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Abstract

We recently published that phycocyanin, a phycobiliprotein which accounts for up to 20% of
Arthrospira platensis dry weight, has a powerful anti-aging effect, greatly extending the chronological
life span (CLS) of yeast cells grown in synthetic-defined medium, both under caloric restriction (CR)
conditions (0.2% glucose) or under non-CR conditions (2% glucose). In this study, to explore the
molecular mechanisms underlying the effects of phycocyanin, we investigated its impact on key
signalling pathways involved in aging. Specifically, we performed CLS experiments using ras2A and
snflA yeast mutants. The Snfl pathway is known to promote longevity (anti-aging), whereas the
Ras2/PKA pathway accelerates aging (pro-aging). We show that, while in the snflA mutant the anti-
aging effect of phycocyanin was still evident, in the ras2A4 mutant phycocyanin did not appear to
exert any anti-aging activity, suggesting that the Ras2/PKA pathway may be essential for mediating
the anti-aging effect of phycocyanin. To evaluate the activity of phycocyanin under different
nutritional conditions, we performed the CLS experiment in a YPDA rich medium. We show that in
this medium phycocyanin accelerated the chronological aging of yeast cells, greatly decreasing the
CLS, both when glucose was present at low (0.2%) or at high (2%) concentration. Our data suggest
that Saccharomyces cerevisiae could serve as a model not only to investigate the anti-aging properties
and targets of phycocyanin, but also its potential side effects, possibly present in higher eukaryotes
under certain conditions.

Keywords: ROS; aging; chronological life span; yeast; S. cerevisiae; nutrient sensing; A. platensis;
Spirulina

1. Introduction

Aging is a complex and inevitable process, marked by a progressive decline in cellular and tissue
function. This deterioration increases the risk of developing chronic diseases, including cancer,
cardiovascular conditions, and neurodegenerative disorders. [1,2]. In recent years, there has been
growing attention to develop strategies aimed at counteracting the effects of aging, with particular
interest in marine-derived compounds [3]. In this context, Arthrospira platensis, more commonly
known as Spirulina, has attracted growing scientific and commercial interest. This cyanobacterium is
an exceptionally rich source of bioactive compounds, many of which are already known for their
potential health-promoting effects, while others have yet to be fully identified and characterized.
Phycocyanin is a complex composed of proteins belonging to the phycobiliprotein family and water-
soluble pigments of photosynthesis, the phycocyanobilins, and it is particularly abundant in the
cyanobacterium A. platensis, constituting approximately 20% of its dry weight [4]. Phycocyanin is an
oligomeric protein composed of o and f subunits with a molecular weight of 16.3 kD and 18.9 kD,
respectively [4]. Several scientific studies suggest that A. platensis may have various applications in
both medicinal and food industries [5] and phycocyanin is incorporated into diets in various forms
such as powders, tablets, extracts, and supplements. In particular, phycocyanin is believed to play a
key role in the anti-cancer, anti-inflammatory, and antioxidant effects of A. platensis [6-8]. It has been
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also demonstrated that phycocyanin reduces oxidative stress in both yeast and mammalian systems
[9,10].

Recently we investigated the effect of phycocyanin on the survival of Saccharomyces cerevisiae
cells growing in synthetic-defined medium and showed that phycocyanin has proven to possess anti-
aging properties, greatly extending the chronological life span of yeast cells regardless of whether the
glucose was present at low (0.2%) or high (2%) concentration [11]. Aging, together with its wide range
of age-associated conditions, is a complex, multifactorial process influenced by both genetic and
environmental factors, involving many interconnected pathways and regulatory networks. In this
regard, the yeast Saccharomyces cerevisiae serves as a valuable model organism for studying eukaryotic
cells and offers important insights into the biology of human aging. This is because the key molecular
pathways governing aging are evolutionarily conserved between yeast and higher eukaryotes [12-
15]. In this study, we examined how phycocyanin influences key signalling pathways associated with
aging in yeast to understand the molecular mechanisms behind its anti-aging properties. We show
data suggesting that the Ras2/PKA pathway may be essential for mediating the anti-aging effect of
phycocyanin. Moreover, we show that in rich medium, unlike what happens in synthetic-defined
medium, phycocyanin accelerated the chronological aging of yeast cells, leading to a marked
reduction in their chronological life span, indicating that S. cerevisize may be a valuable model not
only for studying the anti-aging effects and molecular targets of phycocyanin, but also its potential
side effects, possibly present in higher eukaryotic systems under certain conditions.

2. Results and Discussion

2.1. Effect of Phycocyanin on Saccharomyces Cerevisiae snflA and ras2A Mutants

Saccharomyces cerevisiaze, commonly known as budding yeast, is a key model organism for
studying eukaryotic cells and offers valuable insights into the biological mechanisms underlying
human aging [13,14]. We recently demonstrated that phycocyanin exerts a potent anti-aging effect by
significantly extending the chronological lifespan (CLS) of yeast cells cultured in synthetic-defined
medium (SD medium), under both calorie restriction (CR) conditions (0.2% glucose) or non-CR
conditions (2% glucose) [11]. In this study, we compared the survival of the wild-type strain and two
mutant strains (snflA and ras2A mutants) to explore the influence of phycocyanin on signal
transduction pathways associated with longevity and to identify its physiologically relevant targets.
The Snfl/AMPK pathway (sucrose-non-fermenting/AMP-activated protein kinase) is an anti-aging
pathway [16], while the Ras2/PKA (Rat sarcoma/protein kinase A) pathway is a pro-aging one [17,18].
We inoculated wild-type cells and the snflA and ras2A mutants in SD medium containing 0.2%
glucose or 2% glucose, in the absence and presence of phycocyanin, respectively 4.3 mg/mL (+0.1
mg/mL) and 3.9 mg/mL (+0.4 mg/mL) (day -3 of experiment). When the carbon source present in the
culture medium is completely consumed, cells enter the stationary phase, do not carry out any cell
division and reach the maximum cell concentration (day 0 CLS). We monitored the progressive loss
of viability of these stationary phase cells kept in their culture medium from day 0 until day 12 (SD
medium containing 0.2% glucose) or day 8 (5D medium containing 2% glucose) and used them as an
index of chronological aging [19] (Figure 1 and Figure 2). In the wild-type strain grown under
conditions of caloric restriction (0.2% glucose), phycocyanin showed a potent anti-aging effect,
confirming the previously published data [11]. Cell survival increased significantly on day 12 of CLS,
where the viability of cells treated with phycocyanin was approximately double that of untreated
cells (Figure 1). The anti-aging effect of phycocyanin was also clear in the snflA strain (Figure 1). In
particular, on day 6 of CLS, all cells in the untreated sample were non-viable, while the presence of
phycocyanin allowed the survival of a small fraction of cells. Furthermore, as expected, the snfl1A
strain was less long-lived than the wild-type strain (Figure 1). The ras2A strain, known for being
longer-lived compared to the wild-type strain [20], as also confirmed by our data (Figure 1), did not
show significant differences between phycocyanin-treated and untreated samples (Figure 1). At both
time points (days 6 and 12), the survival rate was indeed comparable. As previously published [11],
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phycocyanin showed a potent anti-aging activity also when the wild-type strain was grown in SD
medium containing 2% glucose (non-caloric restriction conditions) (Figure 2). Moreover, as expected,
in this strain grown in the absence of phycocyanin, cell survival was lower than in CR conditions
(Figure 1 and Figure 2). Like in the wild type strain, also in the snflA strain, the presence of
phycocyanin increased cell survival, demonstrating the anti-aging activity of the extract in this
mutant (Figure 2). Furthermore, in the absence of phycocyanin, cell survival was higher than that
observed under CR conditions (Figure 1 and Figure 2), consistent with the known role of the Snfl
protein being involved in metabolic pathways activated under conditions of low glucose availability
[16]. Finally, in the ras2A strain, phycocyanin did not appear to exert any anti-aging activity (Figure
2) also in this nutritional condition. This data suggests that the Ras2/PKA pathway may be essential
for mediating the anti-aging effect of phycocyanin, suggesting a possible direct involvement of this
signal transduction pathway in the molecular mechanism of action of this compound. Furthermore,
as expected, the ras2A strain was longer-lived than the wild-type strain (Figure 2).
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Figure 1. Cell survival in W303-14, snfl4 and ras24 cells grown in SD medium containing 0.2% glucose in the
presence and absence of phycocyanin (given at the moment of inoculation). Cell viability of W303-1A, snflA
and ras2A cells, either untreated (red) or treated (blue) with 4.3 mg/ml (+/-0.1 mg/ml) phycocyanin, was
analysed by measuring colony-forming units (CFU) after 3 days of growth at 30 °C. Cell survival is expressed as
% to the CFU at time zero. The means of 3 independent experiments with standard deviations are reported.
Student’s t-test *P < 0.05 and **P < 0.01.
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Figure 2. Cell survival in W303-14, snflA and ras2A cells grown in SD medium containing 2% glucose in the
presence and absence of phycocyanin (given at the moment of inoculation). Cell viability of W303-1A, snfiA
and ras2A cells, either untreated (red) or treated (blue) with 3.9 mg/ml (+/-0.4 mg/ml) phycocyanin, was
analysed by measuring colony-forming units (CFU) after 3 days of growth at 30 °C. Cell survival is expressed as
% to the CFU at time zero. The means of 3 independent experiments with standard deviations are reported.
Student’s t-test *P < 0.05 and **P < 0.01.
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2.2. Effect of Phycocyanin on Sacchoromyces Cerevisiae Reactive Oxygen Species Accumulation in snflA and
ras2A Mutants

Since oxidative stress and the accumulation of reactive oxygen species (ROS) play a key role in
aging [21], we determined the accumulation of ROS in snflA and ras2A mutants in the context of CLS
experiments. Therefore, as described previously (see Figure 1 and Figure 2), the presence of
phycocyanin in the medium significantly increased the chronological aging of wild type and snfi4
cells, while in the ras2 A strain, phycocyanin did not appear to exert any anti-aging activity. In parallel,
using a cytofluorimeter, we determined the accumulation of ROS by staining the chronologically
aged cells with dihydrorhodamine123 (DHR123) (Supplementary Figure S1). Flow cytometry data
were analysed using CytExpert and Floreada.io software. The results obtained from the
cytofluorimetric analysis conducted on the wild type strain grown under conditions of caloric
restriction (0.2% glucose) confirmed the data recently published by Nova et al. [11]. In particular, we
observed that wild type cells treated with phycocyanin, although more viable than untreated controls
(Figure 1), exhibited a higher percentage of DHR123-positive cells (Figure 3A) and an increased mean
fluorescence intensity (mean-DHR123) within the population (Figure 3B). These findings are
consistent with previously published data [11] and suggest that phycocyanin may exert a protective
effect by promoting cell survival through elevated ROS levels. This increase in ROS likely triggers an
adaptive response to oxidative and other forms of stress, known as hormesis, which renders cells
more resistant to subsequent, otherwise harmful, exposures to the same stressor [22,23]. Similar to
what was observed for wild type cells, snflA cells treated with phycocyanin —although longer-lived
than the untreated ones (Figure 1)—also displayed a higher percentage of DHR123-positive cells
(Figure 3A) and an increased mean fluorescence intensity (mean-DHR123) within the population
(Figure 3B) compared to untreated cells. These findings suggest that, in this strain as well,
phycocyanin may promote cell survival through hormesis-related mechanisms. Finally, also in ras2A
cells, although no differences in cell viability were observed between samples treated or untreated
with phycocyanin (Figure 1), treatment with this compound led to an increased percentage of
DHR123-positive cells and a higher mean fluorescence intensity (mean-DHR123) within the
population (Figure 3A and 3B).
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Figure 3. Flow cytometric analysis of W303-14, snflA and ras2A cells grown in synthetic medium containing
0,2% glucose, either untreated (red bars) or treated (blue bars) with 4.3 mg/ml (+/-0.1 mg/ml) phycocyanin.
Dihydrorhodamine 123 (DHR123) was used to assay ROS accumulation (for more details, see Supplementary
Figures S1 and S2). (A) Percentage of cells positive for DHR123 staining; (B) Mean fluorescence intensity (mean-
DHR123). The means of 3 independent experiments with standard deviations are reported. Student’s t-test *P <
0.05 and **P <0.01.

Under non-CR conditions (2% glucose), flow cytometry analysis showed that wild-type cells
treated with phycocyanin, which were more viable than untreated cells (Figure 2), exhibited a lower
percentage of DHR123-positive cells (Figure 4A) and a reduced mean fluorescence intensity (mean
DHR123) (Figure 4B) compared with untreated cells. These findings suggest that under these
conditions phycocyanin may exert a protective effect and promote cell survival through a mechanism
independent of hormesis. As observed in wild-type cells, snflIA cells treated with phycocyanin also
exhibited greater longevity compared with untreated cells (Fig. 2). In these cells, the percentage of
DHR123-positive cells was similar to that found in untreated controls (Figure 4A). However, the
mean fluorescence intensity (mean DHR123) within the population was lower than that of untreated
cells (Figure 4B), suggesting that, as in the previous strain, phycocyanin may confer a protective effect
and promote cell survival through a mechanism distinct from hormesis. Finally, in ras2A cells, no
differences in viability were observed between samples treated and untreated with phycocyanin
(Figure 2) and both the percentage of DHR123-positive cells and the mean fluorescence intensity
(mean-DHR123) in the population between phycocyanin-treated and untreated cells was comparable
(Figure 4A and 4B). Overall, our findings suggest that, in both the wild-type and the snflA mutant,
phycocyanin exerts a protective effect and promotes cell survival through hormesis when the cells
are grown in SD medium containing 0.2% glucose. Conversely, in SD medium containing 2% glucose,
phycocyanin appears to promote cell survival through a mechanism other than hormesis.
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Figure 4. Flow cytometric analysis of W303-1A, snflA and ras2A4 cells grown in synthetic medium containing 2%
glucose, either untreated (red bars) or treated (blue bars) with 3.9 mg/ml (+/-0.4 mg/ml) phycocyanin.
Dihydrorhodamine 123 (DHR123) was used to assay ROS accumulation (for more details, see Supplementary
Figures S1 and S2). (A) Percentage of cells positive for DHR123 staining; (B) Mean fluorescence intensity (mean-
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DHR123). The means of 3 independent experiments with standard deviations are reported. Student’s t-test *P <
0.05 and **P <0.01.

2.3. Phycocyanin Accelerates the Chronological Aging of Yeast Cells Grown in Rich Medium

It is known that the composition of the culture medium in which Saccharomyces cerevisiae cells
are grown plays a significant role in regulating various parameters, including growth and
proliferation, stress tolerance, and chronological aging [24-26]. To investigate this aspect, we
performed the chronological aging experiments in YPDA medium, a medium particularly rich in
nutrients (amino acids, peptides, nucleosides, etc.). Yeast cells were grown in YPDA medium under
CR (0.2% glucose) or non-CR (2% glucose) conditions, in the absence and presence of phycocyanin,
respectively 4.6 mg/mL (+0.4 mg/mL) and 4.6 mg/mL (+0.2 mg/mL) (day -3 of experiment), and their
colony-forming units (CFU) ability was measured over time. Our results showed that in rich medium
phycocyanin did not exhibit an anti-aging effect, instead significantly reduced their chronological
lifespan at both low (0.2%) and high (2%) glucose concentrations (Figure 5).
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Figure 5. Cell survival in W303-1A cells grown in YPDA medium containing 0.2% glucose (A) and 2% glucose
(B) in the presence and absence of phycocyanin (given at the moment of inoculation). Cell viability of W303-
1A cells, either untreated (red) or treated (blue) with 4.6 mg/mL (+0.4 mg/mL) (A) and 4.6 mg/mL (+0.2 mg/mL)
(B) phycocyanin, was analysed by measuring colony-forming units (CFU) after 3 days of growth at 30 °C. Cell
survival is expressed as % to the CFU at time zero. The means of 3 independent experiments with standard
deviations are reported. Student’s t-test *P < 0.05 and **P < 0.01.

As previously shown by Wu et al., cells grown in rich medium containing 2% glucose displayed
increased longevity than those cultured in the same medium containing a lower % of glucose [27].
Here we show that this phenotype is independent of the presence or absence of phycocyanin,
suggesting that caloric restriction confers an anti-aging effect only in the context of the SD medium.
However, phycocyanin under these rich nutritional conditions behaves in an opposite way and
reduces the chronological lifespan.

In parallel with the CLS experiment, we determined the accumulation of reactive oxygen species
by staining the chronologically aged cells with DHR123. Our results showed that in YPDA medium
containing 0.2% glucose, phycocyanin-treated cells showed a lower percentage of DHR123-positive
cells and a lower mean fluorescence intensity (mean-DHR123) in the population than untreated cells
(Figure 6A), while in YPDA medium containing 2% glucose no difference between treated and
untreated cells was observed (Figure 6B).
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Figure 6. Flow cytometric analysis of W303-1A cells grown in YPDA medium containing 0,2% glucose (A) or 2%
glucose (B), either untreated (red bars) or treated (blue bars) with 4.6 mg/mL (+0.4 mg/mL) (A) and 4.6 mg/mL
(#0.2 mg/mL) (B) phycocyanin. Dihydrorhodamine 123 (DHR123) was used to assay ROS accumulation (for more
details, see Supplementary Figures S1 and S2). The means of 3 independent experiments with standard
deviations are reported. Student’s t-test *P < 0.05 and **P < 0.01.

3. Materials and Methods

3.1. Yeast Strains and Media

Strains used in this study: W303-1A (MATa ade2-1 can1-100 his3-11,15 leu2-3112 trp1-1 ura3-1)
[28]; W303-1A with ras2::URA3 (our laboratory); W303-1A with snfl:HIS3 (kindly provided by J.
Winderickx, KU Leuven). Synthetic-defined medium (SD) contained either 0.2% glucose or 2%
glucose, 6.7 g/l YNB w/o amino acids (supplied by ForMedium™, Swaffham, UK) and the selective
drop-out CSM (Complete Supplement Mixture, supplied By ForMedium™, Swaffham, UK) -HIS-
LEU-TRP-URA; in addition, 100 mg/L adenine and 50 mg/L histidine, leucine, tryptophan and uracil
were added. The rich medium (YPDA) consisted of 1% (w/v) yeast extract, 2% (w/v) peptone, 100
mg/L adenine and either 0.2% or 2% (w/v) glucose. YPDA plates contained 2%wv-1 glucose, 2%wv-1
peptone, 1%wv-1 yeast extract, 100mg/L adenine and 2%wv-1 agar. Culture density was measured
with a Coulter Counter (Coulter mod. Z2) on mildly sonicated, diluted samples.

Phycocyanin (Organic Spirulina Extract, kindly provided by Algavista, Chennai, India; for more
details see Nova et al. [11]) was dissolved in the proper medium (the concentration slightly varies
among experiments) and sterilized by filtration through 0.22 pm PES filters (Biosigma). Given the
difficulty in filtering the culture medium containing phycocyanin and since a deposit of material on
the filter was observed during the filtration step, as previously described, a calibration curve was
used to determine whether phycocyanin loss occurred during this step and to determine the quantity
of phycocyanin actually present in the medium [11]. On average, the concentration of phycocyanin
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after filtration was approximately 80% of the phycocyanin dissolved in the fresh medium. The pH of
the fresh medium was 5.7 regardless of the presence of phycocyanin.

3.2. Aging Experiments and Cell Viability

We used one of the established procedures to measure chronological life span (CLS), as
described by Fabrizio and Longo [19]. Assessment of clonogenicity using the CLS assay is the most
used method to quantify cell viability, which reflects a cell’s ability to divide. It should be emphasized
that compromised proliferation does not necessarily lead to cell death; however, the literature
suggests that clonogenic capacity represents an excellent indicator of cell death in a wide range of
contexts, i.e. it represents a valid approximation to quantify survival in yeast populations [29-32]. The
yeast cells were grown in either SD medium or YPDA medium (containing either 0.2% glucose or 2%
glucose) at 30 °C on a shaker at 160 rpm and prolonged incubation in their original exhaust medium.
Chronological aging was monitored after arrest into stationary phase (day 0 of CLS) as progressive
loss of cell viability. In particular, cells were plated on YPDA agar plates in triplicate and colony
forming units (CFUs) were used to monitor viable cells after 3 days of growth at 30° C.

3.3. Staining with Dihydrorhodamine 123 (DHR123)

ROS were detected with DHR123 (Sigma Aldrich) essentially as described by Madeo et al. [33].
DHR123 was added directly to the culture medium at the final concentration of 5 pg/mL (from a 2.5
mg/mL stock solution in ethanol) and cells were incubated for 2 h at 30 ° C with shaking in the dark.
At the end of this period, cells were diluted in 50 mM TrisHCI pH 7.5 to 107 cell/mL and analysed
using a cytofluorimeter (CytoFLEX®, Beckman Coulter, Inc., Brea, CA, USA), with excitation and
emission settings of 488 and 525-550 nm (filter FL 1-H). A total of 20.000 events were acquired for
each sample and data were processed using CytExpert software (Version 2.6) (Beckman) and
Floreada.io software (a free web-based tool for flow cytometry analysis; https://floreada.io/).

3.4. Statistical Analysis

All the experiments were conducted at least in triplicate, and the Mean and Standard Deviation
were shown. The Student’s t test was used for assessing the significance of the experimental data.
The experimental data were elaborated with Excel TM.

4. Conclusions

Phycocyanin, a complex consisting of proteins belonging to the phycobiliprotein family and of
a pigment, phycocyanobilin, that can account for up to 20% of Spirulina’s dry weight, is considered
one of the main contributors to the functional properties attributed to this cyanobacterium: numerous
studies report antioxidant, anti-inflammatory, and even anticancer activities, making it a highly
promising candidate for nutraceutical, pharmacological, and biotechnological applications [6,7]. In
this paper we used Saccharomyces cerevisiae as a model organism to study the anti-aging activity of
phycocyanin purified from A. platensis (formerly Spirulina platensis). We showed that growth
conditions and nutrient sensing modulate the anti-aging activity of phycocyanin in budding yeast.
In particular, we showed that phycocyanin has a powerful anti-aging effect, greatly extending the
chronological life span of yeast cells grown in SD medium both under calorie restriction (CR)
conditions (0.2% glucose) or non-CR conditions (2% glucose), while in rich medium (YPDA)
phycocyanin does not exhibit an anti-aging activity, instead significantly reduces yeast chronological
lifespan at both low (0.2%) and high (2%) glucose concentrations. Additionally, our data support
prior studies [27] demonstrating that cells grown in rich medium containing 2% glucose exhibit
greater longevity than those cultured in the same medium containing a lower % of glucose. We
further showed that this effect occurs regardless of the presence or absence of phycocyanin, indicating
that caloric restriction promotes anti-aging benefits only within the context of the synthetic medium.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.1757.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 November 2025 d0i:10.20944/preprints202511.1757.v1

9 of 11

Taken together our results support the idea that nutrient balance, in addition to caloric restriction, is
a key factor for longevity of yeast.

Understanding the mechanism of action of molecules is crucial for several reasons. Identifying
the specific biological targets they interact with helps to explain the effects they produce.
Furthermore, knowledge of the mechanism allows for better prediction of potential side effects and
toxicity. In order to find physiologically relevant phycocyanin targets, we studied the effect of this
compound in mutants affecting longevity, in particular the snflA and the ras2A mutants, and found
that that the Ras2/PKA pathway may be essential for mediating the anti-aging effect of phycocyanin,
suggesting a possible direct involvement of this signal transduction pathway in the molecular
mechanism of action of phycocyanin.

Since oxidative stress and the accumulation of reactive oxygen species are considered important
factors causing aging and since data in literature attribute an antioxidant role to phycocyanin [6,7,21],
in parallel with the chronological life span experiments, we determined the accumulation of reactive
oxygen species by staining the chronologically aged cells with DHR123. Our findings suggest that, in
both the wild-type and the snflA mutant, phycocyanin exerts a protective effect and promotes cell
survival through hormesis [22,23], an adaptive response to a variety of stresses according to which
low doses of ROS act as essential signalling molecules to promote metabolic health and longevity,
when the cells are grown in SD medium containing 0.2% glucose. Conversely, in SD medium
containing 2% glucose, phycocyanin appears to promote cell survival through a mechanism other
than hormesis.

In summary, our findings suggest that the anti-aging action of phycocyanin is strongly
dependent on the metabolism of S. cerevisiage and that this microorganism may represent a useful
model organism to investigate the anti-aging properties and targets of substances, but also their
potential side effects, possibly present in higher eukaryotes under certain conditions.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org.
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