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Background. Mucormycosis is a destructive invasive mold infection afflicting patients with diabetes and hematologic malignan-
cies. Patients with diabetes are often treated with statins, which have been shown to have antifungal properties. We sought to examine
the effects of statins on Rhizopus oryzae, a common cause of mucormycosis.

Methods. Clinical strains of R. oryzae were exposed to lovastatin, atorvastatin, and simvastatin and the minimum inhibi-
tory concentrations (MICs) were determined. R. oryzae germination, DNA fragmentation, susceptibility to oxidative stress, and abil-
ity to damage endothelial cells were assessed. We further investigated the impact of exposure to lovastatin on the virulence of
R. oryzae.

Results. All statins had MICs of >64 µg/mL against R. oryzae. Exposure of R. oryzae to statins decreased germling formation,
induced DNA fragmentation, and attenuated damage to endothelial cells independently of the expression of GRP78 and CotH. Ad-
ditionally, R. oryzae exposed to lovastatin showed macroscopic loss of melanin, yielded increased susceptibility to the oxidative agent
peroxide, and had attenuated virulence in both fly and mouse models of mucormycosis.

Conclusions. Exposure of R. oryzae to statins at concentrations below their MICs decreased virulence both in vitro and in vivo.
Further investigation is warranted into the use of statins as adjunctive therapy in mucormycosis.
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Mucormycosis is a destructive invasive mold infection, afflicting
predominantly patients with diabetes and those who are immu-
nocompromised because of hematologic malignancies or organ/
tissue transplantation [1]. Rhizopus species are the most com-
mon cause of mucormycosis [1]. Owing to the rapid growth
rate and angio-invasive nature of the fungus, the prognosis of
patients with mucormycosis remains poor, despite prompt
antifungal therapy and aggressive surgery [1]. Development of
effective antifungal strategies is a major unmet need for the
treatment of mucormycosis [2].

Reported cases of mucormycosis have been increasing in all
patient categories in developed countries. Comparing prevalence
data between patients with hematologic malignancies and patients
with diabetes is challenging owing to both ascertainment and
publication biases. However, it has been hypothesized that

widespread use of statins in patients with diabetes could be, in
part, responsible for protection against mucormycosis [3, 4].

Statins are inhibitors of mevalonate synthesis and are widely
used for the treatment of hypercholesterolemia [5]. Statins dis-
play modest antifungal activity in vitro against pathogenic
yeasts, such as Candida albicans [6] and Cryptococcus neofor-
mans [7], and molds, such as Aspergillus fumigatus [8] and
Mucor racemosus [9]. In addition, statins were shown to induce
apoptosis-like cell death inM. racemosus [9] and to enhance the
activity of voriconazole against Mucorales in vivo [10]. How-
ever, the effects of statins on Rhizopus species specifically
have not been studied. We sought to determine whether statins
have pleiotropic effects on R. oryzae biology that may impact
the virulence of R. oryzae infections.

METHODS

R. oryzae Isolates and Growth Conditions
Three clinical R. oryzae isolates (RO-969, RO-275, and RO-749)
from patient with cancer who received a diagnosis of mucormy-
cosis at MD Anderson Cancer Center (Houston, Texas) were
used. For susceptibility testing, germination assay, and fluoro-
metric assays investigating apoptosis, strains were grown on
yeast extract agar glucose (YAG) plates for 72 hours at 37°C.
For fruit fly and mouse infection, strains were cultured in lova-
statin (LOV)–containing YAG plates (8 µg/mL). In all cases,
after 72 hours of incubation at 37°C, R. oryzae spores were
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collected, washed in sterile phosphate-buffered saline (PBS),
and counted using a hemocytometer.

Drugs
LOV (Merck, Sharp and Dohme Research Laboratories, Rahway,
New Jersey), atorvastatin (ATO; Sigma Chemical, St Louis, Mis-
souri), and simvastatin, (SIM; Sigma) were used at concentrations
ranging from 16 to 256 µg/mL. Fluconazole (FLU; Pfizer,
New York, New York) was used as a negative control at a concen-
tration of 64 µg/mL. Amphotericin B (AMB; Sigma) was used as
a positive control at a concentration of 1 µg/mL.

Susceptibility Testing
Minimum inhibitory concentrations (MICs) were determined
as recommended by the Clinical Laboratory Standard Institute
(guideline M38-A2) [11]. Briefly, 2-fold serial drug dilutions
were prepared in round-bottomed microtiter plates. Each well
was inoculated with 100 µL of freshly isolated R. oryzae spores
(103 spores/mL). After 24 hours of incubation at 37°C, the
MICs for LOV, SIM, and ATO were determined visually.

Germination Assay
To determine whether statins affect spore germination, we sus-
pended 105 spores/mL in drug-containing Roswell Park Memo-
rial Institute (RPMI) medium and 0.15% wt/vol Junlon (Nihon
Junyaku, Tokyo, Japan). Junlon was added to the culture medi-
um to avoid formation of hyphae clumps [12]. After 6 hours,
an aliquot was centrifuged at 13 000g for 5 minutes. The forma-
tion of germlings was determined by bright field microscopy at
40× original magnification.

Terminal Deoxynucleotidyl Transferase-dUTP Nick-End Labeling
(TUNEL) Assay
For the TUNEL assay [13], R. oryzae germlings pretreated with
ATO, SIM, or LOV (16–256 µg/mL) for 3 hours at 37°C were
fixed with 3.7% formaldehyde for 30 minutes on ice. Germlings
were then rinsed twice with PBS and incubated in a permeabili-
zation solution for 2 minutes on ice. Next, germlings were rinsed
with PBS and incubated with 50 µL of a DNA-labeling solution
(Biovision, Milpitas, California) for 60 minutes at 37°C. After in-
cubation, the germlings were rinsed with PBS and incubated with
100 µL of anti-BrdU fluorescein (Biovision) for 30 minutes at
room temperature, as per the manufacturer’s instructions. The
cells were then observed for fluorescence, with excitation wave-
lengths of 488 nm and excitation wavelengths of 520 nm.

Peroxide Disk Diffusion Assay
We compared the susceptibility of R. oryzae cultured in LOV-
containing YAG plates with that of R. oryzae grown on drug-
free YAG plates to the oxidative agent peroxide (Sigma),
using disk diffusion testing. Briefly, 200 µL of a standardized
spore suspension (105 spores/mL) of R. oryzae was plated on
LOV-containing YAG plates (8 or 32 µg/mL) and on drug-
free YAG plates. After the plates were allowed to dry, a sterile
0.25-inch paper disk (Scheicher and Schuell, Keene, New

Hampshire) swollen with 20 µL of 30% peroxide solution was
placed on the center of the agar surface. The plates were incu-
bated at 37°C, and the radius of the zone of growth inhibition
was measured in millimeters after 48 hours of incubation. The
experiment was performed in triplicate on different days.

Growth Assay
To determine whether statins affect R. oryzae growth, we incu-
bated a suspension of 103 spores/mL R. oryzae for 24 hours at
37°C in the presence of LOV (0, 4, 8, 16, 32, or 64 µg/mL) in U-
bottomed 96-well microtiter plates. We used spectrophotome-
try (600-nm absorbance) to assess the growth rate every 4 hours
for 24 hours [14].

Endothelial Cell–R. oryzae Interactions
Endothelial cells were collected from human umbilical veins, as
previously described [15, 16].We determined the number of mi-
croorganisms endocytosed by endothelial cells, using a fluores-
cence assay, as previously described [15]. Briefly, 12-mm glass
coverslips in a 24-well cell culture plate were coated with fibro-
nectin for at least 4 hours and seeded with endothelial cells
until confluence was reached. The cells were infected with 105

spores of R. oryzae that had been incubated for 2 hours at 37°
C in RPMI medium containing LOV (16–256 µg/mL). Following
2 hours of incubation, the cells were fixed in 3% paraformalde-
hyde and stained for 1 hour with 1%Uvitex (Ciba-Geygi, Greens-
boro, North Carolina). The total number of cell-associated
microorganisms was determined using a Leica phase-contrast
microscope. The number of endocytosed fungi was calculated
by subtracting the number of fluorescent organisms from the
number of total visible organisms. The experiment was per-
formed in triplicate on different days. Endothelial cell damage in-
duced by R. oryzae exposed to LOV was quantified using a
chromium (51Cr) release assay [16]. Each experimental condition
was tested in triplicate, and the experiment was repeated twice.

Quantification of Glucose-Regulated Protein (GRP) 78 and Cell Surface
Protein Spore Coat Protein Homolog (CotH) Expression
Recent studies showed that GRP78 is a receptor for Mucorales
in endothelial cells, mediating host cell adherence and invasion
[15]. To determine GRP78 expression in endothelial cells, we
performed real-time polymerase chain reaction (PCR) analysis
as described previously [15]. The cell surface protein CotH in
Mucorales acts as a fungal ligand, mediating attachment to
GRP78 during host cell invasion [16]. To study the effect of
LOV on the expression of CotH, we extracted RNA from
flash-frozen R. oryzae after it was incubated with 16 µg/mL
LOV for 2 hours by using TRI Reagent solution (Ambion,
Grand Island, New York). Each experimental condition was
tested in triplicate, and the experiment was repeated twice.

Fruit Fly Infection Model
We infected wild-type female fruit flies (7–10 days old, with 22
flies per test group, 3 independent experiments, and 66 flies per
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experimental group) with a spore suspension of R. oryzae grown
either on LOV-containing YAG plates (8 µg/mL) or drug-free
YAG plates. We injected the thoraxes of flies with a thin sterile
needle that had been dipped into a spore suspension containing
5 × 107 spores per milliliter, as described previously [10]. Viru-
lence was assessed by comparing survival rates between both
conditions up to 7 days after infection. Infection was made on
different days at the same time of the day (3:00 PM) to avoid cir-
cadian rhythm–associated variability.

Mouse Infection Model
Female BALB/c mice (8 weeks old; Harlan Laboratories, India-
napolis, Indiana) weighing 18–20 g were used in all experiments.
All procedures were performed according to the standards for hu-
mane handling care and treatment of research animals approved
by the MD Anderson Institutional Animal Care and Use Com-
mittee. The mice were housed in the MD Anderson biohazard
barrier in sterile, individually ventilated cages with automated de-
livery of reverse osmosis chlorinated drinking water. Each cage
housed 5 animals, and sterile rodent food was provided daily.

The mice were immunosuppressed by intraperitoneal injec-
tions of cyclophosphamide (100 mg/kg body weight) 4 days
and 1 day prior to injection of R. oryzae spores and 2 and 6
days after the injection of spores. In addition, 250 mg/kg corti-
sone acetate was injected subcutaneously 1 day before injection
of R. oryzae spores [17]. Mice were anesthetized by inhalation
of 2% isoflurane and were infected intranasally with a 35-µL
droplet of 2.5–5 × 107 spores (per milliliter) of R. oryzae grown
on LOV-containing YAG plates (8 µg/mL) or drug-free YAG
plates [18]. Animals were observed daily, and survival was as-
sessed during the 7-day period after infection. Animals that ap-
peared to be moribund were euthanized by CO2 asphyxiation,
and their lungs were harvested for quantification of fungal bur-
den. On day 7 after infection, all remaining mice were euthanized
by CO2 asphyxiation, and their lungs were harvested for quanti-
fication of fungal burden. All experiments were done in triplicate,
with 10 mice per test group and 30 mice per experimental group.

Quantification of Fungal Burden in Mouse Lungs
Mouse lungs were removed after the mice were euthanized and
were stored at −80°C until quantitative PCR (qPCR) was per-
formed to quantify the fungal burden. DNA was extracted from
lung homogenates by using the DNeasy tissue kit (Qiagen, Valen-
cia, California), and DNA samples were analyzed in duplicate,
using the ABI PRISM 7000 sequence detection system (Applied
Biosystems). Primers and dual-labeled fluorescent hybridization
probes specific for R. oryzae 18S ribosomal RNA were designed
using ABI PRISM SeqScape software, version 2 (Applied Biosys-
tems). The sequence of the oligonucleotides was as follows:
(1) sense amplification primer, 5′-AGGGCTTTGCTGCACGAC-
3′; (2) antisense amplification primer, 5′-TCCACCTCGGGA
CTGTTTG-3′; (3) and hybridization probe, 5′-FAM-TGCTA
CTGTTGCAGACCGCCGCT-TAMRA-3′ [18]. The threshold

cycle of each sample was interpolated from a 6-point standard
curve of threshold cycle values prepared by spiking uninfected
mouse lung tissue with 102–108 R. oryzae spores. PCR results
were reported as spore equivalents of R. oryzae DNA.

Histopathologic Analysis
We obtained whole-lung tissue samples from euthanized mice in
each of the infection groups. These samples were fixed in 10%
formaldehyde, processed, and embedded in paraffin. Tissue sec-
tions were stained with hematoxylin and eosin and Grocott me-
thenamine silver and examined under a bright-field microscope.

Statistical Analysis
The Kruskal–Wallis test was used to compare measurements of
the radius of the zone of growth inhibition for the peroxide
disk diffusion assay. Differences in CotH/GRP78 expression and
fungi-endothelial cell interaction and cell damage were compared
using the nonparametric Wilcoxon rank sum test. Survival curves
for the mouse and fly infection models were analyzed using
Mantel–Cox analysis in GraphPad Prism software (version 5.0;
GraphPad Software, La Jolla, California). Pulmonary fungal
load was compared between groups, using analysis of variance fol-
lowed by the Tukey honest significant difference test. For all com-
parisons, P values <.05 were considered statistically significant.

RESULTS

Statins Do Not Inhibit R. oryzae Growth but Decrease Germination in a
Dose-Dependent Manner
The MICs of statins were high for all 3 R. oryzae isolates
(Table 1). Despite a lack of in vitro susceptibility, exposure of
RO-969, RO-275, and RO-449 to LOV resulted in a dose-
dependent decrease in germling formation, with germination
inhibited by a mean (±SD) of 26% ± 2 at the lowest statin con-
centration tested (16 µg/mL) and by 62% ± 4% at the highest
concentration tested (128 µ/mL; 3 experiments for each strain;
Supplementary Table 1). Examples of what was observed are
presented in Figure 1A.

Treatment With Statins Induces Apoptosis and Increases the
Susceptibility of R. oryzae to Oxidative Stress
Treatment with statins induced DNA fragmentation, as shown
by positive TUNEL assay results (Supplementary Figure 2).
Similar results were observed with RO-275 and RO-449 when

Table 1. Susceptibility of 3 Rhizopus oryzae Isolates (RO-969, RO-275, and
RO-449) to Simvastatin (SIM), Atorvastatin (ATO), and Lovastatin (LOV)

Isolate

Minimum Inhibitory Concentration, µg/mLa

SIM ATO LOV

RO-969 256 64 128

RO-275 256 64 64

RO-449 256 128 64

a Determined according to Clinical and Laboratory Standards Institute guidelines.
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exposed to each statin at the same concentration (64 µg/mL). A
dose-dependent macroscopic loss of melanin was observed
when R. oryzaewas grown on LOV-containing YAG plates (Fig-
ure 1B). Because melanin is a recognized scavenger of oxidative
species [19], we also analyzed the susceptibility of R. oryzae to
the oxidative agent peroxide when grown on LOV-containing
YAG plates or drug-free YAG plates. A significant increase in
susceptibility to peroxide was observed in R. oryzae grown on
YAG plates containing 32 µg/mL LOV (mean radius [±SD] of
inhibited growth, 11 ± 1 mm; 3 experiments), compared with

those grown on drug-free YAG plates (5 ± 1 mm; P < .05, by
the Kruskal–Wallis test; Figure 1C).

Exposure of R. oryzae to Statins Decreases the Ability of R. oryzae to
Damage Endothelial Cells, and This Effect Is Independent of GRP78 and
CotH Expression
Exposure to LOV significantly decreased the ability of R. oryzae
to adhere to (P = .005) and invade (P = .045) endothelial cells
(Figure 2A). Consequently, R. oryzae exposed to LOV showed
a significantly decreased ability to induce damage to endothelial

Figure 1. Effects of statins on Rhizopus oryzae growth. A, Germination of the R. oryzae isolate RO-969 with no treatment (control) and after treatment with fluconazole (FLU;
64 µg/mL), amphotericin B (AMB; 1 µg/mL), and 2 concentrations of lovastatin (LOV; 16 µg/mL and 128 µg/mL). Magnification ×40. B, Growth of R. oryzae after 48 hours of
incubation at 37°C on drug-free and LOV-containing (8 µg/mL and 32 µg/mL) yeast extract agar glucose (YAG) plates. C, Growth inhibition of R. oryzae grown on LOV-containing
YAG plates (0, 8, and 32 µg/mL) after exposure to peroxide. Significantly higher susceptibility to peroxide was observed in R. oryzae grown on the YAG plates containing 32 µg/
mL LOV, compared with that grown on drug-free YAG plates (*P < .05, by the Kruskal–Wallis test). Data represent mean values (SD) of 3 experiments. Abbreviation: NS, not
significant.
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cells (P < .05; Figure 2B). This effect was dose dependent. How-
ever, we found that neither expression of GRP78 nor expression
of CotH was significantly modified after exposure of R. oryzae
to LOV (Supplementary Figure 3).

Exposure to LOV Decreases R. oryzae Virulence in Fly and Murine
Models of Mucormycosis
Wild-type fruit flies infected with R. oryzae grown on LOV-
containing YAG plates (8 µg/mL) had significantly better over-
all survival rates than those infected with the same strain grown
on drug-free YAG plates (50% compared with 8%; P < .0001, by
the Mantel–Cox test; Figure 3A). Similarly, immunosuppressed
mice had significantly better survival rates when infected
with R. oryzae grown on LOV-containing YAG plates than
when infected with the same strain grown on drug-free YAG
plates (80% compared with 40%; P = .0021, by the Mantel–
Cox test; Figure 3B). Additionally, qPCR of mouse lung tissue
showed that the lung tissue infected with R. oryzae grown on
LOV-containing YAG plates had a significantly smaller fungal
burden than that infected with R. oryzae grown on drug-free
YAG plates (P < .05, by analysis of variance followed by the
Tukey honest significant difference test; Figure 3C). Finally,
histopathologic analysis with Grocott methenamine silver
and hematoxylin and eosin staining showed numerous hyphae
and spore infiltration within the lung tissue of mice infected
with R. oryzae grown on drug-free YAG plates. In contrast,
in mice infected with R. oryzae grown on LOV-containing
YAG plates, no hyphae invasion or fungal sporulation was ob-
served (Figure 3D). This absence of fungal invasion was found
in all mice infected with R. oryzae grown on LOV-containing
YAG plates.

DISCUSSION

Several studies have reported modest antifungal activity of
statins against yeasts and molds [6–9].We have previously hy-
pothesized that the widespread use of statins in patients with
diabetes mellitus may be a protective factor against mucormy-
cosis [4]. In the present study, we demonstrate that exposure of
R. oryzae to statins at concentrations below their MICs induc-
es, in a dose-dependent manner, (1) inhibition of germling
formation; (2) DNA fragmentation, a key apoptotic event;
(3) loss of melanin and an increase in susceptibility to oxidant
species; (4) prevention of endothelial cell damage; and (5)
attenuation of virulence in 2 disparate in vivo models of
mucormycosis.

Statins are competitive inhibitors of HMG-CoA reductase and
are widely used to treat hypercholesterolemia [5]. Ergosterol, a
critical component of the fungal cell wall, is synthesized via the
acetate-mevalonate pathway, in which HMG-CoA reductase is a
key enzyme [20].ATO and SIM were previously shown to inhibit
the growth of Candida species and A. fumigatus [8]. This effect
was reversible when ergosterol was added to the culture, suggest-
ing that statin-induced inhibition of growth in A. fumigatus and
Candida species was linked to inhibition of ergosterol biosynthe-
sis [8]. Furthermore, a correlation between developmental stage
(hyphal growth) and triggering of death has been reported in
M. racemosus [9]. This has led to speculation that statins may in-
terfere with prenylation of a number of proteins that control mor-
phogenesis, resulting in a shift to a proapoptotic state. In the
present study, using similar statin concentrations, we showed
that exposure to statins induced apoptosis and impaired germling
development in R. oryzae. This demonstrates that the antifungal

Figure 2. Ability of Rhizopus oryzae to adhere to, invade, and damage endothelial cells. A, R. oryzae exposed to lovastatin (LOV) showed decreased ability to adhere to and
invade endothelial cells (*P = .005 and **P = .045, by the Wilcoxon rank sum test). B, R. oryzae exposed to LOV showed decreased ability to induce damage in endothelial cells
(P < .05, by the Wilcoxon rank sum test). Data represent mean values (±SD) of 3 experiments. Abbreviation: 51Cr, chromium.
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Figure 3. Effects of statins on Rhizopus oryzae virulence in vivo. A, Overall survival of female wild-type fruit flies infected with R. oryzae grown on drug-free yeast extract
agar glucose (YAG) plates or lovastatin (LOV)–containing YAG plates (8 µg/mL). Fruit flies had better overall survival rates when infected with R. oryzae grown on LOV-containing
YAG plates (P < .0001, by the Mantel–Cox test). There were 22 flies per test group, with 66 flies per experimental group (3 independent experiments performed). B, Overall
survival of immunosuppressed female BALB/c mice infected with R. oryzae (RO-969) grown on either drug-free YAG plates or LOV-containing YAG plates (8 µg/mL; P = .0021, by
the Mantel–Cox test). All experiments were done in triplicate, with 10 mice per test group and 30 mice per experimental group. C, Quantitative polymerase chain reaction
analysis of fungal burden in lung tissue from mice infected with RO-969 grown on either drug-free YAG plates or LOV-containing YAG plates (8 µg/mL). *P < .05, by analysis of
variance. There were 20 tissue samples per group. D, Bright-field microscopy of lung tissues from mice infected with R. oryzae grown on drug-free YAG plates (left) or LOV-
containing YAG plates (8 µg/mL; right), stained with Grocott methenamine silver (GMS; top) or hematoxylin and eosin (H/E; bottom). Scale bar = 100 µm. Lung tissue from mice
infected with R. oryzae grown without exposure to LOV showed numerous hyphae and spore infiltration within the tissue, which is absent in tissue from mice infected with R.
oryzae exposed to LOV. Data represent mean values (±SD) of 3 experiments.
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effects of statins also extend to Rhizopus species that are the most
frequent cause of mucormycosis.

Pigments are cell wall components in melanized fungi that
play an important role in virulence and pathogenicity, although
pigments are not necessary for growth and development [21].
Melanin, a type of pigment, is thought to play an important
role in evasion of host immune responses. Melanin was
shown to block the effects of hydrolytic enzymes on the cell
wall and to scavenge on the free radicals that phagocytic cells
release during the oxidative burst in black molds [21]. We ob-
served a macroscopic loss of brown pigmentation in R. oryzae
cultured in LOV-containing YAG plates, suggesting that mela-
nin deposition loss occurred in the cell wall.

Because melanin exerts a protective role against reactive ox-
ygen species in molds [21], the susceptibility of R. oryzae ex-
posed to a high concentration of LOV (32 µg/mL) to peroxide
was consistent with lack of protection against oxidative stress.
The loss of melanin and the subsequent susceptibility to oxida-
tive stress may explain, at least in part, the decreased virulence
of the R. oryzae exposed to LOV that we observed in both mod-
els of mucormycosis. The significantly reduced fungal burden,
quantified by qPCR, in the lungs of mice infected with R. oryzae
exposed to LOV further confirmed that statin exposure induced
attenuated virulence in R. oryzae. Our histopathologic findings
also supported this result: neither spores nor hyphae invaded
lung tissue in mice inoculated with R. oryzae exposed to LOV.
One explanation of this absence of fungal invasion could be the
consequence of lack of fungal sporulation and decreased ability
of R. oryzae to invade the tissue. However, other explanations
might be plausible. For example, other major components of
the fungal cell wall, such as chitin, chitosan, or glycoproteins
[22], could also be affected by statin exposure and result in
the observed decreased virulence. The clinical relevance of
our findings is supported by the fact that we obtained a good
agreement between the 2 disparate models of invasive mucor-
mycosis. As both systems have their specific limitations, com-
paring data from different models has more impact and may
reveal functional insight into the infection process [23].

To better elucidate the mechanisms involved in the effects of
statins on R. oryzae, we further investigated the consequences of
exposure of R. oryzae to statins in terms of endothelial cell in-
vasion and damage. Recent studies have demonstrated that R.
oryzae adheres to human endothelial cells in vitro and invades
these cells by inducing endocytosis, using the host endothelial
cell receptor GRP78 [15]. Additionally, CotH cell surface pro-
teins were identified as fungal ligands that mediate attachment
of R. oryzae to GRP78 receptor during host cell invasion [16].
Our results showed that R. oryzae exposed to LOV had signifi-
cantly decreased ability to adhere to, invade, and damage endo-
thelial cells. However, the expression of GRP78 and CotH was
not modified by statin exposure. These results suggest that the
modification of R. oryzae interactions with endothelial cells and

attenuated virulence of R. oryzae exposed to LOV is mediated by
a mechanism independent of GRP78/CotH interactions.

Our experimental results demonstrate that statins clearly im-
pact the biology of R. oryzae in a variety of ways that could limit
its virulence, although the exact mechanistic explanation of R.
oryzae virulence modulation induced by statin exposure needs
to be further elucidated. It is also important to note that most of
the in vitro effects we observed were at concentrations below the
MICs, which are still substantially higher than the mean serum
concentrations measured in treated patients (usually around
10–20 ng/mL) [24, 25]. Future studies should address the min-
imum statin concentration needed to attenuate the virulence of
Mucorales species. The effect of fungal inoculum and the opti-
mum growth media needed to attain the observed pleiotropic
changes described here should be further explored. In addi-
tion, we tested only strains of R. oryzae in the present study.
Therefore, the generalizability of our findings would be
strengthened by testing other Mucorales species. Moreover,
analysis of an animal model involving statin prophylaxis should
be addressed in a future study toward clinical translation.

Defining the minimum statin concentrations at which anti-
fungal effects occur might be important; a previous study dem-
onstrated that pharmacologically low statin concentrations
could be used in combination with an antifungal protein
from Penicillium marneffei to maintain a significant antifungal
effect while avoiding the adverse effects associated with statins
[26]. Our results support the idea that using statins as adjunc-
tive therapy for mucormycosis, in combination with conven-
tional antifungal agents, warrants further exploration. Finally,
studying not only the fungus-specific effects of statin preexpo-
sure on Rhizopus virulence, but also the impact of statin pro-
phylaxis of the host in regards to Rhizopus lethality, should be
an interesting direction for further investigation.
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