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Abstract
Punicalagin is a phenolic compound extracted from Lafoensia pacari A. St.-Hil (Lythraceae) leaves. It has demonstrated
interesting activity against pathogenic fungi, e.g., Cryptococcus gattii and Candida albicans, by inhibiting fungi growth in a
minimum inhibitory concentration (MIC) at 4 μg/mL. However, the mechanisms behind its antifungal action are not well
understood. In this study, certain parameters were investigated, by transmission electron microscopy, ergosterol synthesis
inhibition, and flow cytometry analyses, to gain insight into the possible biological targets of punicalagin (4 or 16 μg/mL)
against yeast cells. Data showed that, in contrast to untreated cells, punicalagin triggered severe ultrastructural changes inC. gattii
and C. albicans, such as disorganization of cytoplasmic content and/or thickened cell walls. In addition, it caused a decrease in
yeast plasma membrane ergosterol content in a concentration-dependent manner. However, it was unable to bring about signif-
icant fungal cell membrane rupture. On the other hand, punicalagin (16 μg/mL) significantly arrested C. albicans and C. gattii
cells at the G0/G1 phase, with a consequent reduction in cells at the G2/M phase in both fungi isolates, and thereby prevented
progression of the normal yeast cell cycle. However, these alterations showed no involvement of reactive oxygen species
overproduction in C. albicans and C. gattii cells, although punicalagin triggered a significant loss of mitochondrial membrane
potential in C. albicans. These findings suggest that punicalagin is a promising plant-derived compound for use in developing
new antifungal therapies.
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Introduction

Fungal infections in immunocompromised patients have sub-
stantially increased in number and severity over the last five

decades. The Cryptococcus neoformans species complex and
Candida spp. continued to be the main yeast pathogens caus-
ing infections in humans [1]. Cryptococcal meningitis is the
most common form of cryptococcosis [2], being
C. neoformans and C. gattii are the major human pathogens
causing these clinical infections [3]. Cases of candidemia have
emerged, and this infection has become a severe worldwide
public health problem with a mortality rate of around 50% [4,
5]. In Brazil, candidemia caused by Candida spp. is consid-
ered the 7th most prevalent [6].

A marked increase in drug resistance and the undesirable
side effects caused by existing antifungal agents have greatly
enhanced the interest in pursuing effective antimicrobial com-
pounds [7, 8]. In this scenario, natural products and their de-
rivatives are known to play a key role in pharmacological
research for novel therapeutic entities. New compounds of
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plant origin provide a source of chemical scaffolds which
present a variety of biological activities in drug development
[9]. Of the medicinal plants, Lafoensia pacari A. St.-Hil
(Lythraceae), a botanical species found in the Brazilian
Cerrado biome, is noted for its popularly known medicinal
properties (e.g., anti-ulcer, anti-cancer, and inflammatory ac-
tivities) [10–12]. The phenolic compound punicalagin, ex-
tracted from the L. pacari leaf, has shown proven biological
activities [13–18]. These include antifungal activities against
the C. neoformans species complex and Candida albicans by
inhibiting fungal growth in a minimum inhibitory concentra-
tion (MIC) at 4 μg/mL [16, 17].

However, the mechanisms behind the antifungal action of
punicalagin against pathogenic fungi are not well understood.
This study thus investigated certain parameters to gain insight
into possible targets associated with the antifungal effects of
punicalagin, such as the cytoplasmic membrane, cell cycle,
and mitochondria activity in yeast cells. In this way, this study
contributes to the development of a new antifungal therapy.

Materials and methods

Chemicals

The following chemicals, Roswell Park Memorial Institute
(RPMI)-1640 medium, amphotericin B, propidium iodide
(PI), RNAse, 2′-7’dichlorofluorescin diacetate (DCFH-DA),
rhodamine 123, alcoholic potassium hydroxide solution, n-
heptane, glutaraldehyde, cacodylate buffer, picric acid, osmi-
um tetroxide, uranyl acetate, lead citrate, and sodium hydrox-
ide solution were all acquired from Sigma-Aldrich, (St. Louis,
MO, USA), while Epon resin was purchased from Hexion
(Columbus, OH, USA).

Plant material

The punicalagin was extracted from leaves of L. pacariA. St.-
Hil (Lythraceae) and characterized by HPLC/UV and ESI-
TOF MS, 1D and 2D NMR spectroscopic evaluations as de-
scribed by Carneiro et al. [19]. To carry out the assays, a stock
solution of punicalagin was diluted in RPMI-1640 medium.
The minimum inhibitory concentrations of punicalagin
(MIC = 4 μg/mL) in each isolate were previously obtained
to conduct the assays [16, 17].

Fungal strains

Cryptococcus gattii ATCC 24065 and Candida albicans
ATCC 90028 yeast strains were used in this study.

Transmission electron microscopy analysis

This assay was performed in accordance with Brito et al. [20].
C. albicans ATCC 90028 and C. gattii ATCC 24065 were
treated with punicalagin at 4 μg/mL for 72 h. After treatment,
the yeasts were fixed in 2.5% glutaraldehyde, diluted in 0.1-M
cacodylate buffer, pH 7.2 containing 0.2% picric acid, for 24 h
at 4 °C. After two washes in cacodylate buffer for 10 min, the
material was post-fixed in 1% osmium tetroxide for 2 h.
Subsequently, the material was dehydrated in increasing con-
centrations of acetone and embedded in Epon resin. Ultrafine
sections were stained with 2% uranyl acetate in distilled water
and 0.2% lead citrate in a 1-N sodium hydroxide solution.
Ultrastructural analysis of the slices was performed on a
JEOL JEM-2100® scanning transmission electron micro-
scope, equipped with EDS, Thermo Fisher Scientific
(Waltham, MA, USA).

Determination of ergosterol content in the plasma
membrane

Total intracellular sterols were determined according to the
method used by Arthington-Skaggs et al. [21], with some
modifications. Inocula were prepared from a single colony
of C. gattii ATCC 24065 or C. albicans ATCC 90028. The
yeasts were then treated with punicalagin at 4μg/mL (MIC) or
2 μg/mL (1/2 MIC). Controls were performed using flucona-
zole at 8 μg/mL or 1 μg/mL for C. gatti and C. albicans,
respectively. Samples of C. gattii were incubated for 48 h,
and of C. albicans for 18 h under agitation at 200 rpm at
35 °C. Cells were harvested by centrifugation at 3700 rpm
for 5 min and the net wet weight of the cell pellet was deter-
mined. An aliquot of 3 mL of 25% alcoholic potassium hy-
droxide solution was added and incubated in a water bath for
4 h at 85 °C forC. gattii and for 1 h forC. albicans. Sterol was
extracted with the addition of 1 mL of sterile distilled water
and 3 mL of n-heptane. The n-heptane layer was collected and
diluted with ethanol and scanned spectrophotometrically be-
tween 240 and 300 nm (Varian Cary®50 UV-Vis spectropho-
tometer, Agilent Technologies, Santa Clara, CA, USA).
Ergosterol content was calculated as described by
Arthington-Skaggs et al. [21].

Evaluation of cytoplasmic membrane integrity

The effect of punicalagin on the integrity of fungal cells was
investigated using PI staining. The action of punicalagin on
the cell membrane of C. albicans ATCC 90028 and C. gattii
ATCC 24065 was assessed based on a protocol described by
Ahmad et al. [22], with some modifications. In brief, after the
cells had been treated (1 × 106 cells/mL) with punicalagin at 4
(MIC) or 16 μg/mL (4X MIC) for 2 h, they were washed in
PBS and then resuspended in 100 μl of PBS containing PI
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(2 μg/mL). After incubation in the dark for 30 min at room
temperature, the cells were analyzed by BD FACSCanto II
flow cytometer (Becton Dickinson, San Jose, CA, USA), by
recording 10,000 events. Data were analyzed using BD
FACSDiva software (version 6.0). PI+ cells with lesions of
the cytoplasmic membrane were considered, while cells treat-
ed with amphotericin B (2 μg/mL) were used as positive
controls.

Cell cycle analysis

In order to clarify the mechanisms of the growth inhibitory
effects of punicalagin on yeasts, the cell cycle assessment was
determined [23]. Cells (1 × 106 cells/mL) were treated with
punicalagin (4 or 16 μg/mL) or amphotericin B (2 μg/mL)
for 2 h. After that, they were centrifuged at 5000 rpm for
5 min, washed with 1 mL of ice-cold PBS, and fixed in
1 mL of 70% ice-cold ethanol overnight at 4 °C. After incu-
bation, they were centrifuged at 5000 rpm for 5 min and
washed twice with 1 mL of ice-cold PBS, and then resuspend-
ed in 400 μL of a solution containing RNAse (0.5 mg/mL).
After a 1-h incubation at 37 °C, the cells were centrifuged at
5000 rpm for 5 min, and resuspended in 200 μL of PBS
containing PI (5 μg/mL). After a further 15-min incubation
at room temperature, a fluorescence intensity analysis of the
PI–DNA complex was performed using a BD FACSCanto II
flow cytometer.

Measurement of intracellular reactive oxygen species
(ROS) production

ROS levels were determined using a 2′-7′dichlorofluorescin
diacetate fluorescent probe (DCFH-DA). Inside the cells, the
DCFH-DA is oxidized forming a 2′-7′-dichlorofluorescein
(DCF), a highly fluorescent compound. Thus, the fluores-
cence intensity of the DCF is directly proportional to the
ROS levels generated by cells [24]. In brief, cells (1 × 103–
1 × 106 cells/mL) were treated with punicalagin (4 or 16 μg/
mL) or amphotericin B (2 μg/mL) for 2, 6, and 24 h. They
were then centrifuged at 5000 rpm for 5 min and resuspended
in 300 μL of PBS containing DCFH-DA (10 μM). After
30 min of incubation at 35 °C, they were washed with PBS
and analyzed by a BD FACSCanto II flow cytometer.

Assessment of mitochondrial membrane potential
(ΔΨm)

The effects of punicalagin on theΔΨm of C. albicans ATCC
90028 and C. gattii ATCC 24065 were investigated using
rhodamine 123 dye [25]. In short, cells (1 × 106 cells/mL)
were treated with punicalagin (4 or 16 μg/mL) or
amphotericin B (2 μg/mL) for 2 h. They were then washed
and incubated with PBS containing rhodamine 123 (10 μM)

for 15 min at 35 °C. After that, they were washed twice with
PBS and resuspended in 200 μL of PBS to conduct flow
cytometry analysis.

Statistical analysis

A statistical analysis was performed using GraphPad Prism
version 5.01 software for Windows (GraphPad Inc., San
Diego, CA). Data are expressed as mean ± standard deviation
(SD) of three independent assays. One-way analysis of vari-
ance (ANOVA) followed by Bonferroni’s test were used for
intergroup variation analysis. Statistical significance was
established as p < 0.05.

Results

Effect of punicalagin on yeast ultrastructure

Data obtained by transmission electron microscopy analysis
(Fig. 1) showed that untreated yeast cells had normal and
intact plasma membranes close to the cell wall and that there
were no changes in the nucleus, cytoplasm, or cell wall. On
the other hand, yeast cells treated with punicalagin showed
profound changes. In C. gattii cells, punicalagin triggered a
disorganization of the cytoplasmic content and a complete loss
of the normal yeast cell form. The C. albicans yeast species
showed a thickened cell wall, alterations in the space between
cell wall and plasmamembrane, an increase in the number and
size of the vacuoles, and disorganization of the cytoplasmic
content.

Effect of punicalagin on plasma membrane ergosterol
content

Punicalagin caused a decrease in yeast plasma membrane er-
gosterol content in a concentration-dependent manner. In the
C. gattii cells treated with punicalagin at 2 or 4 μg/mL, there
was a reduction of 18.8% and 34.08%, respectively, when
compared with the control cells. For the C. albicans, the re-
ductions in ergosterol content were 3.66% and 7.88%, using
the same punicalagin concentrations.

Effect of punicalagin on lesions in yeast cytoplasmic
membrane

The results are summarized in Fig. 2a and b. As can be seen,
amphotericin B (2 μg/mL) triggered an intense yeast cytoplas-
mic membrane rupture due to a significant increase in PI-
stained cells (p < 0.0001) in both C. gattii (12.95 ± 1.75%)
and C. albicans (20.40 ± 1.40%), when compared with un-
treated cells (1.0 ± 0.82% and 2.65 ± 0.15% in the same or-
der). In contrast, punicalagin, at 4 (MIC) or 16 μg/mL (4X
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MIC), was incapable of causing significant cell membrane
rupture in the fungi isolates tested, and showed a PI-stained
cell percentage similar to that found for the controls.

Effect of punicalagin on the yeast cell cycle

The cell cycle phases analyzed in the presence of punicalagin
presented two peaks, the first corresponding to the G0/G1
phase of the cell cycle (growth and formation of
blastoconidia) and the second corresponding to the G2/M
phase (cell division). The S phase, which corresponded to
the area between these two peaks, was also visualized
(Fig. 3a).

The results demonstrated that the fungi isolates treated with
punicalagin at 4 μg/mL (MIC) showed cell cycles similar to
those of the control (Fig. 3a and b). On the other hand,
punicalagin at 16 μg/mL (4X MIC), and also the treatment
with amphotericin B (2 μg/mL), significantly increased the
populations of C. albicans and C. gattii cells in the G0/G1
phase when compared with the control cells. In C. gattii, there
was an increase of 67.93 ± 0.61% for amphotericin B
(p < 0.001) and of 62.88 ± 5.0% for punicalagin at 16 μg/mL
(p < 0.001); while these values were 66.73 ± 2.86%
(p < 0.0001) and 63.41 ± 0.14% (p < 0.001) for C. albicans,
when compared with the controls (41.13 ± 4.22% and 52.58
± 5.13% for C. gattii and C. albicans isolates, respectively).
(Fig. 3a and b).

As a consequence, it was seen that punicalagin and
amphotericin B induced a significant reduction in cells at the
G2/M phase in both fungi isolates. For the C. gattii, there was
a decrease of 28.41 ± 1.19% for amphotericin B (p < 0.001)
and of 28.65 ± 4.50% for punicalagin at 16 μg/mL
(p < 0.001); while these values were 24.87 ± 7.57%
(p < 0.0001) and 28.73 ± 0.33% (p < 0.05) for C. albicans,

when compared with the controls (53.15 ± 6.24% and 38.94
± 4.49% for C. gattii and C. albicans isolates, respectively).
No treatment promoted significant changes in yeast cells at the
S stage (Fig. 3a and b).

These results indicate that the antifungal effects of
punicalagin could be related to the cell cycle arrest at the
G0/G1 stage, which prevented progression of the normal yeast
cell cycle.

Effect of punicalagin on ROS production

As shown in Fig. 4, there was no significant increase in ROS
levels in C. neoformans or C. albicans treated with different
concentrations of punicalagin (4 or 16 μg/mL) for 2, 6, or
24 h. In contrast, amphotericin B (2 μg/mL) led to a signifi-
cant ROS overproduction in both fungi isolates (p < 0.0001),
when compared with the control.

Effect of punicalagin on ΔΨm

Figure 5 shows results of the evaluation of the effects of
punicalagin on ΔΨm of fungi isolates using rhodamine
123 s ta in ing . In compar i son wi th the cont ro l ,
amphotericin B (2 μg/mL) triggered a ΔΨm loss of
29.89 ± 3.61% (p < 0.0001) and 82.18 ± 1.77% in
C. gattii and C. albicans, respectively. On the other hand,
punicalagin (4 or 16 μg/mL) had no reduction effects on
ΔΨm of C. gattii, and showed a similar pattern to the
control cells. However, punicalagin at 16 μg/mL led to a
significant reduction in ΔΨm of 60.10 ± 18.88%
(p < 0.05) in C. albicans, which was lower than that of
the treatment with amphotericin B.

Fig. 1 Effect of punicalagin on
ultrastructure of C. gattii ATCC
24065 and C. albicans ATCC
90028. a Cells of C. gattii
untreated; b Cells C. gattii
treated; c cells of C. albicans
untreated; d Cells C. albicans
treated. Fungi cells were treated
with punicalagin at 4 μg/mL
(MIC) and the morphology was
then analyzed by transmisson
electron microscopy. Untreated
yeast cells had normal plasma
membranes and there were no
changes in the nucleus, cyto-
plasm, or cell wall. In the treated
cells, there was a disorganization
of the cytoplasmic content and a
complete loss of the normal yeast
cell form
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Discussion

A promising antifungal activity of punicalagin on patho-
genic yeasts, especially those of the C. neoformans com-
plex and C. albicans, has already been seen in earlier
findings [17]. Our study brought new insights into the
mechanisms of action of this ellagitannin against yeast
cells. The first step in understanding what occurred in
punicalagin-treated yeast cells was checking the effect of

treatment using ultramicroscopy since there are few re-
ports on the ultrastructural effect of punicalagin on fungal
cells [7, 18]. Although there are few studies on the
punicalagin ultramicroscopy, the described authors also
reported that the treated yeasts showed alteration of the
cell wall, which became thicker, cytoplasmic membrane
and intracellular content, leading to cell deformation and
indicating that this compound causes serious damage to
the yeast cell structure.

Fig. 2 Effect of punicalagin on cytoplasmicmembrane ofC. gattiiATCC
24065 and C. albicans ATCC 90028. Fungi cells were treated with
punicalagin at 4 (MIC) or 16 μg/mL (4X MIC) for 2 h. Amphotericin
B (2 μg/mL) was used as a positive control. After treatment, fungi cells

were stained with propidium iodide (PI) and flow cytometry analysis
followed. a Representative flow cytometry histograms. b Percentage of
PI-stained. Each bar represents mean SD of three independent experi-
ments (***p < 0.0001 vs. control; ###p < 0.0001 vs. amphotericin B)
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The data obtained by transmission electron microscopy
showed that the yeasts underwent morphological changes
when treated with punicalagin. These alterations involved
membrane and cytoplasmic content. Given these results, we
chose to study the cytoplasmic membrane and cellular analy-
sis by flow cytometry in order to understand the possible
mechanism of action of punicalagin, via different targets, such
as interference in the cell cycle, injury to the plasma mem-
brane, or mitochondrial damage to pathogenic species of
fungus.

It was shown that punicalagin-induced damage to C. gattii
and C. albicans is via a decrease in yeast plasma membrane
ergosterol content with no total cell membrane rupture.
Studies have shown that tannins and other natural polyphenols
can inhibit the growth of yeasts due to their action on the cell,
specifically through mechanisms involved in changes in cell
membrane components [26–28]. Gallic acid, an endogenous
precursor used by plants to synthesize tannin molecules, has
shown antifungal activity against C. albicans, by binding to
membrane ergosterol, and against Trichophyton rubrum

Fig. 3 Effect of punicalagin on cell cycles of C. gattii ATCC 24065 and
C. albicans ATCC 90028. Fungi cells were treated with amphotericin B
(2 μg/mL) or punicalagin at 4 (MIC) or 16 μg/mL (4X MIC) for 2 h.
Fungi cells were then processed, stained with propidium iodide (PI), and
the DNA content was analyzed by flow cytometry. a Representative flow

cytometry histograms showing cells at G0/G1, S, and G2/M stages. b
Percentage of yeast cells at G0/G1, S, and G2/M phases. Each bar repre-
sents mean SD of three independent experiments (*p < 0.05, **p < 0.00,1
or ***p < 0.0001 vs. control)
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through decreased ergosterol biosynthesis by inhibiting the
sterol 14-α-demethylase and squalene epoxidase enzymes
[27, 29]. In addition, gallic acid has shown in vivo effects
against C. albicans in a murine systemic infection model
[29]. The mechanism of primary action of azole antifungals
occurs through inhibiting the 14-α-demethylase enzyme,
which inhibits the synthesis of ergosterol, the main sterol com-
ponent of the fungal cell membrane [28]. Ergosterol maintains
cellular function and integrity [30]. According to various find-
ings, products extracted from plants can cause a considerable
reduction in the amount of yeast ergosterol [28, 31–33], sim-
ilar to the results found here. Zorić et al. [31] showed that the
phenolic compound, oleuropein, at the highest concentration
studied, caused a 28% reduction in the total membrane sterol
content ofC. albicans. According to Reis et al. [32], the quan-
tity of ergosterol observed in the C. neoformans species com-
plex isolates was reduced in the presence of the plant poly-
phenol fisetin. In Aspergillus flavus, a reduction in the quan-
tity of ergosterol was seen as a result of treatment with dill
(Anethum graveolens L.) essential oil [33].

In addition, this study showed that punicalagin triggers
yeast cell cycle arrest at the G0/G1 stage, and thereby prevents
progression of the normal cell cycle. However, these alter-
ations showed no involvement of ROS overproduction, al-
though the punicalagin triggered a significant loss of ΔΨm
in C. albicans isolate. Therefore, it seems that the concentra-
tions of punicalagin used do not alter redox homeostasis to
promote the cell death of the yeast isolates tested, probably
due to its free radical scavenger property. The baicalin flavo-
noid showed antifungal activity againstC. albicans by altering
the cell cycle at the G0/G1 stage, culminating in intense irre-
versible cell damage, which brought about cell death through
a possible apoptotic mechanism [34]. The furofuran type lig-
nan (+)-Medioresinol has also shown cell cycle arrest in
C. albicans [35]. In addition, these authors found that this
phytochemical triggers intracellular ROS accumulation,
which seems to be brought about by a mechanism other than
punicalagin. A previous study has shown that gold nanoparti-
cles induced apoptotic cell death in C. albicans through dif-
ferent pathways (e.g., yeast DNA damage and mitochondrial

Fig. 5 Effect of punicalagin on the ΔΨm in C. gattii ATCC 24065 and
C. albicans ATCC 90028. Fungi cells were treated with amphotericin B
(2 μg/mL) or punicalagin at 4 (MIC) or 16μg/mL (4XMIC) for 2 h. Cells
were then stained with rhodamine 123 dye and flow cytometry analysis

followed. Each bar represents mean SD of three independent experiments
(*p < 0.05 or ***p < 0.0001 vs. control; ###p < 0.0001 vs. amphotericin B;
$p < 0.05 vs. punicalagin at 4 μg/mL)

Fig. 4 Effect of punicalagin on
ROS production in C. gattii
ATCC 24065 and C. albicans
ATCC 90028. Fungi cells were
treated with amphotericin B
(2 μg/mL) or punicalagin at 4
(MIC) or 16 μg/mL (4XMIC) for
2, 6, or 24 h. Cells were then
stained with DCFH-DA dye to
monitor ROS levels by flow cy-
tometry. Each bar represents
mean SD of three independent
experiments (***p < 0.0001 vs.
control, ###p < 0.0001, or
##p < 0.001 vs. amphotericin B)
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dysfunction); however, no involvement of the ROS signaling
was seen [36]. Corroborating this, a novel equisetin-like com-
pound, tetramic acid-289, has shown an interesting antifungal
activity against Saccharomyces cerevisiae through mecha-
nisms of cell cycle block involving mitochondrial morpholog-
ical defects independently of the increase in oxidative stress
[37]. Moreover, some findings have shown that natural poly-
phenols, such as myricetin, rhein, and gossypol, can induce
ROS-independent cell death in cancer cells [38].

Conclusion

The present study presents the first attempts at uncovering the
possible mechanism of action of punicalagin in C. gattii and
C. albicans isolates. The results obtained showed that the
antifungal activity of punicalagin seems to be related to its
ability to alter the cell cycle of fungal cells and interfere in
the ergosterol biosynthesis of the yeast plasma membrane.
This suggests that punicalagin is a promising plant-derived
compound for use in the development of new antifungal ther-
apies. Further studies are needed to enhance the understanding
of the mechanisms behind punicalagin-induced yeast cell
death.
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