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Abstract: Aging is a multifactorial process accompanied by loss of cell function. Science has been
looking for factors responsible for aging for many years. However, despite identifying a number of
possible causes, the definite reason for aging has been elusive so far. One of the factors contributing
to aging is oxygen free radicals. In this context, beneficial effects of coffee on various organisms,
including humans, were investigated, although the results are far from unequivocal. In our research,
we used the budding yeast—something of a workhorse in many studies, including the studies of
aging. So far, the impact of coffee on the aging of cells in the budding yeast experimental setup
has little known about it. Here, we provide strong evidence that coffee compounds, particularly
flavonoids, are responsible for scavenging free radicals and longevity in yeast lacking Sod1, Sod2
and Rad52 proteins. In this paper, we compared Arabica and Robusta coffee types. We present an
analysis of the concentration of caffeine and flavonoids measured by the High-Performance Liquid
Chromatography method. We show that Robusta has a much greater antioxidant capacity than
Arabica. We also conclude that coffee infusions significantly extend the chronological lifespan of
the Saccharomyces cerevisiae yeast cells by protecting cells against reactive oxygen species, double
DNA-strand break and decrease in metabolic activity.
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1. Introduction

Coffee is regarded as one of the world’s most popular beverages with around 2.25 billion cups
consumed every day. It is the food product and stimulant preferred by most consumers. A properly
prepared coffee drink has a perfect aroma while stimulating, refreshing and enhancing cognitive
functions [1]. Coffee is obtained from the tropical bush of the Coffea genus. After oil, coffee is the second
most frequently traded commodity on international exchanges. The most popular coffee varieties are
Coffea arabica Linnaeus (Arabica) and Coffea cenaphora Pierre (Robusta), which represent respectively
70% and 30% of the global production. As far as quality is concerned, Arabica is appreciated mainly for
its better taste and high acidity compared to bitter-tasting while Robusta is famous for its intense dark
aroma [2]. Although caffeine is the main chemical compound associated with coffee, the composition of
coffee is more complex. Beside caffeine, coffee beans contain polyphenols, diterpenes, lipids, saccharose
and proteins. During the bean roasting process, these various aroma precursors are transformed by
Maillard reactions. Chlorogenic acids and caffeine are usually responsible for coffee’s bitter taste,
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while free carbohydrates such as saccharose interact with amino acids creating flavor compounds.
Saccharose also lends sweetness to the beverage’s final taste [3]. Thus, the chemical composition of
coffee changes in terms of quality and quantity during coffee beans processing. In addition, the coffee
roasting process leads to formation of organic acids such as acetic, lactic and formic acids. Coffee also
contains vitamins B2 and B3 and minerals such as magnesium, sodium and potassium [4,5].

In the 1960s, coffee beans began to be referred to as a “specialty”, although the term originally
applied to coffee blends created from high quality coffee tree beans of the Arabica species. Later,
the term was defined in detail by the Specialty Coffee Association of America (SCAA), an organization
assessing the quality of coffee. According to the latest guidelines, specialty coffee must score at least 80
of the total 100 scores on the scale of taste and aroma quality [6].

Caffeine (C8H10N4O2) is the main active compound [7]. This natural purine alkaloid was found in
fruits and leaves of over 60 plants, including coffee, tea and cocoa. In plants, caffeine has a protective
function acting as a pesticide: it paralyzes and kills the insect feeding on the plant [8]. The caffeine
content of coffee may vary depending not only on the method of brewing but also on the product
brand or type of coffee. Caffeine is quickly absorbed in the digestive tract with 100% bioavailability [9].
When consumed, caffeine becomes pharmacologically active within 6–8 min, achieving its maximum
concentration level after 30 min. After drinking coffee, caffeine is absorbed by various body tissues.
Half-life of this compound is ca. 3–5 h; however, this may be different for different people (pregnant
women) or groups (tobacco smokers). Caffeine biotransformation takes place in the liver; around 2% of
the caffeine is removed in an unchanged form from the body with urine. The substance is metabolized
in the liver by cytochrome P450 enzyme during a metabolic cycle in which three main metabolites
are produced: paraxanthine, theophylline and theobromine [10–12]. Moreover, the addictive effect of
excessive and regular intake was reported [13]. Despite that the acceptable daily intake of caffeine is
not set, the daily dose for adult as 200 mg, which corresponds to 3 cups of 100 mL manual dripped
coffee, is recommended [14,15].

Coffee owes its health-enhancing qualities to polyphenols due to their antioxidant action. From the
chemical point of view, polyphenols are phenol derivatives containing at least two hydroxyl groups
attached to the aromatic ring. Depending on the number of aromatic rings and the way in which they
are connected polyphenols can be classified as phenolic acids, flavonoids, stilbenes and lignans. Coffee’s
antioxidant properties are contributed by its large number of hydroxyl groups, which protect the
organism from adverse impact of oxygen free radicals. Some polyphenols also show anti-inflammatory,
anticoagulant, antifungal and antiviral properties and blood vessel sealing action. Polyphenolic
compounds are also responsible by coffee’s characteristic flavor and aroma. Roasted coffee beans
contain ca. 8% of polyphenolic compounds such as caffeic acid, chlorogenic acid and ferulic acid [16].

There are a number of studies showing that consumption of coffee is linked to a lower risk
of various types of cancer, type 2 diabetes, ischemic stroke, Alzheimer’s disease and Parkinson’s
disease. As shown by the latest research, coffee not only improves concentration and motor skills;
it also has antiaging properties [17,18]. It must be stressed, however, that beside many beneficial
properties mentioned in this article coffee may also have harmful effects during excessive intake.
Excessive consumption of caffeine may lead to an increased blood level by narrowing blood vessels,
and prolonged consumption of large caffeine doses, especially when combined with energy drinks,
may lead to problems with arteries. Furthermore, as shown by studies on patients with asthma, caffeine
overuse may impair bronchodilation up to 4 h [19]. In children, caffeine may cause rapid mood changes
and disturb the organism’s calcium metabolism [20]. There are also reports that high consumption of
caffeine may affect the population’s fertility. Studies on rats showed that rats fed on caffeine had lower
implantation and live birth rates compared to the control group [21]. It was demonstrated that caffeine
is easily passed to breast milk; hence nursing mothers are advised to control their caffeine intake [22].

Although the contemporary medicine and biogerontological studies provide some answers to
the question of how aging may be partially delayed or inhibited, the problem still remains unresolved
and continues to spark general interest. Aging is a multifactorial process leading to loss of function of
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cells, tissues, organs and ultimately the function of the whole body. Due to the process complexity,
its background has not yet been determined, and no specific factor determining aging of organisms or
cells has been identified despite substantial efforts. The term “aging” refers to a series of undesirable
changes that affect efficiency of life processes and lead to visible structural changes in the organism
resulting with its death [23]. Studies of aging are based on model organisms, including unicellular
eukaryotes such as the Saccharomyces cerevisiae yeast. The budding yeast has been regarded as an
acceptable model organism for many years. It has been widely used in studies of replicative and
chronological aging, the former describing the number of daughter cells produced by the mother cell
during its lifetime [24]. While replicative aging refers to aging of mitotically active cells, the chronological
model describes the time of life of yeast cells in the post-mitotic phase; this model is applied to studies
of postmitotic cell aging in higher eukaryotes, including humans [25].

Impact of coffee on the aging of cells in the budding yeast experimental setup has little known
so far. Therefore, for the purpose of this study we used strains devoid of antioxidative protection
(SOD1 and SOD2 gene deletion) or DNA damage repair ability (RAD52) in order to measure the
antioxidative effect of coffee on cells during chronological aging.

2. Results

2.1. Analysis of Caffeine and Polyphenols in Specialty Coffee Infusions

The beneficial properties of coffee result from caffeine and other antioxidants, mainly polyphenols
content. Thus in the first step of our study, we determined the caffeine content and polyphenolic profile
of the coffee infusions samples, which were next used in the experiment with the yeast model system.
For comparison two samples of Arabica and two sample of Robusta specialty grade coffee were used.
All quantitative analyses were performed using the (High-Performance Liquid Chromatography)
HPLC method; exemplary chromatograms are presented in Figure 1.
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compared to Arabica infusions, 2.55 mg/mL and 1.63 mg/mL, respectively. Analysis of polyphenol 
content showed that Robusta has more polyphenols compared to Arabica. Cryptochlorogenic acid 
made up the largest fraction of polyphenols, followed by chlorogenic acid and neochlorogenic acid 
(Table 1). 
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Arabica Robusta 
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caffeine 3.5 1.63 2.55 

Polyphenols (μg/mL) 
neochlorogenic acid 2.56 79.07 167.21 

cryptochlorogenic acid 3.87 224.34 277.41 
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6.99 12.85 22.72 
7.16 11.06 16.93 
8.07 3.66 11.68 
8.33 1.61 7.16 

Figure 1. High-Performance Liquid Chromatography with Diode-Array Detection (HPLC-DAD)
chromatograms for Arabica coffee infusion. (A)—caffeine, (B)—polyphenols: 1—neochlorogenic acid,
2—cryptochlorogenic acid, 3—chlorogenic acid, 4—caffeine, 5—ferulic acid, 6–10—dicaffeoylquinic or
feruloylquinic acids isomers.
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It was found that Robusta coffee infusions contained on average significantly more caffeine
compared to Arabica infusions, 2.55 mg/mL and 1.63 mg/mL, respectively. Analysis of polyphenol
content showed that Robusta has more polyphenols compared to Arabica. Cryptochlorogenic acid
made up the largest fraction of polyphenols, followed by chlorogenic acid and neochlorogenic acid
(Table 1).

Table 1. Average caffeine and polyphenol content in Arabica and Robusta infusions.

Compound Average Retention
Time (min)

Quantity

Arabica Robusta

Caffeine (mg/mL)

caffeine 3.5 1.63 2.55

Polyphenols (µg/mL)

neochlorogenic acid 2.56 79.07 167.21

cryptochlorogenic acid 3.87 224.34 277.41

chlorogenic acid 4.22 225.21 150.49

ferulic acid 6.58 35.13 110.18

dicaffeoylquinic or
feruloylquinic acids isomers

6.82 5.06 7.28

6.99 12.85 22.72

7.16 11.06 16.93

8.07 3.66 11.68

8.33 1.61 7.16

8.60 7.19 25.98

In Arabica coffee cryptochlorogenic and chlorogenic acids were present in almost equal
concentrations, neocholorogenic acid content was lower. In the case of Robusta, cryptochlorogenic acid
was determined predominantly, the other two isomers were present in lower, comparable concentrations.
The content of ferulic acid was also significantly higher in the latter variant. In all samples numerous
isomers of dicaffeoylquinic or feruloylquinic acid were detected. An exact identification of these
compounds would require the HPLC method with mass detection. The results indicating higher
polyphenols content in the Robusta variety were confirmed by the total phenolic content (TPC) analysis.
The polyphenol content determined according to this method is 3.11 mg GAE/mL for the Robusta
coffee, while it is significantly lower for Arabica amounting to 2.08 mg GAE/mL (Table 2).

Table 2. Total phenolic content and antioxidant capacity of Arabica and Robusta coffee infusions.

Method Robusta Coffee Arabica Coffee Caffeine 1 mg/mL Caffeine 10 mg/mL

TPC (mg GAE/mL) 3.11 ± 0.22 b 2.08 ± 0.07 a 0 0

ABTS
(µmol Trolox/g of sample) 413.49 ± 11.26 b 258.41 ± 5.56 a 0 0

FRAP
(µmol Trolox/g of sample) 392.87 ± 17.75 b 262.6 ± 6.73 a 0 0

DPPH (%) 46.09 ± 2.93 b 27.97 ± 3.06 a 1.73 ± 0.28 c 2.40 ± 0.27 d

a, b, c, d Means marked with different superscript letter within the column are significantly different (Tukey’s honest
significant difference test, p < 0.05).

2.2. Antioxidant Properties of Coffee Infusions

Antioxidant activity is the main parameter by which bioactive compound content is measured in
the examined coffee samples. The antioxidant power of Robusta infusion samples determined with the
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ABTS* radical method and the FRAP method yielded higher antioxidant effects compared to Arabica
(Table 1, p < 0.05). Similarly, a stronger radical scavenging activity (2,2-diphenyl-1-picrylhydrazyl
(DPPH) test) was found in the Robusta infusion. We also showed that caffeine at 1 and 10 mg/mL
concentrations displayed very weak (DPPH) or no antioxidant activity (ABTS and FRAP; Table 2).

2.3. Coffee Infusion Reduces Yeast Cell Growth

To investigate the effects of coffee on aging, a budding yeast model system was used. Yeast is an
acceptable model for studying many physiological processes, including aging and cell death. In these
studies, we used the SOD1, SOD2 and RAD52 mutants in the background of the BY4741 haploid
laboratory strain. Mutants lacking superoxide dismutase, cytosolic SOD1 or mitochondrial SOD2
are involved in detoxification of the superoxide anion radical in the cell, while the Rad52 protein is
involved in repairing DNA double-strand breaks and maintaining genome stability.

First, we showed that S. cerevisiae yeast cells treated with coffee infusions had a reduced growth
rate. As shown in Figure 2, almost all of the analyzed strains had a reduced growth rate, especially
in the case of the wild-type strain and the sod1∆ and rad52∆ mutants. Interestingly, Arabica coffee
infusions inhibited growth of the wild-strain and sod1∆ strains much more strongly, while in the case
of rad52∆ Robusta had a much greater impact on the reduction of the growth rate. In turn, in the case
of the sod2∆ mutant, we did not see a spectacular effect of coffee on growth.
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Figure 2. Comparison of growth kinetics of the haploid wild-type yeast strain BY4741 (A) and isogenic
mutant strains sod1∆ (B), sod2∆ (C) and rad52∆ (D) treated with coffee infusion. The optical density
(OD600) of the cultures was measured at different time points for up to 12 h. The presented data are
replicates from two independent cultures ± SD where these are smaller or the same size as the symbol
dimensions. The data for each condition are representative of at least two independent experiments
performed on different days.



Int. J. Mol. Sci. 2020, 21, 9510 6 of 18

2.4. Impact of Coffee on Saccharomyces Cerevisiae Yeast Aging

The most recent reports provide a vast amount of data on the health and antiaging effects of
coffee on model organisms and humans. Therefore, as a next step we analyzed the effect of coffee
infusions on yeast chronological lifespan. Chronological lifespan of yeast was measured as the yeast
population’s survival during the stationary phase or post-diauxic phase [25].

As shown in Figure 3, coffee infusion significantly delays aging of all yeast strains used in this
study. Interestingly, Arabica infusions inhibited aging more strongly in the case of the wild-type strain
and the sod1∆ and sod2∆ mutants, while Robusta had a stronger antiaging effect on the rad52∆ strain.

1 
 

 
Figure 3. Chronological lifespan of the haploid wild-type yeast strain BY4741 (A) and isogenic mutant
strains sod1∆ (B), sod2∆ (C) and rad52∆ (D) treated with Arabica and Robusta infusions coffee. Survival
was determined by propidium iodide staining. Statistical significance was assessed using ANOVA and
the Dunnett’s post hoc test (* p < 0.05; ** p < 0.01, *** p < 0.001) compared to the control (untreated).
Bars indicate SD. Red arrows show adaptative regrowth.

The Arabica coffee had a statistically significant effect on the chronological aging of the wild-type
strain, while Robusta extended the chronological lifespan only slightly and with statistically significant
results only on day 4 (Figure 3A). We found a similar data dependency in the case of the sod1∆
(Figure 3B) and sod2∆ (Figure 3C) mutants. Interestingly, in the case of the rad52∆ mutant (Figure 3D),
the survival curves for cells treated by Arabica and Robusta were similar, while at day 21, survival
was significantly higher compared to the control (p < 0.001). It must be noted that we did not observe
a significant effect of caffeine on aging, which suggests that polyphenols had the primary role in
protecting cells from damage.

Additionally, we observed the adaptative regrowth phenomenon. Regrowth is an adaptive
response that enables cell subpopulation to escape from quiescence and re-enter the cell cycle [26,27].
The ability of cells to re-enter the cell cycle during chronological aging was observed for all strains
treated by coffee (marked with an arrow on Figure 3).
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2.5. Coffee Protects Cells from Oxidative Stress and DNA Damage

One of the markers by which we could demonstrate at the cellular level that coffee is a free radical
scavenger is the Yap1-GFP fusion protein.

Yap1p is a transcription factor accumulated in the cell nucleus during oxidative stress. As shown
in Figure 4, the Yap1-GFP fusion protein is located in the cell nucleus in the case of positive control
after treatment with hydrogen peroxide.
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Figure 4. Coffee infusions protect by Yap1-GFP nuclear localization during oxidative stress inducing
by hydrogen peroxide. Control—cells from the Yeast Extract–Peptone–Dextrose (YPD) culture and
1 mM H2O2—cells incubated for 1 h with hydrogen peroxide in the YPD medium. Yap1-GFP fusion
protein can be seen to concentrate in the nuclei and coffee + H2O2—cells incubated for 3 h with coffee,
centrifuged and hanging in fresh medium, and treated with hydrogen peroxide for 1 h. Representative
results from three independent experiments are shown. Fluorescence pictures were taken with an
Olympus BX-51 microscope equipped with a DP-72 digital camera and cellSens Dimension software
(1000×magnification).

On the other hand, when cells were grown on a coffee infusion medium, they were protected
against free radicals, with the transcription factor residing in cytosol after hydrogen peroxide treatment.
This result shows clearly that coffee has a beneficial effect on cells through its free radical scavenging
activity. We also showed that coffee protects cells by preventing DNA double-strand breaks. For this
purpose, we used another marker, the Rad52-GFP protein. As shown in Figure 5, coffee reduces the
number of DNA double-strand breaks as observed from the formation of Rad52-GFP foci.
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Figure 5. Induction of nuclear Rad52-GFP foci by 1 mM hydrogen peroxide. A sample photo of the
Rad52-GFP is presented at the top (white arrow in the figure’s caption indicate foci). The results
represent values for cells tested in two independent experiments (a total of 200 cells). Fluorescence
pictures were taken with an Olympus BX-51 microscope equipped with a DP-72 digital camera and
cellSens Dimension software (1000×magnification).

2.6. Impact of Coffee on Sensitivity to Stress Factors

In the next step, general metabolic analyses were conducted to show the reaction of mutants
and wild-type strains treated or untreated with coffee to various environmental changes, inducing
intracellular acidification, cell disorder or DNA damage. The phenotype screening analysis of the yeast
mutants was performed toward various metabolic conditions (Table 3). The obtained information
suggests that coffee infusion has some role in adaptation of the yeast cell to the changing environmental
conditions. We showed that coffee could have a protective effect against certain stress factors such as
factors causing cell wall disorder (Congo red, calcofluor white) or the DNA alkylating agent methyl
methanesulfonate (MMS), especially in sod1∆. On the other hand, coffee, especially Robusta, may be a
factor increasing sensitivity to osmotic stress (NaCl) and acetic acid, which at the toxic level inhibits
yeast cell growth by impeding cell metabolic functions through intracellular acidification.

Table 3. Sensitivity of the BY4741 strain and isogenic mutant strains sod1∆, sod2∆ and rad52∆ treated
with Arabica or Robusta coffee infusions on cells stressed factors.

Strain

Growth Conditions

Congo Red
15 µg/mL

Congo Red
15 µg/mL +

Arabica

Congo Red
15 µg/mL +

Robusta

Calcofluor
White

20 µg/mL

Calcofluor
White 20 µg/mL

+ Arabica

Calcofluor
White 20 µg/mL

+ Robusta

BY4741 ++++ ++++ +++ ++++ ++++ ++++

sod1∆ ++ +++ ++++ ++ ++++ ++++

sod2∆ ++++ ++++ +++ ++++ ++++ ++++

rad52∆ +++ ++++ ++++ +++ +++ ++++

Strain NaCl 0.5 M NaCl 0.5 M
+ Arabica

NaCl 0.5 M
+ Robusta

CH3COOH
40 mM

CH3COOH 40
mM + Arabica

CH3COOH 40
mM + Robusta

BY4741 ++++ +++ ++ +++ +++ ++

sod1∆ ++++ +++ + ++ ++ +

sod2∆ ++++ +++ +++ +++ ++++ ++

rad52∆ ++++ +++ ++ +++ ++++ +++
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Table 3. Cont.

Strain

Growth Conditions

MMS 0.03% MMS 0.03%
+ Arabica

MMS 0.03%
+ Robusta Control

BY4741 +++ ++++ ++++ ++++

sod1∆ ++ ++++ +++ ++++

sod2∆ ++++ ++++ ++++ ++++

rad52∆ - - - ++++

Cells were cultured overnight in liquid YPD medium, counted and diluted serially to obtain suspensions at the
densities 107, 106, 105 and 104 cells/mL. Five microliters of each suspension was spotted at YPD solid medium
containing Arabica or Robusta coffee infusions and analyzed toxic factors. Plates were cultivated 2 days in 28 ◦C.
Each “+” means the growth of one spot containing respectively: 50,000, 5000, 500 and 50 cells, “-” means no growth.

2.7. Impact of Coffee on the Metabolic Activity of Yeast

We also showed that yeast cells treated with both Arabica and Robusta coffee infusions had a
significantly reduced level of metabolism in the wild-type and sod1∆ strains. In turn, in the case of
sod2∆, metabolic activity was significantly reduced when cells were treated with the Arabica infusion.
Interestingly, none of the infusions affected the metabolic activity of rad52∆ (Figure 6).
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Figure 6. Metabolic activity of the cells (red/green ratio) was estimated with FUN-1 stain. Data are 
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Figure 6. Metabolic activity of the cells (red/green ratio) was estimated with FUN-1 stain. Data are
expressed as ratio of red (λ = 575 nm) to green (λ = 535 nm) fluorescence and presented as mean ± SD
from three independent experiments. Bars indicate SD. Statistical significance was assessed using ANOVA
and the Dunnett’s post hoc test (* p < 0.05; ** p < 0.01, *** p < 0.001) compared to the control (untreated).

3. Discussion

In 2016, the International Agency for Research on Cancer began looking into the available body
of research investigating the links between consumption of coffee and neoplastic diseases. Initially,
no visible relationship was noted between such consumption and the risk of cancer developing in any of
the human organs. However, it was noted in some cases that coffee consumption is positively correlated
with lower occurrence of certain types of neoplasms [28]. This may be attributed to diterpenes and
polyphenols, which inhibit genotoxic impact of numerous carcinogens. Moreover, there were data
showing that consumption of coffee has a positive impact in the case of cardiovascular diseases.
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It was demonstrated that drinking approximately 3 cups of coffee per day reduces the risk of such
diseases by up to 21% [29]. The age-related loss of motor skills and neuron capacity and loss of
cognitive abilities are a result of the aging organism’s inability to protect itself against inflammation
and oxidative stress [29]. As a complex multifactorial process, aging reduces the organism’s ability to
respond to environmental stress. This leads to accumulation of intracellular damage and impairment
of the tissue and organ functions, which ultimately leads to the organism’s death. One of the theories
that try to explain the phenomenon of aging is the so called free radical theory of aging (FRTA).
This theory attributes the destructive impact on the organism to oxidants, in particular reactive oxygen
species (ROS), which cause oxidation of cellular macromolecules and therefore impair their function.
The damage caused by free radicals can be counteracted by compounds capable of sweeping free
radicals or transforming them into their inactive forms [23]. In older cells, in which oxidative stress
gradually intensifies, increased activity of NADH dehydrogenase and cytochrome oxidase has been
observed. It has also been demonstrated that reactive oxygen species accelerate telomere shortening
and cell cycle inhibition [30].

Coffee beans are an important source of dietary antioxidants and coffee is one of the most
antioxidant-rich beverages consumed regularly in high amounts [31,32]. The highest antioxidant
capacity was noted in the coffee leaves and beans in comparison to the plant’s stem and roots. Moreover,
roasted beans had significantly higher antioxidant power than the green ones [33]. The results obtained
by Górecki and Hallmann [34] demonstrated that coffee’s antioxidant properties are influenced by
coffee origin (organic or conventional), beans roasting level and duration of infusion. Our results
confirmed previous reports that Robusta has higher antioxidant properties [35,36]. Depending on the
beans roasting level, the antioxidant activity determined through the ABTS* assay ranged from 452 to
547 µmol Trolox/g for Robusta and from 108 to 327 µmol Trolox/g for Arabica, which is similar to our
results. Furthermore, with a higher coffee roasting degree the antioxidant activity measured with the
FRAP method decreased for both coffee types [35]. The slight difference observed for the ABTS and
FRAP results was probably caused by the mechanism used in antioxidant power estimation, which is
restricted to measuring compounds that promote electron transfer [36]. Additionally, we demonstrated
that caffeine has no antioxidant effect, simultaneously samples with high antioxidant activity contained
more polyphenols, especially chlorogenic acid isomers. Determined polyphenolic profiles of coffee
infusions were typical for coffee beverages reported by other authors [37,38].

In this study the S. cerevisiae budding yeast was used as a model to test whether a specialty coffee
infusion has an antiaging effect on cells with free radical detoxification impairment (SOD1 and SOD2
mutants) and DNA thread repair impairment (RAD52 mutant). Analysis of the cell survival rate
was conducted with the use of the standard chronological aging method. This method allows for
successful analysis of cell aging in the post-mitotic phase; it should be noted that this is an acceptable
model of studying aging of non-dividing cells in higher eukaryotes, including humans. Results of
analyses performed during the study clearly suggest that coffee infusion, regardless of the coffee type,
statistically significantly extends cell life. This is due to the high content of substances with antioxidant
properties. Interestingly, although the impact of coffee as such was documented in other experimental
setups, the antioxidant effect of caffeine as the main ingredient associated with coffee has not been
confirmed yet.

Some recent data show that caffeine extended yeast lifespan via inhibition of the evolutionary
conserved kinase TORC1-Sch9, which suggests that caffeine may extend lifespan in other eukaryotes,
including humans [39]. Inhibition of Tor1p through deletion or in pharmacological manner, e.g.,
by rapamycin, has been known to extend the lifespan of yeast and many other organisms [40–42].
However, we showed that cellular metabolic activity was reduced when compared to cells untreated
with coffee. Cellular metabolism is regulated by the mTOR kinase, a key component of the molecular
nutrient sensor pathway that plays a central role in cellular survival and aging. Therefore, it is probable
that all bioactive components of coffee act in a synergistic manner in both antioxidative and metabolic
regulation. A previous study involving rats showed that the neuroprotective benefits of coffee are
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not due to caffeine alone, but rather to other bioactive compounds in coffee [43]. Furthermore, it was
concluded that the neuroprotective benefits of coffee are not due to caffeine alone but should probably
be attributed to polyphenols and other bioactive compounds of coffee. In particular, these bioactive
molecules may complement or synergize with caffeine to produce their beneficial actions [44]. We did
not show a positive effect of caffeine on aging in this experimental setup (data not shown), which is
consistent with the data on the caffeine’s lack of antioxidant capacity.

In order to prove the antioxidant action of coffee, a test was conducted in which oxidative stress
was induced with hydrogen peroxide in the strain with the Yap1-GFP fusion marker protein. Yap1
protein is a member of the AP-1 transcription factors family activating antioxidant gene transcription
in response to oxidative stress [45]. Yap1 is involved in one of the three mechanisms regulating the
transcription response to oxidative stress. With the lack of oxidative stress, Yap1p is exported from
the nucleus by exportin to reside in cytosol [46]. During oxidative stress induction, formation of the
intramolecular disulfide bond in Yap1 is catalyzed in the presence of hydrogen peroxide. Due to
this conformational change Yap1 may be accumulated in the cell nucleus [47]. During our study we
conducted the Yap1-GFP transcription factor activation test. The results of our analysis show clearly
that coffee infusion provides cells with effective protection against oxidative stress. These findings
concord with previous scientific reports suggesting that polyphenols in coffee determine the beverage’s
strong antioxidant action [48]. Surprisingly, some of the data suggest that caffeine may have both
antioxidant and prooxidant effects [49]. Latest reports show that caffeine has an impact on extending
lifespan of Caenorhabditis elegans in a dose-dependent way [50–52]. What is interesting, plant extracts
containing mainly caffeine have been shown to play a positive part in extending the lifespan of
C. elegans [53].

In addition, we conducted a test confirming that coffee protects yeast cells against DNA strand
breaks. The RAD52 gene product is involved in the repair of DNA double-strand breaks (DSBs).
After inducing DNA double-strand breaks by, e.g., gamma radiation, Rad52-GFP move from the
nuclear diffuse form to separate clusters known as foci [54]. The rad52∆ mutant used for the analysis is
defective in terms of repairing DNA damage caused by physical or chemical factors, as shown in the
MMS toxicity tests. The Rad52-GFP fusion protein, on the other hand, is fully biologically functional
for the purpose of DNA reparation and recombination. The analysis shows that when oxidative stress
is induced with the use of hydrogen peroxide, fewer Rad52-GFP fusion protein foci are formed in
comparison to the control. This may lead to a conclusion that coffee infusion provides protection to the
cell on many levels, including helping the cell maintain genome stability, which is probably achieved
by reducing the oxygen free radical amount in the cell.

Aging is an irreversible process that affects cell physiology and metabolism. Earlier analyses have
shown that the process may be slowed down in yeast by reducing the cell’s metabolic rate [55]. For this
purpose, analysis of cell metabolic activity was performed with the use of the FUN-1 fluorescent dye.
It was observed that cells grown on a medium with coffee infusion added have a significantly lower
metabolic activity. We therefore suggest that coffee may be beneficial to yeast cells not only due to
detoxification of free oxygen radicals but also due to reduction of the metabolism rate. On the other
hand, it has been suspected that the main determinant of aging delay is reduction of the metabolic
rate, which subsequently leads to lowering of the cell’s ROS level. Moreover, reducing the overall
metabolic activity might contribute to extending of the chronological lifespan due to slower production
of secondary metabolites, e.g., acetic acid, which potentially may have an impact on aging [56,57].

Coffee has many properties that are advantageous to human health as confirmed in clinical research
as well as cell-based and animal-based studies. It has been observed that coffee has a beneficial effect
on reduction of inflammatory markers, obesity, risk of developing type 2 diabetes, hypertension and
atherosclerosis [58–60]. Moreover, the Arabica coffee shows chemoprotective properties by promoting
cytotoxicity followed by cell cycle arrest in phase S and apoptosis induction in cancer cells [61]. Results
of many studies of acute and long-term human interventions suggested that coffee consumption had
an influence on the modulation of oxidative stress. It was observed that intake of coffee could increase
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the glutathione level, antioxidant capacity of plasma and antioxidant enzyme activity and improve
protection against DNA and lipid damage [62–66].

4. Materials and Methods

4.1. Preparation of Coffee Infusions

For the purpose of the study, two types of coffee Arabica and Robusta of different origin (Arabica
comes from Ethiopia–Yirgacheffe; light roast), while Robusta comes from Panama—Penonome; medium
roast) and originating from different botanical species were used; they were also obtained from different
coffee roasters. The coffee types used in the study were of specialty grade quality. Appropriate amount
of each coffee was weighed for each infusion preparation method. The coffee was ground in the
Comandante C40 MK3 Nitro Blade grinder (Germany). Infusion was prepared immediately after
grinding with the use of distilled water.

4.2. Preparing Infusion with a Dripper

Prefiltered water was heated to 90 ◦C in the Brewista Artisan Gooseneck electric kettle. In the
meantime, 12 g of coffee beans were weighed using the Acaia Pearl scales with up to 0.1 g accuracy
and ground in the Comandante C40 MK3 Nitro Blade grinder at 20 clicks. The Hario (Japan) V60-02
dripper (ceramic cone with the porous bottom) with Hario V60-02 VCF-02 100 W paper filter was
placed on the Hario Coffee Server V60-02 700 mL (glass jug for collecting the infusion) and slushed
with hot water in order to warm up the dripper and server, and eliminate the paper aftertaste from the
infusion. The water was removed from the server; the ground coffee was put into the filter, poured
over with the first portion of water (24 g) and left for 30 s—a so called preinfusion during which coffee
absorbed water releasing carbon dioxide. After 30 s 176 g of water was added; the staff waited until all
the water went through the ground coffee beans. The total brewing time was 2 min. All preparing
infusion was repeated six times.

4.3. Determination of Caffeine and Polyphenols Concentration in Coffee Infusions Using HPLC

Chromatographic analyses were carried out in Laboratory of Plant Biotechnology “Aeropolis”
using the Gilson chromatographic set (Gilson, Middleton, Wisconsin, USA), equipped with binary
pump (Gilson 322), DAD (Diode-Array Detection) detector (Gilson 172), column thermostat (Knauer,
Berlin, Germany) and autosampler with fraction collector (GX-271 Liquid Handler).

The HPLC method for caffeine determination carried out according to Fajara and Susanti
(2017) [67] with minor modifications. The separation was performed using Knauer Nucleosil II C-18
100-5 column (250 mm × 4.6 mm) with precolumn (Gilson). The elution was performed isocratically
with water-methanol (95–5, v/v) mobile phase, flow rate: 1 mL·min-1, and time of analysis: 7 min.
The injection volume of samples (previously filtered through 0.22 µm nylon filters) was 10 µL. Analyte
was detected at wavelength 272 nm. For quantitative analysis of caffeine the standard curve was
prepared using standard solution within the concentration range 0.0625–1 mg (y = 18940x + 944.19,
R2 = 0.9881). The LOQ (Limit of Quantitation) and LOD (Limit of Detection) were found to be 2 and
0.5 µg/mL respectively.

The separation of polyphenols was carried out using Poroshell 120 EC-C18 column (150 mm ×
4.6 mm) with the precolumn (Agilent). The mobile phase was a mixture of 0.1% HCOOH (A) and
acetonitrile (B). A gradient elution program was used: linear gradient to 10% B in the first 1.55 min,
linear gradient from 10 to 100% B in the next 1.55–20 min and 100% B in the next 20–25 min. The flow
rate of the mobile phase was 1 mL/min. Detection of individual compounds was performed at 230, 254,
280, 320 and 360 nm. The injection volume of the sample (previously filtered through 0.22 µm nylon
filters) was 20 µL.
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The quantitative analysis of phenolic acids in the extracts was carried out on the basis of the
prepared standard curve for chlorogenic acid in the concentration range 10−500 µg/mL (y = 41.761x −
1374, R2 = 0.9987). The LOQ and LOD were found to be 1 and 0.1 µg/mL respectively.

4.4. Determination by the ABTS Radical Method

The antioxidant activity was determined using the free radical ABTS (2,2′-azino-bis
(3-ethylbenzothiazoline-6-sulphonic acid)) [68]. The ABTS* was formed by the reaction of ABTS
solution 7 mM with 2.45 mM of potassium persulfate, and incubated for 24 h at room temperature and
protected from light. Briefly, appropriate amounts of coffee infusion diluted at a concentration of 1:20
were added to a solution of ABTS*, diluted such that 200 µL of the solution had absorbance of 1.0 ± 0.04
in a microplate well. The reading of absorbance was done in the Tecan Infinite 200 PRO multimode
reader (Tecan Group Ltd., Männedorf, Switzerland) at 734 nm after six minutes of reaction in room
temperature. Ethanol solutions with known concentrations of Trolox were used for calibration. Results
were expressed in Trolox equivalents (µmol Trolox/g of sample). All measurements were repeated
three times.

4.5. Determination by the FRAP Assay

Antioxidant capacity was determined using the FRAP assay (ferric reducing antioxidant potential)
with 0.3 M acetate buffer (pH = 3.6), 0.01 M TPTZ (2,4,6-tripyridyl-s-triazine) in 0.04 M HCl and 0.02 M
FeCl3*6H2O mixed in 10:1:1 and coffee infusion [69]. Absorbance was done in the Tecan Infinite 200
PRO multimode reader (Tecan Group Ltd., Männedorf, Switzerland) at 593 nm after 20 min incubation
in room temperature. Ethanol solutions with known concentrations of Trolox were used for calibration.
Results were expressed in Trolox equivalents (µmol Trolox/g of sample). All measurements were
repeated three times.

4.6. Determination of DPPH Free Radical Scavenging Activity

DPPH (2,2-diphenyl-1-picrylhydrazyl) radical inhibition was measured according to the assay
described by Blois (1958) [70] with minor modifications. The aliquot of 20 µL of sample solution
(diluted 50×) was mixed with 180 µL of DPPH radical methanolic solution (0.1 mM) and kept in the
dark for 30 min. After incubation, the absorbance of the tested and control samples was measured at
517 nm against methanol using EPOCH 2 microplate reader (Biotek, Winooski, VT, USA). The reduction
of DPPH radicals was calculated using the following equation:

AA% = [(A0 ×As)/A0] × 100 where A0 is the absorbance of control and As is the absorbance of the
tested samples.

4.7. Total Phenolic Content

The total phenolics content was determined using a Folin–Ciocalteu reagent, according to Singleton
and Rossi (1965) [71] with minor modifications. To 20 µL of sample solution (diluted 50×), 100 µL of
10% Folin–Ciocalteu reagent followed by 80 µL of 7.5% (w/v) of Na2CO3 solution were added. Samples
were kept in the dark for 120 min and the absorbance was then measured against blank at 760 nm using
EPOCH 2 microplate reader (Biotek, Winooski, VT, USA). The phenolic content expressed as milligram
of gallic acid (GAE) equivalents per milliliter (mg GAE/mL) was calculated based on a calibration
curve prepared for gallic acid in the range of 0−250 µg/mL (y = 0.0336x, r2 = 0.9914).

4.8. Strains and Growth Conditions

The following yeast strains were used: wild type strain BY4741 (MATa; his3; leu2; met15; ura3),
sod1∆ (MATa; his3; leu2; met15; ura3; YJR104C::kanMX4), sod2∆ (MATa; his3; leu2; met15; ura3;
YHR008C::kanMX4C) and rad52∆ (MATa; his3; leu2; met15; ura3; YML032C::kanMX4; Euroscarf;
Germany). Yeast cells were grown in a standard liquid Yeast Extract–Peptone–Dextrose (YPD) medium
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(1% Difco yeast extract, 1% yeast bacto-peptone and 2% glucose) on a rotary shaker at 150 rpm or on
solid YPD medium containing 2% agar. The experiments were carried out at 28 ◦C.

4.9. Kinetics of the Growth Assay

The growth assays were carried out on liquid medium described elsewhere. The yeast cells
suspension was incubated for 12 h in a shaking incubator at 28 ◦C (Heidolph Incubator 1000 at 1200 rpm
(Germany)). The growth was monitored in the Anthos 2010 type 17550 microplate reader (Austria) at
600 nm by measurements at 2 h intervals for 12 h. For each experiment, an infusion volume equal to
0.6 mg/mL of the determined caffeine concentration was taken.

4.10. Chronological Life Span (CLS) Assays

Chronological life span of cells incubated in minimal medium (SDC) was measured as described
previously [25]. Briefly, yeast were grown in SDC containing 2% (w/v) glucose, supplemented with
histidine, leucine, methionine, uracil and appropriate concentration of caffeine and coffee. For each
experiment, an infusion volume equal to 0.6 mg/mL of the determined caffeine concentration was
taken. Chronological life span was monitored in expired SDC medium by measuring viability in 2, 5, 8,
12, 19 and 26 days. For the quantitative measurement of survival, staining with propidium iodide was
used. The data represent the mean values from three independent experiments.

4.11. Cell Viability

For determining death cells staining with propidium iodide was used. Cells were suspended
in PBS and stained with 5 mg/mL propidium iodide (Sigma-Aldrich) for 15 min in the dark at room
temperature. Fluorescence pictures were taken with Olympus BX-51 microscope equipped with a
DP-72 digital camera and cellSens Dimension software. Dead cells were red fluorescent (λex = 480 nm;
λem = 520 nm). The data represent the mean values from three independent experiments.

4.12. Phenotypic Analysis—A Spot Test for Sensitivity to Congo Red, Calcofluor White, Methyl
Methanesulfonate (MMS), Sodium Chloride (NaCl) and Acetic Acid

Yeast cultures were grown to exponential phase (OD600nm between 0.8 and 1) and serially diluted
to different cellular concentrations as indicated. Five microliters of each cell suspension was spotted
onto agar plates containing coffee infusions or not (control) and various concentrations of Congo red
(Sigma-Aldrich), Calcofluor white (Sigma-Aldrich), methyl methanesulfonate (Sigma-Aldrich), sodium
chloride (NaCl; Sigma-Aldrich) and acetic acid (Sigma-Aldrich). Growth was registered 48 h after
incubation at 30 ◦C. For each experiment, an infusion volume equal to 0.6 mg/mL of the determined
caffeine concentration was taken. All phenotypes described in this work were confirmed by three
independent tests.

4.13. Measurement of Cell Metabolic Activity

Metabolic activity of yeast cells was assessed with FUN-1 according to the manufacturer
protocol (Molecular Probes) with modification described by Kwolek-Mirek and Zadrag-Tecza [72].
The fluorescence of the cell suspension was measured after 15 min incubation in the dark and at 28 ◦C
using the TECAN Infinite 200 microplate reader (Grodig, Austria) at λex = 480 nm and λem = 500–650 nm.
The metabolic activity of cells was expressed as a change in ratio of red (λ= 575 nm) to green fluorescence
(λ= 535 nm). Cell observations were also carried out using a fluorescence microscope Olympus BX-51
(Tokyo, Japan) equipped with a digital camera DP-72 and software cellˆD.

4.14. Cellular Localization of the Yap1-GFP and Rad52-GFP Proteins

Arabica and Robusta coffee infusions at a concentration of 0.3 mg/mL caffeine were added to a
yeast cell suspension at a density of 1 × 106 cells/mL. Incubated at 28 ◦C with shaking, then cells were



Int. J. Mol. Sci. 2020, 21, 9510 15 of 18

washed twice in PBS and added hydrogen peroxide at a final concentration of 1 mM and incubated an
hour at 28 ◦C with shaking. Observations of Yap1-GFP localization and Rad52-GFP foci were made
using an Olympus BX-51 (Tokyo, Japan) microscope (λex = 488 nm, λem = 510 nm).

4.15. Statistical Analysis

The results represent the mean ± SD values for all cells tested in two independent experiments.
The differences between the wild-type and the isogenic mutant strains were estimated using one-way
ANOVA and Dunnett’s post-hoc tests or Tukey’s honestly significant difference test. The values were
considered significant when * p < 0.05; ** p < 0.01, *** p < 0.001. The statistical analysis was performed
using the Statistica 10 software.
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(Michał Miłek), S.G., K.S.; writing—original draft preparation M.M. (Mateusz Mołoń), K.S., S.G.; visualization,
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