the dehydration of the
pellet at 80°C until it achieved a constant weight.

Pretreatment and stress conditions. Cells (20 mg)
were centrifuged at 2000X g for 5 min, resuspended in
50 mM K-phosphate buffer (pH 6.0) and treated with
chlorogenic acid, CAPE or CA taken in concentration
of 1, 10 or 100 pg/mL for 2 h. Cells resuspended in the
same buffer were used as the control. For the toxicity
test, pretreatment was terminated at this stage.

For the assays of cell viability, lipid peroxidation
and GSH:GSSG quantification, cells in the exponen-
tial phase were exposed to chlorogenic acid, CAPE or
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caffeic acid taken in concentration of 10 ug/mL for
2 h, harvested, washed twice with 50 mM K-phos-
phate buffer (pH 6.0), resuspended in YPD medium
and then incubated with 1.0 mM hydrogen peroxide
for 1 h. Both unstressed cells and cells that were only
treated with hydrogen peroxide for 1 h (stress control)
were maintained for comparison purposes.

Toxicity and cell viability. Pre-treated cells were col-
lected (40 ug), diluted (1000x) with 50 mM K-phos-
phate buffer (pH 6.0), plated on YPD 2% and incu-
bated at 28°C for 72 h and the number of colonies was
counted [13, 17]. For toxicity, the results were
expressed as the survival percentage and for cell viabil-
ity they were expressed in CFU/mL.

Lipid peroxidation. Fifty mg of pre-treated cells were
collected, centrifuged at 2000 g for 5 min and washed
twice with ultra-pure water. The pellets were resus-
pended in 0.5 mL 10% trichloroacetic acid (TCA) and
1.5 g of glass beads (40 um, Sigma-Aldrich, USA) were
added. Six cycles agitation on a vortex (Gehaka, Brazil),
followed by ice (20 s each one) were performed to lyse
the samples. Extracts were centrifuged at 2000x g for
4 min and the supernatants were mixed with 0.15 mL
0.1 mM EDTA and 0.60 mL 1% thiobarbituric acid.
The reaction mixture was incubated at 100°C for 15 min
and, after cooling, the final product of the lipid oxida-
tion (malondialdehyde — MDA) was measured spec-
trophotometrically at 532 nm [18].

Glutathione determination. Twenty mg of pre-
treated cells were collected, centrifuged at 2000x g for
5 min and washed twice with ultra-pure water. The
pellets were resuspended in 0.5 mL 10% TCAand 1.5 g
of glass beads were added. For lysing the samples, they
were kept 20 min in ice bath vortexing vigorously every
5 min. Extracts were centrifuged at 19000% g for 5 min
and the supernatants were neutralized with 5.0 M
NaOH. Reduced glutathione (GSH) was spectropho-
tometrically determined in extracts following S-lac-
toyl-GSH production at 240 nm. Glutathione disul-
fide (GSSG) was determined in the same cuvette by
the addition of NADPH and glutathione reductase,
and reading at 340 nm [19].

Data analysis. At least three replicates for all assays
were performed and the collected data was subjected
to the ANOVA and the Tukey tests (p < 0.05).

RESULTS AND DISCUSSION

Cytotoxicity. Only innocuous concentrations of
HCAs could be used to evaluate the antioxidant
actions on yeast. In the S. cerevisiae BY4741 strain, the
toxicity evaluation showed no significant decrease in
survival percentage of the cells at the 1 and 10 ug/mL
concentrations, when exposed to the 3 compounds
(Table 1). However, 100 ug/mL CAPE was extremely
toxic leading to total cell death. For mutant strains, the
compound’s toxicity was evaluated only at 1 and
10 ug/mL concentrations. For CAPE, chlorogenic
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Table 1. Survival percentage of the S. cerevisiae BY4741, Asod1 and Agsh 1 strains treated with chlorogenic acid, CA and
CAPE at 1, 10 or 100 ug/mL for 2 h. Results presented are the average and standard deviation of at least three independent
experiments, n.e. represent combinations that were not evaluated, equal a or b symbols show similar results

Strains Chlorogenic acid CA CAPE
1 ug/mL
BY4741 96.67 + 4.16% 92.33 + 13.28¢ 91.00 £ 15.99¢
Asod 1 98.33 + 2.89¢ 100.00 £+ 0.00¢ 92.00 + 13.86
Agshl 100.00 % 0.00¢ 100.00 % 0.00¢ 100.00 + 0.00¢
10 ug/mL
BY4741 96.67 + 5.77¢ 96.00 £ 6.937 92.00 + 13.86
Asod 1 97.00 £ 2.65¢ 100.00 £+ 10.00¢ 97.67 £ 2.52¢
Agshl 100.00 % 0.00¢ 94.00 £ 6.00¢ 93.33 &+ 15.00
100 ug/mL
BY4741 92.67 = 12.70¢ 92.33 + 13.28¢ 1.33 £ 1.53%
Asod 1 n.e. n.e. n.e.
Agshl n.e. n.e. n.e.

and CA, cell survival remained above 90%. Therefore,
the 10 pg/mL concentration of tested compounds was
chosen to be used in the subsequent assays: cell viabil-
ity, lipid peroxidation and glutathione ratio.

Phenolic compounds are produced by plant’s sec-
ondary metabolism, and protecting the plant against
microorganisms is one of their functions. Conse-
quently, they have antibacterial and antifungal activi-
ties [20—22], which might become a limitation in
analyses using yeast cells as the biological model of
investigation. However, antifungal activity is directly
related to the concentration of the analyzed substances
[23]. Toxicity verified for CAPE in S. cerevisiae
BY4741 corroborates to toxicity results found in Can-
dida albicans, where CAPE revealed a high fungicidal
effect at 100 ug/mL [24]. Cigut et al. [25] used a
chromatographic analysis to evaluate the uptake of
50 ug/mL of CA and CAPE by S. cerevisiae cells. Phe-
nolic compounds were quantified in the supernatant
suspension, before and after a 1 h incubation period
with §. cerevisiae. Results showed that CAPE was
absent in the supernatant after treatment time, indi-
cating that the only compound was absorbed within
1 h. The higher toxicity observed for CAPE may be
associated to its faster absorption.

Cell viability. Determination of the antioxidant
activity was performed through cell viability assays.
Compounds were pre-incubated with chlorogenic
acid, CA and CAPE, and subsequently submitted to
oxidative stress with 1.0 mM H,O, [17]. All tested
compounds increased yeast tolerance to hydrogen
peroxide stress during the test, with different com-
pounds highlighted in each strain (Fig. 1).

In control S. cerevisiae BY4741 cells, CA promoted
higher stress tolerance, with a 106% mean increase
compared to cells that were only stressed (S), reaching
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the same level of stress tolerance as non-stressed cells
(NS). Additionally, both chlorogenic acid and CAPE
were effective in comparison with the control strain,
obtaining increases in viability of around 76 and 91%,
respectively.

In the Asod1 strain, all compounds achieved pro-
tection against stress. Chlorogenic acid was more effi-
cient than the others, producing cell survival similar to
the control (NS), increased survival 3.3-fold when
compared with stressed cells (S). The addition of
CAPE and CA led to 2.6- and 2.2-fold survival
increase, respectively. In the Agshl strain, all com-
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Fig. 1. Assessment of the stress tolerance of S. cerevisiae
BY4741 (1), Asodl (2) and Agshl (3) strains resulting
from exposure to H,O, after pretreatment with chloro-
genic acid (CL), caffeic acid (CF) or CAPE (CP). NS—
non-stressed cells; S—stressed cells. Results presented
are the average and standard deviation from at least three
independent experiments. The statistical analysis was
separately performed for each strain (p < 0.05). Equal
symbols show similar results.
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pounds were similar in their promotion of stress toler-
ance, increasing survival about 4-fold compared to the
survival of stressed cells (S). Curiously in the cell via-
bility assays, the Asod I strain presented a higher resis-
tance to hydrogen peroxide than the control strain,
represented by the number of colonies (CFU). The
unstressed control also presented a higher amount of
CFU than the S. cerevisiae BY4741 strain did (140 + 29
in BY4741 and 231 * 37 in Asodl), however the
stressed control did not present this discrepancy (53 £ 7
in BY4741 and 51 & 8 in Asod ]). This result contradicts
the expectation that the absence of an antioxidant sys-
tem would result in a more sensitive strain. However,
this deviation from the expectation has already been
verified in a survey performed on flavonoid hesperidin
by Wilmsen et al. [26], and in a survey performed on
resveratrol by Dani et al. [13]. Fernandes et al. [27]
pointed out that in the absence of a defense system, a
cell increases its expression of the remaining antioxi-
dant enzymes in order to protect itself. It is possible
that this mechanism is associated to the protection
exerted by phenolic compounds that are absorbed by
the cells, which might overcome the absence of anti-
oxidant enzymes and produce similar viabilities to
non-stressed cells.

Lipid peroxidation. Lipid peroxidation can be
defined as the cascade of biochemical events resulting
from the action of free radicals on the unsaturated lip-
ids of cell membranes. This mainly generates lipid rad-
icals (L, LO, eLOO), which initiate a primary cyto-
toxic events that trigger a sequence of cell lesions [28].
In three tested strains, all treatments with caffeic acid
derivatives resulted in a reduction of peroxidation levels
compared to cells that were only stressed (S). In addi-
tion, the peroxidation levels achieved were statistically
similar to the non-stressed control (NS) (Fig. 2).

Treating the mutant strains with hydroxycinnamic
compounds produced lipid peroxidation levels similar
to those of the unstressed control strain (NS). How-
ever, according to the results obtained from the cells
under stress (S), the compounds had a much more
pronounced effect on the Agshl than on the other
strains, since the Agsh I strain showed a greater sensi-
tivity to oxidative stress induced by hydrogen peroxide.

Lipid peroxidation results differed from the viabil-
ity results, where the same treatments produced differ-
ent results among the strains. Mekoue Nguela et al.
[29] suggested that polyphenols are adsorbed by yeast
cell walls and initially located in the space between the
cell wall and plasma membrane. This initial interac-
tion with the membrane may justify the greater protec-
tion exerted on this portion of the cell, which is veri-
fied by the similar lipid peroxidation levels produced
by all treatments, as the compounds would primarily
protect this location.

Reduced (GSH) and oxidized (GSSG) glutathione
determination. Cell viability and lipid peroxidation
results obtained for Agsi I demonstrate that this strain

APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vol. 55

267

200
150 -

100

*

L i@ﬂ i@

Fig. 2. Lipid peroxidation in the control S. cerevisiae
BY7471 (1), and pretreated Asod I (2) and Agsh I (3) mutant
strains which were exposed to chlorogenic acid (CL), caf-
feic acid (CF) or CAPE (CP) and subsequently stressed
with H,O0,. Extracts from non-stressed, stressed and
HCAs-treated cells were used to determine MDA levels.
The results presented are the average and standard deviation
from at least three independent experiments (p < 0.05).
Equal symbols show similar results.
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is more sensitive than the Asodl strain to hydrogen
peroxide oxidative stress (Figs. 1 and 2). The relation-
ship of oxidized to reduced glutathione (GSSG : GSH)
is used to evaluate the intracellular redox environment
and also to verify if antioxidant substances act on cel-
lular homeostasis, which would be reflected in the
GSH and GSSG levels. In this analysis, only the con-
trol strain (S. cerevisiae BY4741) was used, which had
a preserved endogenous antioxidant defense system.

Both chlorogenic and caffeic acids treatments
increased the concentration of reduced glutathione,
by 3.0 and 2.3-fold respectively, when compared to its
concentration in stressed cells (S) (Fig. 3). However,
treatment with CAPE was shown to be the most effec-
tive, since it obtained a reduced glutathione concen-
tration statistically similar to that of non-stressed
cells (NS), with a 4.1-fold increase compared to the
stressed cells. Overall, all three compounds contrib-
uted to the maintenance of the intracellular reducing
environment, contributing to the antioxidant defense
of the S. cerevisiae BY4741 when it is under oxidative
stress. Oxidized glutathione levels were not altered in
any of the treatments, revealing that an increase in the
GSH level does not necessarily represent a decrease in
the level of GSSG.

The effects of HCAs in other biological models
have already been tested by several authors, whose
reports support the findings of the present study. Celik
and Erdogan [30] found that CAPE reduced the levels
of some oxidative stress markers induced by drugs
causing diabetes. Rats treated for 60 days with CAPE
(10 ug/(kg day)) showed reduced lipid peroxidation
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Fig. 3. GSH (/) and GSSG (2) in S. cerevisiae BY7471
treated chlorogenic acid (CL), caffeic acid (CF) or
CAPE (CP) followed by hydrogen peroxide stress.
Untreated cells (NS) and cells only treated with hydrogen
peroxide (S) are represented. Mean values and standard
errors form at least three independent experiments are
shown. (p < 0.05). Equal symbols show similar results.

levels. Chen and Gong [31] revealed that treatment
with 10 uM/kg CAPE might reduce the oxidative
stress caused by cadmium (1 mg/kg) in rat livers and
GSH concentration was also reestablished after the
CAPE treatment. Coelho et al. [32] found that the
CA treatment was able to reduce free radical and lipid
peroxidation levels in brain tissue from guinea pigs
treated with antiepileptic drugs. Sato et al. [33]
reported that chlorogenic acid might reduce the oxi-
dative damage caused by ischemia/reperfusion in the
intestinal loop of rats.

In previous studies, it has been observed that GSH
plays an essential role in the antioxidant response to
stress caused by hydrogen peroxide [34]. Both reduced
and oxidized glutathione lead to cell redox homeosta-
sis, and these results showed that CAPE increased the
amount of GSH to levels similar to those observed in
non-stressed cells. It was found that CAPE is lethal to
yeast at the concentration of 100 pug/mL, however
treatment with 10 ug/mL CAPE provided mainte-
nance of the GSH concentration at levels similar to
those of the non-stressed cells. Although the CAPE at
10 pug/mL concentration did not cause survival
decrease in the toxicity test, the compound at this con-
centration may have functioned as an oxidative stress-
inducing agent mobilizing endogenous antioxidant
defenses.

The literature predicts that phenolic compounds
may have concentration-dependent pro-oxidant
action, and act as modulators of antioxidant enzyme
defense system with a low toxicity. Amari et al. [35]
evaluated the antioxidant mechanism of quercetin and
other low molecular weight phenolic compounds in
yeast cells. They proposed that these compounds func-
tion as xenobiotics and stimulate the stress response
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machinery of cells, making them more resistant to sub-
sequent stress with H,O,. Fernandes et al. [27] reported
that pretreatment with sublethal (0.2 mM) hydrogen
peroxide concentrations for 1 h increases the survival of
S. cerevisiae when exposed to lethal concentration of
H,0, (2.5 mM). CAPE was the compound with the
highest toxic potential among those analyzed here, and
it was also the compound that promoted a higher level
of GSH, in addition to showing antioxidant activity in
all treatments. Consequently it could be assumed that it
acts similarly to quercetin, inducing an antioxidant
defense system and thereby increasing tolerance to sub-
sequent stress caused by H,0,.

CA is an active antioxidant. However, its derived
compounds chlorogenic acid and CAPE have also
been useful in increasing stress tolerance. The survival
of each strain was differentiated between treatments,
indicating structural changes may interfere in the anti-
oxidant mechanism. Although all tested molecules
prevented the peroxidation of membrane lipids, CAPE
had a greater influence on redox homeostasis as it
maintained constant GSH levels.

The effect of CAPE activity on S. cerevisiae BY4741
is superior to effect of its precursor, CA, indicating
that esterification with phenethyl acid is relevant
within its mechanism of action.
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