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Natural autophagy and autophagic cell death is being studied in the model system, D. discoideum, which has well known
genetic and experimental advantages over the other known systems. There is no apoptotic machinery present in this
organism which could interfere with the non-apoptotic cell death. The target of rapamycin (TOR) pathway is a major
nutrient-sensing pathway which when inhibited by the drug rapamycin induces autophagy. Rapamycin was originally
discovered as an anti-fungal agent but its use was abandoned when it was discovered to have potent immunosuppressive and
anti-proliferative properties. It is a known drug used today for various cancer treatments and also for increasing longevity in
many model organisms. It has a wide usage but its effects on other pathways or molecules are not known. This model
system was used to study the action of rapamycin on autophagy induction. Using the GFP-Atg8, an autophagosome marker,
it was shown that rapamycin treatment can induce autophagy by an accumulation of reactive oxygen species and
intracellular free calcium. Rapamycin suppresses proliferation by induction of cell cycle arrest in the G1 phase. Taken
together, the results suggest that the core machinery for autophagy is conserved in D. discoideum and it can serve as a good
model system to delineate the action of rapamycin induced autophagy.
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Rapamycin is known to have profound effects on
health and longevity in various model organisms1
and is studied in humans as therapy for treating
age-related diseases. In recent years, signaling
through the target of rapamycin (TOR) kinase has
emerged as a key pathway involved in lifespan
extension. Reduction in TOR signaling is sufficient to
increase lifespan in yeast2, Caenorabditis elegans3,
Drosophila4,5 and mice6,7, probably by modulating the
mRNA translation and enhanced degradation of
damaged macromolecules. Mice with reduced TOR
signaling in adipose tissue showed resistance to diet
induced obesity and metabolic diseases. Rapamycin is
now known to confer protection in model animals and
cell based models of neurodegenerative diseases,
cardiovascular disease and against a variety of cancers8.
Rapamycin (sirolimus) is a natural product initially
identified as a fungicide9,10 and later found to be a
potent immunosuppressant11,12. It has a wide usage but
its effects on other pathways or molecules are not
understood. Since the studies on humans cannot be
performed easily, studies on a variety of model
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animals is required to understand the potential side
effects of the long term use of this drug or its analog.
Dictyostelium discoideum, a protist is an eukaryote
occupying a strategic phylogenetic position that
represents a transition between unicellular eukaryote
and multicellularity13. Under nutrient starvation
conditions, the free living amoebae chemotax to
common collecting points in response to cAMP to
form the multicellular culminant having two
terminally differentiated cell types, namely the spore
and the stalk cells. Terminal differentiation into stalk
cells is caspase independent14 as inactivation of the
single para-caspase gene did not show any alteration
in the cell death program15. The dying stalk cells are
marked by the presence of autophagic vacuoles16.
Nutrient signaling plays an important role in the
switch over from unicellular to multicellular
forms and also help trigger the process of cell
differentiation17. The autophagy machinery in
D. discoideum overlaps considerably with mammals
rather than yeast. Knockout mutant strains of
D. discoideum autophagy genes are blocked in
development but not growth18. This model system has
been exploited to understand the process of autophagy
upon treatment with rapamycin.
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Given the importance of autophagy in varied
eukaryotic cellular processes and its possible role in
host-pathogen interactions and longevity, two
questions have been addressed in the present study:
(i) is autophagy induced in D. discoideum by the drug
rapamycin and (ii) if so, what is the mechanism
governing this process of autophagy. The results show
that rapamycin induces autophagy via accumulation of
reactive oxygen species and intracellular free calcium
and thus, D. discoideum serves as a good model system
to delineate the pathways involved in autophagy.
Materials and Methods
Strain, growth and development—D. discoideum,
Ax2 cells and the (act15/gfp-atg8)/Ax2 cells (plasmid
was obtained from the Dicty stock centre at
Northwestern University in Chicago, IL, USA) were
used for all the experiments. The wild type and the
transformed cells were grown in standard axenic
culture medium, HL-5 with the required selection, and
were developed on 2% non-nutrient agar plates19.
Induction and measurement of autophagy—
Autophagy was induced by treating the log-phase
(~3-4×106 cells. mL-1) vegetative cells of (act15/gfpatg8)/Ax2 strain with various doses of rapamycin
for varying times. Following induction, the cells
were washed in KK2 buffer20 and the following
parameters were obtained: fluorescence photograph
was taken using Nikon microscope, the GFP
fluorescence was measured (Ex/Em = 476/504 nm) and
the GFP-Atg8 puncta/cell was counted. Cell viability
was monitored using 3-[4, 5-Dimethylthiazol-2-yl]-2,
5-diphenyltetrazolium bromide (MTT) reduction assay
by the protocol of Mosmann21.
Effect of autophagy inhibitors 3-methyladenine and
wortmannin—To test the effect of the autophagy
inhibitors, 3-methyladenine (3-MA) and wortmannin
(W), cells were preincubated with of 0.5 mM 3-MA
for 1.0 h prior to rapamycin or starvation treatments.
Wortmannin (20 nM) was incubated along with
rapamycin. The results shown here are an average of
4-6 individual experiments carried out in triplicates.
Measurement of free radicals, lipid peroxidation,
intracellular calcium and mitochondrial membrane
potential—ROS generation was measured22 using the
dye, 2', 7′-dichlorodihydrofluorescein diacetate (DCFDA) which was used at a concentration of 15 µM and
incubated for 15 min at 22 °C in HL-5 with shaking.
After washing the fluorescence was measured at
525 nm after excitation at 495 nm. Untreated (C),

rapamycin treated (R) and H2O2 treated cells were
used for measurement of the ROS levels at different
time periods as shown in the respective figures.
Preincubations with inhibitors of ROS like
N-acetylcysteine (at a concentration of 0.5 mM for
1 h) and diphenyliodonium (at a concentration of
1.0 µM for 30 min) was carried and then treated with
either 50 nM rapamycin to induce autophagy or
exogenous H2O2 (1.0 mM) before measuring the ROS
levels over a period of 60 h. The ROS fluorescence
data were then finally normalized to the DNA content
by using propidium iodide (PI) at a concentration of
8 µM (Ex/Em = 535/617 nm) fluorescence representing
DNA content per cell mass.
Lipid peroxidation was measured by determining
the thiobarbituric acid reacting substances (TBARS)
present in the cytosol23. TBARS was extracted into
the organic layer by centrifugation at 4,000 g for
10 min and the absorbance was measured at 532 nm.
The lipid peroxidation level is expressed in
nmole MDA equated per mg protein by using
the following formula:
nmole of MDA = (V x OD)/(mg protein × 0.152),
where, V is the final volume of the test solution, and
Extinction coefficient, ε = 1.52 × 105 M-1cm-1
Intracellular free calcium was measured using
Fura 2-AM24. Incubation with 1.0 mM CaCl2 in
presence of calcium ionophore A23187 at a
concentration of 7.0 µM was used to increase the
levels of cellular calcium. EGTA (E), a calcium
chelator at a concentration of 1.0 mM in presence of
the ionophore was used. Fluorescence due to calcium
was measured at Ex = 340/380 nm and Em = 510 nm
by the Grynkiewicz25 equation as shown below:
[Ca2+]i (nM) = Kd × [(R – Rmin)/Rmax – R)] × Sfb
where Kd (for Ca2+ binding to fura-2 at 22 °C) =
225 nM, R = 340/380 ratio, Rmax = 340/380 ratio
under Ca2+-saturating conditions, Rmin = 340/380
ratio under Ca2+ -free conditions, and Sfb = ratio of
baseline fluorescence (380 nm) under Ca2+-free and
-bound conditions.
The calcium fluorescence data were then
normalized to the DNA content by using propidium
iodide (PI) at a concentration of 8 µM (Ex/Em =
535/617 nm).
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Mitochondrial membrane potential was measured
using the cationic dye, 5,5',6,6'-tetrachloro-1,1',3,3'tetraethylbenzimidazolylcarbocyanine iodide (JC-1)26.
JC1 was used at a concentration of 500 nM and
incubated at 22 °C for 30 min. The fluorescence was
measured at Ex = 514 nm and Em = 543/584 nm and
calculated as a ratio of red:green fluorescence. To
normalize the measurements, PI at a concentration of
8 µM was added and DNA fluorescence was
measured (Ex/Em = 535/617 nm).
All the final concentrations used for the study was
selected after individual standardization in the
laboratory. The results shown are an average of
4-6 individual experiments carried out in triplicates.
Cell cycle analysis—Untreated (control) and 50 nM
rapamycin treated cells at different time (0-60 h)
points were collected for cell cycle analyses by flow
cytometry (FACS caliber, Becton Dickinson). The
samples were prepared and labeled with propidium
iodide as per the protocol used by Chen et al27. The
analyses were carried using the Cell Quest
programme from Becton Dickinson.
Results
Rapamycin reduces cell viability in D. discoideum—
To investigate the sensitivity of D. discoideum cells to
rapamycin; we determined cell proliferation at various
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concentrations of the drug over a period of time
(Fig. 1a). In comparison to the control, 48 h of
incubation with 50 nM rapamycin inhibited cell
proliferation by nearly 50%. Interestingly, the
proliferation of treated cells did not get completely
arrested but continued with a slow growth.
To assess the inhibitory role of rapamycin, treated
cells were subjected to MTT cell viability assay
which showed a decrease with increasing times of
incubation (Fig. 1b) with nearly 65% viable cells after
48 h of treatment. There was a sharp decline in
viability after 36 h of treatment.
The wild type control cells showed robust
development and formed mounds by 8 h, slugs by
16 h, early culminants by 20 h and fruiting bodies by
24 h after starvation (Fig. 1c, panel Cn). Treatment
with rapamycin caused a delay in development and
showed aberrant phenotypes. Very large aggregates
were formed (at 8 h) which developed multiple tips
(at 16 h) that culminated into fruiting bodies having
no distinct stalk or spore heads (at 38 h). The basal
discs of the resulting culminants were in clusters
(Fig. 1c, panel R). Taken together, these observations
suggest the presence of a rapamycin dependent TOR
signaling cascade in D. discoideum involved in both
cell proliferation and differentiation.

Fig. 1—Effect of rapamycin on growth, viability and development. (a) Dose dependent inhibition of A×2 cells by rapamycin.
(b) Viability of untreated (C) and treated cells (R) were assayed by MTT (5 mg.mL-1) and absorbance measured at 570 nm. It was
expressed as MTT OD value of sample/MTT OD value of control. (c) Untreated (Cn) and cells treated with 50 nM rapamycin for 48 h
(R) were developed synchronously at a density of 5×105cells.cm-2. Few representative stages developed at the indicated times are shown.
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Rapamycin induces autophagy in D. discoideum—The
process of autophagy in D. discoideum, was analyzed
using [act15/gfp-atg8]/Ax2 cells that express the
autophagosome marker, Atg828 as a fusion protein
with GFP driven under the constitutive promoter,
actin15. The log phase cells were treated with 50 nM
of rapamycin for various time intervals (0-60 h) and
GFP fluorescence was visualized. By 60 h of
treatment, the vacuoles fused to cover a large volume
of the cell and probably induce cell death. A time
dependent increase was observed in the number and
size of puncta/cell which coalesced to form large
sized vacuoles by t60 (Fig. 2a). The results clearly
showed that treatment with 50 nM of rapamycin
for 48 h could induce autophagy in D. discoideum
without bringing death.
To evaluate whether the incorporations of GFP-Atg8
were indeed dependent on autophagy, the cells were
pretreated with 3-methyladenine (3-MA) or wortmannin,
the known inhibitors of autophagic sequestrations.

3-MA and wortmannin are phosphatidyl-inositol 3
kinase (PI3K) inhibitors, inhibiting both class I and
III PI3K. Class I PI3K generates products that inhibit
autophagic sequestrations while class III generates
products that stimulate autophagic sequestration
downstream of class I enzymes, the net result being
blockage of autophagy29,30. After 48 h (Fig. 2c), there
was an increase of nearly 1.5 folds in the level of
GFP-Atg8 fluorescence in the rapamycin treated cells
(R) as compared to the untreated control (C) cells.
However, when the rapamycin treated cells were
antagonized with 3-MA (RM) the GFP-Atg8
fluorescence decreased to almost control levels.
Treatment with 3-MA alone (M) did not seem to
increase the GFP-Atg8 levels and acts as an internal
control (Fig. 2c). The inhibitory effect was also observed
during fluorescence microscopy (Fig. 2biii). Fig. 2bi
shows the untreated control cells having diffused
fluorescence which upon treatment with rapamycin
(Fig. 2bii) show an increased number of puncta.

Fig. 2—Rapamycin induces autophagy. (a) Fluorescence images of (act15/gfp-atg8)/Ax2 cells after incubation with rapamycin
for indicated time points. (b) Fluorescence images of (act15/gfp-atg8)/Ax2 cells: i-control, ii-rapamycin, iii-3-methyladenine
and iv-wortmannin treatments. (c) and (d) GFP incorporations.mg-1 DNA in untreated (C), rapamycin (R), 3-methyladenine and
wortmannin (W) treatment, RM and RW indicate effect of 3-MA and wortmannin after rapamycin treatment. (e) Puncta/cell in the
(act15/gfp-atg8)/Ax2 cells was counted after treatments with various drugs. Results shown in the figures are an average of 4-6 individual
experiments performed in triplicates.
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Similarly, when the rapamycin treated cells were
antagonized with wortmannin (RM) the GFP-Atg8
fluorescence decreased to almost control levels
(Fig. 2d). Wortmannin substantially inhibited the
accumulation of GFP-Atg8 labeled vacuoles
(Fig. 2biv) in the treated cells (RW) confirming the
involvement of a PI3 kinase.
In the above experiments, untreated control cells
showed the basal autophagy levels, the rapamycin
treated cells showed induced autophagy, the treatment
with the drug alone acted as an internal control while
the effect of the drug after induction of autophagy was
also monitored and 5 individual experiments in
triplicates were performed. A Student’s t test was
used to analyze the significance of the differences for
each sample with their respective controls. A
statistically significant difference observed is marked
with an * where the P value was <0.05.
Further, the formation of autophagosomes (GFPAtg8 puncta) was counted under the fluorescence
microscope after treatment with rapamycin and other
drugs (Fig. 2e). Rapamycin treatment showed almost
3 fold increase in the puncta/cell.
Taken together, these results indicate that the
accumulation of GFP-Atg8 vacuoles (both
fluorescence incorporations and puncta counts/cell)
correlates with the induction of autophagy by
rapamycin in D. discoideum which is abrogated by
proven inhibitors of the autophagic pathway such as
3-MA and wortmannin. Therefore, autophagy can be
followed both biochemically and morphologically in
this system.
Accumulation of ROS correlates with induction
of autophagy—What could be the possible mechanism
of rapamycin induced autophagy in case of
D. discoideum? Since, oxidative conditions are essential
and treatment with antioxidative agents abolishes the
formation of autophagosomes the role of ROS31 was also
explored. Simultaneous measurements of both ROS
levels using DCF-DA which reacts mainly with H2O2
to form a fluorescent compound (Fig. 3a) and
autophagy by the GFP-Atg8 fluorescence Fig. 3b was
carried. Cellular ROS levels were increased by
treatment with exogenous H2O2 (H) and decreased
by treatment with specific inhibitors like
N-acetylcysteine (N, inducer of intracellular
glutathione) and diphenyliodonium (D, a NADPH
oxidase)32,33. Nearly 2 and 1.5 fold increase in the
ROS levels was observed after H2O2 and rapamycin
treatments respectively over the control cells at 48 h
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while both N and D treatments decreased the
fluorescence levels to near control levels (Fig. 3a).
Increase in GFP-Atg8 fluorescence was observed
after H2O2 and rapamycin treatments while N and
D treatments decreased the fluorescence levels at 48 h
(Fig. 3b). The studies showed a more pronounced
decrease in the ROS levels by the inhibitor
N-acetylcysteine. It can be concluded that the level of
autophagy was positively correlated to the levels of
ROS as the GFP-Atg8 fluorescence increased with an
increase in the ROS levels both after rapamycin or
H2O2 treatments. Conversely, an increase in ROS
levels also showed increased autophagy.
Activity of antioxidant enzymes—Involvement of
ROS prompted the measurement of the activity of
important stress regulatory enzymes like superoxide
dismutase (SOD) and glutathione S-transferase (GST)
in both the untreated and rapamycin treated cells.
Nearly 3 and 2 folds increase in the levels of SOD

Fig. 3—Accumulation of ROS after autophagy induction and
vice versa. Simultaneous measurements of ROS levels (a) and
induction of autophagy (b) was carried and expressed as DC-FDA
incorporations.mg-1 DNA and as GFP fluorescence.mg-1 DNA
respectively under varying conditions: untreated (C), rapamycin
(R), exogenous H2O2 (H), N-acetylcysteine (N) and
diphenyliodonium (D) treatments. ROS levels was measured
using DC-FDA (Ex/Em = 495/525 nm). Data are means + SD
of 5 independent experiments performed in triplicates.
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(Fig. 4a) and GST (Fig. 4b) respectively were
observed after the treatment.
So where does this redox signal arise? It has been
reported that class III PI3K accumulates H2O2 in the
mitochondria which is essential for autophagy. Level
of mitochondrial membrane depolarization was
measured using the dye JC-1 which exists as a
monomer in the cytosol (green in colour); while in the
mitochondria they form aggregates (red in colour). In
the dying cell population the dye appears green in
colour and fails to form aggregates. The ratio of
red:green fluorescence decreased in rapamycin treated
cells as compared to the control cells which remains
more or less constant suggesting occurrence of
depolarization of mitochondrial membrane during
autophagy (Fig. 4c).
Increase in the oxidative stress due to accumulation
of ROS prompted the measurement of its effects on
lipid peroxidation as well as intracellular calcium
levels. Oxidative damage of polyunsaturated fatty
acids (membrane integrity) was measured by
determining TBARS in the control as well as

Fig. 4—Effect of autophagy on various parameters. Both
the control (C) and rapamycin (R) treated cells were measured
for the following parameters: (a) SOD enzyme activity;
(b) GST enzyme activity; (c) Mitochondrial membrane
potential (MMP) was measured by JC-1 (Ex = 514 nm and
Em = 543/584 nm). A decrease in the red/green fluorescence
measures an increase in the MMP. (d) Lipid peroxidation was
measured at 532 nm by TBARS.

rapamycin treated cells. There was no significant
change observed in the lipid peroxidation after
treatment (Fig. 4d). These results show that the
membrane remains almost intact during the whole
period of incubation.
Increase in calcium induces accumulation of GFPAtg8 fluorescence—Simultaneous measurements of
both the (Ca2+)i and the GFP-Atg8 fluorescence
(Fig. 5a and b) in the untreated and rapamycin treated
cells were carried out. Measurements were done after
perturbing the calcium homeostasis by the addition of
exogenous calcium or by the calcium chelator, EGTA.
The above experiments showed a dose dependent
increase in the (Ca2+)i levels along with an increase in
GFP-Atg8 fluorescence. Levels of both (Ca2+)i and
GFP-Atg8 decreased upon treatment with exogenous
EGTA. The results indicate an increase in endogenous
(Ca2+)i levels upon rapamycin treatment and vice
versa. Induction of autophagy was similar in both

Fig. 5—Accumulation of intracellular free calcium after
autophagy induction and vice versa. Simultaneous measurements
of intracellular calcium levels (a) and induction of autophagy
(b) was carried under varying conditions. Intracellular free
calcium measured over a period of time as indicated in the
untreated (C), rapamycin treated (R), cells treated with CaCl2 and
A23187 (Ca2+) and cells treated with EGTA (E), a calcium
chelator. GFP-Atg8 fluorescence measurements under similar
conditions. Intracellular free calcium levels was measured using
Fura2 AM (Ex = 340/380 nm and Em = 510 nm). Data are means
+ SD of 5 independent experiments performed in triplicates.
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rapamycin and calcium treated cells but the levels of
(Ca2+)i was not similar in them.
Rapamycin blocks cells in G1 phase of cell cycle—
Cell cycle analyses of cultures grown in presence and
absence of rapamycin for varying time was carried by
FACs analysis. Forward scatter measurements
(Fig. 6a) showed a decrease in size by t24 after which
they increased to resume near normal size by t60 after
rapamycin treatment. The sizes of control cells with
time did not show any changes. An absolute
difference in the percentage of cells in each phase
with respect to time from the control is shown in
Fig. 6b. The results show a gradual increase in the
percentage of cell number in the G1 phase till t24 after
which they maintained themselves in the same
phase till t48. Correspondingly, percentage of cells in
S phase shows a decrease from the control till almost
t48 hours of treatment. Increase in the percentage of
cells in the S phase of the treated sample at t60
suggests a transition from G1 to S phase. A
corresponding increase in the percentage of cells was
seen in the G2 phase. Taken together, the data
suggests a blockage in the G1 phase till almost 60 h of

Fig. 6—Effect of rapamycin on cell cycle profile. (a) Forward
scatter of the control cells and rapamycin treated cells with
time. (b) Plot showing the relative percentage of different
phases of cell cycle with respect to time for the rapamycin
treated over control cells.
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treatment after which they progress in cell cycle.
Interestingly, the transition appears at 60 h of
treatment when the cells acquire a size similar to that
of the wild type. This suggests that TOR signaling
plays an important role in both cell cycle progression
and growth of cells.
Discussion
Rapamycin and its derivatives are promising
therapeutic agents having both anti-tumor and
immunosuppressant properties. Rapamycin and its
derivatives block multiple cellular functions linked to
TOR signaling, therefore it is essential to gain a better
understanding of the molecular links between TOR
and cellular functions.
In the present study, Dictyostelium discoideum was
used to understand the molecular and cellular
functions of a complex process like autophagy.
Orthologs of many proteins involved in autophagy
found in yeast have been found in humans but many
proteins found in humans are not present in them but
are present in D. discoideum, which are known to
undergo caspase independent developmental cell death.
The results demonstrate that autophagy which
occurs naturally in this organism can also be studied
by treatment with rapamycin which utilizes the well
conserved autophagic machinery and help answer
questions regarding TOR signaling. Autophagy was
monitored both by counting the GFP-Atg8 puncta
and the fluorescence levels. Rapamycin treatment
for 48 h at 50 nM concentration induced autophagy
that was inhibited by PI3 kinase inhibitors 3-MA
and wortmannin.
The results reveal that rapamycin induced
autophagy involves an accumulation of ROS and in
turn, an increase in ROS could induce autophagy.
Autophagy degrades and recycles the macromolecules
and plays an important role in cellular response to
oxidative stress indicating an existing relationship
between mitochondria and autophagosomes. As a
result of oxidative metabolism, mitochondria produce
low levels of ROS which normally get reduced by
enzymatic and non-enzymatic antioxidizing agents.
This accumulation within the mitochondria results in
loss of function of the organelle owing to lipid
peroxidation, DNA damage and a decrease in
mitochondrial membrane potential. Rapamycin
induced autophagy is accompanied by early
production of ROS which results in depolarization of
mitochondria. The generation of ROS mainly takes
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place in three cellular compartments i.e., in the ER,
mitochondria or cytosol. However, all the three
locations of ROS generating processes mutually affect
each other and get influenced by exogenous ROS.
Though mitochondrial respiration is the main source
of ROS, it is also a target of ROS produced at other
cellular locations. From the present study, it is not
clear as to which ROS is the active species leading to
the induction of autophagy. The use of exogenous
hydrogen peroxide in this study suggests its
involvement in this process. Chen et al.33 used both
catalase and N-acetylcysteine (NAC) extensively, as
antioxidants which act specifically against hydrogen
peroxide. This seems to corroborate with the present
study because the level of H2O2 induced autophagy
was more reduced when NAC was used as the
antioxidant in comparison to diphenyliodonium
(DPI). In addition, the level of SOD was found
to be increased in the cells treated with rapamycin.
Chen et al.33 have measured in parallel the cellular
content of H2O2 and superoxide and have shown that
the level of superoxide is correlated with extent of
autophagy induction. This does not however mean
that H2O2 is not important in autophagy as its
generation due to ER stress affects the function of
mitochondria. Loss of membrane potential is the
cause of superoxide production whereby hydrogen
peroxide is converted to superoxide. Additionally,
ER stress causes a release of calcium from the ER
which leads to an increase in the concentration of
cytosolic calcium.
Studies in yeast show that mutants defective in
autophagy proceeds towards cell death as a result of
mitochondrial dysfunction34. In addition, ROS was
also found to induce autophagy by disruption of
mitochondrial function in human glioma cell lines35.
Mitochondrial ROS can also act as a signaling
molecule able to switch cells between proliferation
and differentiation. The preliminary results show that
during normal development starvation triggers
accumulation of ROS resulting in induction of
autophagy and this signal was PI3K dependent
suggesting that ROS starts accumulating from the
time of starvation which could be a possible
mechanism to induce autophagy (unpublished). Cells
develop a very powerful defense mechanism to
maintain a balance between the production and
degradation of the ROS produced by the cells. The
role of antioxidant enzymes is of fine tuning the levels
of ROS required in the redox regulation of the cell

cycle and PCD. Based on the present study and the
current knowledge one can conclude that autophagy
can be regulated by the mitochondria. ROS generated
by mitochondria include superoxides, hydrogen
peroxides and other free radicals which can induce
autophagy. Specific ROS can also be converted to
other forms of ROS but how they are regulated during
autophagy is not known. It is still not clear whether
one or more species of ROS is involved in triggering
autophagy. For cell survival, either high defense
mechanisms or low ROS levels are required. The
present results showed that induction of autophagy led
to increased levels of these antioxidizing enzymes but
probably further accumulation of ROS degrades these
enzymes and lead the cell towards autophagic cell
death. Autophagy can disrupt the balance between the
production and degradation of ROS by modulating the
mechanism responsible for survival to become an
efficient death promoter.
The prestalk cells which are destined to die during
its differentiation into stalk cells have high (Ca2+)i as
compared to the prespore cells and also an increase in
intracellular calcium can bias the cells towards the
prestalk pathway. The result showed (Ca2+)i to be
involved in mediating autophagy. The first insights
into the molecular mechanism of signaling pathway
leading to autophagy in D. discoideum came from the
studies of Lam et al.36 where they have shown the
requirement of IP3R and Ca2+. The IP3R is a ligand
gated channel governing calcium efflux from the
endoplasmic reticulum stores into the cytosol.
A detailed study to identify a signaling cascade that
would mediate autophagy in response to elevated
calcium is still awaited. In this study it has been
shown that an alteration of (Ca2+)i homeostasis is
involved in the regulation of autophagy. Whether
increased calcium levels are a prerequisite for the
depolarization is not known in this system. It has been
earlier reported that negative mitochondrial
membrane potential draws calcium ions into the
matrix of the mitochondria and releases calcium
which may trigger calcium dependent signaling. Lam
et al.36 have shown the role of calcium flux in
autophagy. It was suggested that increased (Ca2+)i as
well as depletion of Ca2+ from the ER triggers an
autophagic response37. It can be concluded that
although calcium has long been known to play a role
in autophagy, whether it promotes or inhibits
autophagy may depend on actual cellular context.
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Cell growth and proliferation depends on the
nutritional environment of the cell. Nutrients provide
materials for macromolecular synthesis as well as
initiate the TOR signaling cascade. The present
results show that rapamycin treatment blocks the cells
in G1 phase of the cell cycle for 48 h after which they
progress towards the S phase of the cell cycle.
Interestingly, the cells resume division only when
they achieve a size similar to that of the control cells.
This observation supports the fact that cell size
achievement is important for the cells to enter
division. This is also true with the results from growth
curve where cells resume division slowly by 60 h of
treatment. It is assumed that TOR signaling remains
active during whole cell cycle, acting not only to up
regulate the macromolecular synthesis but also
transmitting nutrients to the factors promoting cell
division. It has been reported earlier that dysfunction
of TOR is mainly attributed to the impairment of
protein synthesis38. Increase in cell size as well as
proliferation depends on the availability of the
nutrients. As a result of increase in the intracellular
concentration of calcium during the course of
rapamycin treatment, it can be speculated that some
role is played by calcium as it has been found to
regulate the cell cycle progression at the G2/M
checkpoint in hepatic stellate cells39 and also in
D. discoideum24.
In conclusion, the results of the present studies
show that rapamycin drug induces autophagy in
D. discoideum via an accumulation of ROS and
intracellular calcium. Autophagy is one of the chief
mechanism by which longevity is achieved.
Understanding the mechanism by which ROS
production by mitochondria leads to an extension of
life is still awaited.
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