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Mortality associated with mucormycosis remains high despite current antifungals. Iron-starvation strategies have
been shown to have promising activity against Mucorales. We hypothesized that iron starvation enhances apoptosis in
Rhizopus oryzae. Apoptosis was characterized in R. oryzae transformed with RNAi plasmid targeting FTR1 expression
(iron permease mutant) or empty plasmid grown in iron rich (0.125% FeCl3) and iron depleted media (YNBC1mM
ferrozine and 1 mM ascorbic acid). Increased apoptosis was observed with dihydrorhodamine-123 and rhodamine-123
staining in the iron starved mutant FTR1 when compared to empty plasmid, followed by increased extracellular ATP
levels. In addition, DNA fragmentation and metacaspase activity were prominent in FTR1. In contrast, Rhizopus strains
grown in iron-rich medium displayed minimal apoptosis. Our results demonstrate a metacaspase dependent apoptotic
process in iron deprived condition and further support the role of iron starvation strategies as an adjunct treatment for
mucormycosis, a mechanism by which iron starvation affects R. oryzae.

Introduction

Mucormycosis is an emerging life-threatening mold infection
in immunocompromised patients, as well as patients with diabe-
tes increased levels of available serum iron, or trauma with Rhizo-
pus and Mucor species account for more than 70% of such
infections.1,2 Unfortunately, despite surgical debridement and
systemic antifungal therapy, the overall mortality rate for mucor-
mycosis remains high and may approach 100% in patients with
disseminated disease, or persistent neutropenia.2,3,4 Thus, new
strategies to prevent and treat mucormycosis are urgently needed.

The higher rate of infection by R. oryzae in patients with ele-
vated levels of free iron in serum highlights the central role of
iron metabolism in the fungal pathogenesis.5 Ibrahim et al.1

found that the iron chelator deferasirox, unlike the deferoxamine,
does not act as an iron siderophore for Rhizopus. On the contrary,
deferasirox demonstrates cidal activity against Mucorales in vitro
and treatment of Rhizopus-infected mice with deferasirox
markedly improves survival, reduces fungal burden in target
organs, and enhances the host inflammatory response to mucor-
mycosis, further reinforcing the role of iron in pathogenesis.1

These results were also corroborated by our findings that defera-
sirox protects Drosophila from mucormycosis infection.6

Fu et al.7 cloned the high-affinity iron permease (FTR1) of R.
oryzae, which is a primary effector for organism ability to acquire
iron in iron-limited environments such as those found in suscep-
tible hosts. Iron starvation causes the rapid expression of FTR1 in

R. oryzae, while excess iron in the form of ferric chloride reduces
this expression.1,3

Apoptosis has been studied in many higher eukaryotes but
also have been observed in lower eukaryotes, including yeasts and
filamentous fungi.8-11 Rhizopus exhibit apoptotic markers that
are similar to those of mammalian cells, including phosphatidyl-
serine externalization, reactive oxygen species (ROS) accumula-
tion, mitochondrial membrane potential dissipation, and DNA
condensation and fragmentation.10,11 Apoptosis can be induced
in R. oryzae by oxidative stress and antifungal agents such as posa-
conazole and itraconazole.10,11 However, it is unclear whether
apoptotic effects in Rhizopus are related to iron starvation or iron
availability. We hypothesized that iron starvation leads to
enhanced apoptosis in R. oryzae with reduced ability to acquire
iron due to inhibition of FTR1 expression.

Results

We first studied the effect of iron starvation on mitochondrial
membrane potential and ROS accumulation. We found that
staining of R. oryzae FTR1:RNAi germlings with DHR-123 and
Rh-123 was most prominent in the iron-starved condition as
shown by increased red and green fluorescence, respectively com-
pared with the control (Fig. 1 A–D). A relatively small percent-
age of germlings were positively stained when grown in iron-rich
conditions (SupplementaryFig. 1 A, B). Similarly, accumulation
of ROS was increased markedly as illustrated by increased
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fluorescence (approximately fold4-) in R. oryzae FTR1::RNAi
grown in the iron-deprived condition for 72 to 96 h (Fig. 1B).
However, in R. oryzae FTR1::RNAi grown in iron-rich media,
only a 2.fold5- increase (relative 151.0% compared to control)in
fluorescence was observed, whereas no changes in fluorescence
were observed in the control strain (Fig. 1B, Supplementary
Fig. 1A).

To further assess whether iron deprivation was associated with
changes in depolarization of mitochondrial membrane potential
in R. oryzae FTR1:RNAi, we used the Rh-123 staining method.
Rh-123 staining showed a fold4- increase in fluorescence in R.
oryzae FTR1::RNAi germlings grown for 96 h compared with the
fluorescence observed in the control germlings grown in the iron-
deprivation condition (Fig. 1D). Both R. oryzae strains grown in
iron-rich media had no change in membrane potential (relative
21.0% compared to control). (Supplementary Fig. 1B). These

results are consistent with the notion that iron starvation leads to
physiological stress and apoptosis in mitochondrial-dependent
pathways in FTR1::RNAi strain with reduced ability to acquire
iron.

Next we studied DNA fragmentation by TUNEL assay using
fluorescence microscopy in R. oryzae FTR1::RNAi strain and
found that DNA degradation was prominent in iron-starved cells
grown for 96 h compared with the control (Fig. 2A, Supplemen-
tary Fig. 1C).

Caspases are activated in the early stages of apoptosis and play
a central role in the apoptotic cascade. Caspase-like activity
(metacaspase) can be assessed by using the in situ detection
marker CaspACE FITC-VAD-FMK.10,11 The lack of iron led to
cleavage of the metacaspase, suggesting that the apoptosis
observed after iron deprivation was metacaspase-dependent
(Fig. 2B, Supplementary Fig. 1D). To further support the

Figure 1. Iron starvation leads to ROS accumulation and mitochondrial membrane damage in R. oryzae FTR1::RNAimutant (inhibition of FTR1 expression)
compared with control (RNAi empty). DHR-123 and Rh123 were used to measure ROS and mitochondrial membrane damage, respectively, using fluores-
cence microscopy and fluorescence spectrophotometry. Fluorescent images of R. oryzae FTR1::RNAi and control strain grown for 96 h in iron-deprived
condition, stained with DHR-123 (A) and Rh-123 (C). Relative fluorescence of R. oryzae FTR1::RNAi and control strains stained with DHR-123 (B) and Rh-
123 (D) grown in iron-deprived and iron-rich conditions. DIC, differential interference contrast. *P<0.05; ***P<0.0001 (compared with control strain).
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Figure 2. R. oryzae germlings deprived of iron display typical morphological changes associated with apoptosis, including nuclear degradation (by
TUNEL assay), caspase-like activity (by CaspACE FITC-VAD-FMK), and extracellular ATP release (by CellTiter-Glo luminescent assay) in R. oryzae FTR1::RNAi
and control strains grown for 24–96 h. Fluorescent images of R. oryzae FTR1::RNAi and control strains grown for 96 h in iron-deprived condition, stained
with TUNEL (A), CaspACE FITC-VAD-FMK (B). Extracellular ATP release is higher in R. oryzae FTR1::RNAi mutant than control strain grown in iron-starved
and iron-rich conditions, respectively (C). DIC, differential interference contrast). **p<0.001; ***p<0.0001 (compared with control).
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concept that caspase-like activity are involved in apoptosis under
iron starvation, we assessed the metacaspase activity in Z-VAD-
FMK–treated and untreated samples of the R. oryzae germlings
and found no DNA fragmentation and metacaspase activity
(Fig. 2 A and B), which indicate improved survival and metacas-
pase dependent cell death under iron starvation.

The major source of energy for metabolic processes in most
cells is derived from oxidative phosphorylation, and these pro-
cesses depend on iron availability.12 Maintaining the ratio of
ATP to ADP is essential to maintaining mitochondrial mem-
brane potential; thus, depletion of ATP leads to apoptosis.12 To
determine whether depletion of iron was associated with altera-
tions in ATP levels and apoptosis, we measured extracellular
ATP levels and the association of these levels with apoptosis. The
extracellular levels of ATP were significantly increased (P D
<0.0001) in iron starved FTR1::RNAi germlings when grown in
iron-starved condition as compared with levels observed when
FTR1::RNAi germlings were grown in iron-containing medium
(Fig. 2C), which caused mitochondrial damage and apoptosis
that were effectively reversed by media supplemented with iron
(Fig. 2A, B). These results are consistent with a rapid increase in
the mitochondrial membrane permeability of germlings as
detected by ROS accumulation, reduced mitochondrial mem-
brane potential and metacaspase-dependent cell death.

Discussion

In this study, we investigated the activation and execution of
apoptosis in the R. oryzae grown under iron-starved condition.
We utilized R. oryzae iron permease mutant (with RNAi-medi-
ated inhibition of FTR1 expression) to elucidate the morphologi-
cal and biochemical characteristics of apoptosis in response to
iron starvation.

In mitochondria, iron is required for electron transfer reac-
tions, including oxidative phosphorylation, which are involved in
the generation of hydroxyl radicals.12,13 Iron starvation triggered
acute physiological stress and led to apoptotic phenomena
induced by a mitochondrial-dependent pathway. Changes in
mitochondrial biogenesis and functions are hallmarks of all forms
of apoptosis.12 An initial event of apoptosis is a decrease in mito-
chondrial membrane potential, which is required to maintain an
asymmetric distribution of charges between the inner and outer
mitochondrial membranes.12,13 Reductions in mitochondrial
membrane potential result in the loss of outer mitochondrial
membrane permeability. We found increased ROS accumulation
and decreased mitochondrial potential in R. oryzae FTR1::RNAi
mutant in the iron-depleted condition, which indicated that apo-
ptosis can be induced by iron depletion and is associated with
damage of the mitochondria.

Our results agree with prior results which showed that iron
deprivation induced apoptosis in murine lymphoma cells.14 We
showed that loss of iron and induction of apoptosis might be
associated with impaired function of the respiratory chain
required to generate ATP and the subsequent damage to mito-
chondria. Mitochondrial dysfunction and the loss of membrane

potential appear to result from the failure to maintain proper
exchange of ATP and ADP.12 An increase in extracellular ATP
levels seen after iron depletion should thus lead to marked altera-
tions in the ATP/ADP exchange, mitochondrial inner membrane
hyperpolarization, and matrix swelling. These, changes would
ultimately compromise the function of the organelle.

Previous studies have reported accumulating evidence that dif-
ferent stimuli induce different apoptotic pathways in fungi that
are regulated by activation of metacaspase, which cleave specific
substrates and trigger apoptotic death.15 Here, we have shown
that iron deprivation induces metacaspase-dependent pathways
that led to apoptosis, and moreover we have identified iron as a
critical component to prevent apoptosis.

Our results introduce a mechanism by which iron starvation
by chelation therapy (e.g. by the use of deferasirox) is cidal
against R. oryzae as well as other agents of mucormycosis in vitro
and is protective against experimental mucormycosis.1 However,
a small phase II, double-blind, randomized, placebo-controlled
clinical trial of 20 patients with mucormycosis treated with defer-
asirox combined with standard therapy of liposomal amphoteri-
cin B (LAmB) versus the polyene alone (Placebo) failed to
demonstrate any benefit of using the iron chelator.16 In fact sig-
nificantly higher mortality rates were found in patients random-
ized to receive deferasirox at 30 (45% vs. Eleven%) and 90 d
(82% vs. Twenty-two%, P D 0 .01) compared to those treated
with LAmB alone.16 It is imperative to point that this study suf-
fered from shortcomings including patients in the deferasirox
arm were more likely than placebo patients to have active malig-
nancy, neutropenia, corticosteroid therapy, and less likely to have
received additional antifungals. All of these factors contribute to
higher mortaility in patients with mucormycosis and make the
results of this small pilot trial hard to interpret.17 Only a large,
Phase III trial, potentially enrolling only diabetic or corticoste-
roid-treated patients (since animal model and case studies sug-
gested a benefit of using deferasirox in this patient
populations),1,18 and excluding cancer/neutropenia patients,
could further elucidate the safety and efficacy of initial, adjunc-
tive deferasirox for the treatment of mucormycosis.

In conclusion, we have shown, to our knowledge for the first
time that lethality of iron depletion in R. oryzae is, at least par-
tially, driven by metacaspase-dependent apoptosis. The results
presented here suggest that iron depletion is a viable potential
therapeutic strategy for mucormycosis for which treatment
options are extremely limited.

Materials and Methods

R. oryzae transformed with RNAi plasmid targeting FTR1
expression (FTR1::RNAi, iron permease mutant with >90%
inhibited FTR1 expression) or empty plasmid (control) were
described before.3 Spores of R. oryzae strains RNAi empty or
FTR1::RNAi were collected from 4–5 d old plates that have been
incubated at 37oC on yeast nitrogen base (YNB) agar plates sup-
plemented with amino acids without uracil and containing either
1 mM ascorbic acid and ferrozine (iron-starved conditions)
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or 0.125% FeCl-3 (iron-rich conditions), as previously
described.1,19 Spores were washed in phosphate buffer saline
(PBS) and enumerated in a hemocytometer.

For apoptosis experiments, spores of R. oryzae strains (1 £ 106

/mL) were suspended in RPMI 1640 media containing 1 mM
ascorbic acid and 1 mM ferrozine (for iron-depleted conditions)
or 0.125% FeCl3 (for iron-rich conditions at which FTR1 is
weakly expressed7 and grown for 24–96 h at 37�C with shaking.
At selected time intervals, samples of R. oryzae cells were collected
and assessed for apoptosis markers.

Intracellular ROS levels in germlings of R. oryzae strains
(RNAi empty (control) or FTR1::RNAi) were measured as previ-
ously described.10,11 R. oryzae spores were inoculated in RPMI
1640 medium with 0.125% FeCl3 or without iron (1 mM ascor-
bic acid and ferrozine) and were incubated for 24–96 h at 37�C,
and then spiked with DHR-123 (5 mg/ml). After incubation for
2h at RT, cells were harvested after centrifugation at 10,000 £ g
for 5 min and observed with a Nikon Microphot SA fluorescence
microscope (excitation, 488 nm; emission, 520 nm). For quanti-
tative assays, fluorescence intensity values were recorded using a
POLARstar Galaxy microplate reader (excitation, 490 nm; emis-
sion, 590 nm; BMG LABTECH, Offenburg, Germany).

Mitochondrial membrane depolarization was assessed by
staining with rhodamine (Rh)-123, a fluorescent dye that is dis-
tributed in the mitochondrial matrix as previously described.10,11

Briefly, germlings were incubated for 24–96 hours at 37�C and
were harvested via centrifugation, washed twice, and resuspended
in PBS. Rh-123 was added to the final concentration of 10 mM,
and then the mixture was incubated for 30 min in the dark at
RT. Fluorescence intensity was measured as described above.

We measured intracellular ATP efflux from germlings grown
at 37�C for 24–96 h as an indication of cell membrane damage,
cytoplasmic and mitochondrial membrane leakage.11,20 The cells
were removed by centrifugation, and the supernatants were
assayed for ATP using the CellTiter-Glo luminescent kit (Prom-
ega, Madison, WI). Data were collected with a microplate lumin-
ometer (Spectramax M5; Molecular Devices, Sunnyvale, CA).

DNA fragmentation and nuclear condensation, a characteris-
tic change in apoptosis was detected using a terminal

deoxynucelotidyltransferase-mediated dUTP nick end-labeling
(TUNEL) assay and DAPI staining in R. oryzae RNAi empty
(control) or FTR1::RNAi. Germlings grown for 24–96 h with
and without iron at 37�C were fixed with 3.7% formaldehyde
for 30 min on ice and were analyzed as described by Shirazi
et al.10,11 The cells were observed for fluorescence with excitation
and emission wavelengths of 488 nm and 520 nm.

Detection of active metacaspases in R. oryzae germlings was
performed using the CaspACE FITC-VAD-FMK (Promega)
according to the manufacturer’s instructions.10,11 Briefly, germ-
lings incubated for 24–96 h at 37�C were collected, washed in
PBS, resuspended in 10 mM FITC-VAD-FMK, and incubated
for 2 h at 30�C. Inhibition of apoptosis was performed by incu-
bating R. oryzae germlings in the presence of the caspase-1 inhibi-
tor Z-VAD-FMK (Sigma) to final concentrations of 40 mM.
After incubation, germlings were washed twice in PBS and were
observed microscopically for fluorescence with excitation and
emission settings of 488 nm and 520 nm.

For all assays, 3 independent experiments conducted on dif-
ferent days in triplicates. Multiple groups were compared with
use of the Kruskall-Wallis test and post-hoc paired comparisons
were made with Dunnett’s tests. Calculations were made with
InStat (GraphPad Software). All results were expressed as
means § standard deviations. Two-tailed P values of less than
0.05 were considered statistically significant.
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