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ibits antifungal activity by ROS
mediated endoplasmic reticulum stress and
mitochondrial dysfunction pathways in Candida
albicans†

Farazul Haque,‡§a Nitish Kumar Verma,‡a Mohammad Alfatah,{b Swati Bijlanikb
and Mani Shankar Bhattacharyya ‡*a

In the present study, we investigated the mechanism of cell death in C. albicans due to treatment with

sophorolipid (SL). SL is an extracellular glycolipid biosurfactant produced by various species of non-

pathogenic yeasts and is known to inhibit the growth and biofilm formation of C. albicans. This study

revealed that treatment of C. albicans cells with SL increases the ROS production and expression of

oxidative stress-related genes significantly (SOD1, CAT1). Increased ROS level within the cells causes ER

stress and release of Ca2+ in the cytoplasm and alteration of the mitochondrial membrane potential

(MMP). Quantitative real time-polymerase chain reaction (qRT-PCR) data showed that SL also

upregulates the Endoplasmic Reticulum (ER) stress marker HAC1. Flow cytometric analysis (AnnexinV/PI)

indicated that the cell death may have occurred due to necrosis which was further confirmed by LDH

release assay and transmission electron microscopy (TEM). Further experiments with the null mutant D

hog1 strain of C. albicans SC5314 indicated the activation of the osmotic stress response pathway (HOG-

MAPK) and SAP9. This study gave an insight into the mechanism of cell death initiation by glycolipids and

indicated that further modification of these molecules can lead to the development of new therapeutic

agent against C. albicans.
Introduction

Members of the genus Candida are known to be some of the
most common opportunistic human pathogens which cause
infection to the supercial mucosa and are major causative
agents for life threatening systemic and blood level infections.1,2

Candida albicans (C. albicans) is the fourth most common
causative agent of candidiasis and is associated with very high
mortality rates (about 50%).3,4 Depending on the environmental
conditions C. albicans can grow either as unicellular budding
yeast or in the form of lamentous pseudohypha and hypha.5,6
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Both yeast and hyphal forms of pathogen invade the blood-
stream and cause invasive candidiasis.7 Currently, three classes
of antifungal drugs (azoles, echinocandins, and polyenes) are
being used for the treatment of candidiasis.3 However, severe
toxicity, adverse side effects, high cost and development of drug
resistance have emerged to be the pitfalls of these therapies.3

Thus, there is an urgent need to develop new antifungal agents
for effective therapy of candidiasis. Research is in progress to
synthesize effective antifungal agents by derivatizing and
improving the properties of existing antifungal drugs, by
screening of novel compounds or by developing new chemical
entities against potential fungal targets.8–10 Presently, several
new molecules are in the various stages of their development as
potential antifungal drug candidate.11

Sophorolipid (SL), a glycolipid biosurfactant (Bs) is produced
extracellularly by several non-pathogenic yeasts.12,13 It is one of
the most promising and attractive Bs found in nature and has
been reported to have antimicrobial,14 antiviral, anti-spermi-
cidal,15 anticancer16,17 and immunomodulatory activities.18 In
a previous study, we have demonstrated the inhibitory effect of
SL against biolm formation of C. albicans by downregulating
the hyphae associated genes.19 SL interacts synergistically with
antifungal drugs (amphotericin B and uconazole) to kills
planktonic cells, inhibit biolm formation and eradicate
RSC Adv., 2019, 9, 41639–41648 | 41639
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already formed biolm.19 However, the mechanism of cell death
remained unexplored. Existing literature reports suggest that SL
mediates bacterial cell death by damaging/impairing the
plasma membrane leading to pore formation and causing cell
lysis.20,21 SL also induces apoptosis in H7402 human liver cancer
cells by blocking the cell cycle at G1 phase, activating caspase-3,
and increasing Ca2+ level in the cytoplasm.22 Since SL induces
different cascades of cellular activities leading to cell death,
here; we have investigated the mechanism of action of the
molecule causing cell death in C. albicans. Our investigations
suggest that treatment of C. albicans with SL enhances ROS
production, upregulates ROS specic gens (CAT1, SOD1) and
activates pathways leading to oxidative stress. Moreover, as
evidenced by the higher transcript level of HAC1 (a marker of ER
stress) SL causes ER stress triggering efflux of Ca2+ from ER into
cytoplasm and the activation of high osmolarity glycerol (HOG)
mitogen-activated protein kinase (MAPK) pathway which is
known to be involved in the cell's responses to oxidative23 and
osmotic stresses.24 All these stress conditions nally lead to
necrosis and cell death.
Material and methods
Strain, media and growth condition

The wild type strain of C. albicans SC5314 25 and null D hog1
mutant was used in this study. Strains were preserved in glyc-
erol (as frozen stocks) at �80 �C and revived on YPD agar
medium (1% Bacto yeast extract, 2% Bacto peptone, 2% glucose
and 2% Bacto agar). Culture was grown in YPD broth at 30 �C
with shaking (200 rpm). Production and extraction of SL were
carried out as reported earlier (production, isolation, purica-
tion and characterization has been briey described in
ESI).†19,26 The stock solution of SL was prepared in dimethyl
sulfoxide (DMSO, Sigma), and stored at �20 �C until use. In
each assay, SL was dissolved in DMSO in such that the
concentration of DMSO does not exceed to 5%.
Quantication of reactive oxygen species (ROS),
mitochondrial membrane potential (MMP) and intracellular
calcium ion (Ca2+) level

Cells from primary overnight culture were harvested, washed
and inoculated in 2 mL fresh YPDmedium with an OD600 of 0.5.
Different concentrations of SL (100 and 200 mgmL�1) along with
control that contains carrier (DMSO) were added to the cells and
incubated for 5 h at 30 �C with shaking condition (200 rpm).
Aer incubation, cells were centrifuged and pellet was washed
twice with 1� phosphate buffer saline (PBS, pH 7.4) and
resuspended in 1� PBS, pH 7.4. ROS-specic dye H2-DCFDA
(Molecular probe) was added to the cells at a nal concentration
of 2 mM and further incubated for 30 min at 30 �C. Cells were
then washed twice with PBS and analysed by BD Accuri™ C6
ow cytometer. MMP was determined using mitochondria-
specic voltage-dependent dye (DiOC6) (Molecular probe).
Cells were stained with 5mMDiOC6 for 30 min at 30 �C, washed
twice with PBS and analysed by ow cytometer. The Ca2+ level
was determined using Fluo-3-acetoxymethyl ester (Fluo-3-AM)
41640 | RSC Adv., 2019, 9, 41639–41648
dye (Molecular probe). BAPTA which is an intracellular
Ca2+chelator was added to the cells at a nal concentration of
10 mM, 1 h prior to SL treatment. Cells were incubated with
Fluo-3-AM (5 mM) for 15 min at 30 �C, washed twice with PBS
and analysed by ow cytometer. In all the above ow cytometric
assays, uorescence was measured in FL1 channel and for each
sample, 104 cells were analysed. Three independent experi-
ments were performed with two replicates each time.

qRT-PCR analysis

Effect of SL on the expression of CAT1, SOD1, HOG1, HAC1 and
SAP9 was evaluated by two-step quantitative real time poly-
merase chain reaction (qRT-PCR). Total RNA of the cells was
extracted from SL treated (100 mg mL�1 and 200 mg mL�1) and
untreated samples in RPMI-1640 medium using hot phenol/
chloroform extraction method.27 cDNA was synthesized from
DNase I treated total RNA using iScript™ cDNA Synthesis Kit
(BIO-RAD) as per manufacturer's instructions. Primers for
target genes (CAT1, SOD1, HOG1, HAC1 and SAP9) and house-
keeping internal control gene (ACT1) were designed using Gene
Runner soware (Table 1) and synthesized from Sigma. cDNA
template (100 ng), gene specic primers (200 nM) and iQ™
SYBR® Green Supermix (BIO-RAD) were added to the reaction
mixture in accordance with the manufacturer's instructions.
qRT-PCR was performed in Mastercycler® eprealplex Real-time
PCR system. The following parameters were used for qRT-PCR:
an initial denaturation at 95 �C (3 min), followed by 40 cycles of
denaturation (95 �C/1 min), annealing (58 �C/30 s), and exten-
sion (72 �C/20 s), and melting-curve analysis starting from
initial temperature 50 �C to 95 �C, with gradual increase in 0.5
�C/15 second. The specicity of the primers was conrmed by
melting curve analysis. The generated CT values of target genes
were normalized to the CT value of housekeeping ACT1 gene.
Relative expression fold changes were evaluated by DDCT

method using 2�DDCT formula.28

Annexin V and propidium iodide (PI) staining

Annexin V-FITC 488 and PI staining was performed according to
assay kit protocol (Life Technology, India). Briey, cells were
treated with different concentrations of SL as mentioned above.
Cells were washed with cold PBS and resuspended in 500 mL
annexin binding buffer together with 5 mL each of Annexin V
and PI (10 mg mL�1). The cells were incubated for 30 min at
room temperature. Stained cells were directly acquired and
analysed by ow cytometry. Three independent experiments
were done with two replicates each time.

Lactate dehydrogenase release assay

The reduction of NAD+ to NADH in the cell medium was
determined by lactate dehydrogenase (LDH) activity kit (Pierce,
Thermo sher scientic). Briey, �2 � 106 cells in 100 mL of
YPD medium were dispensed in 96 well plate. Different
concentrations of SL were added to each well and incubated the
plate for 0, 12 and 24 h at 30 �C and further processed as
described by manufacturer protocol. Followed by incubation for
dened time-points, absorbance was measured using
This journal is © The Royal Society of Chemistry 2019
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Table 1 List of the primers used in the qRT-PCR study

Primer Sequence (50–30) Tm (�C)
Amplied product
size (bp)

CaHOG1-R GGTCAGAAAAGGTTTCATGAC 53.0 90
CaHOG1-F ATGGGAGCATTTGGTTTG 55.0
CaSOD1-R AATATGGAAACCTCTCAAGGC 51.0 140
CaSOD1-F TTAAAGCTGTCGCTGTTGTC 54.0
CaSAP9-R AGTTCCATGACCGAAAGATC 54.0 252
CaSAP9-F GAGTCCAAAGATGATTTATCCC 52.0
CaCAT1-R AAAAACACCATAAGCACCG 54.0 156
CaCAT1-F CCAATTCCAGAACCATTTG 51.0
CaHAC1-R ATTAGTTGGACCGGAAGATG 55.0 203
CaHAC1-F TACAACCAACACATCAACCAG 54.0
CaACT1-R GGTTTGGAAGCTGCTGGTATTGACC 60.8 135
CaACT1-F ACGTTCAGCAATACCTGGGAACATG 60.0
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View Article Online
spectrophotometer (Bioteck) at 490 nm. Three independent
experiments were performed with three triplicates. Values were
expressed as mean with their corresponding standard devia-
tions (SD) and statistical signicance was analyzed by Student's
t-test (two-tailed, unequal variance). A p-value of <0.05 was
considered statistically signicant.
PI-staining and permeabilization assay

The Propidium Iodide (PI) staining assay was carried out as
described by Alfatah et al.29 with slight modication. Briey, C.
albicans SC5314 cells of 0.5 OD were treated with different
concentration of SL along with DMSO as vehicle control in 2 mL
of YPD medium at 30 �C and 200 rpm for 5 h. Further, the
treated cells were washed twice and resuspended in 1� PBS.
Furthermore, in the dark condition, cells were incubated in PI
stain (5 mg mL�1) at 30 �C for 30 min with shaking. The uptake
of PI stain in the cells was visualized by Confocal Laser Scan-
ning Microscopy (CLSM) at 60� magnication.
Transmission electron microscopy (TEM)

The integrity of the cell's plasma membrane was visualised by
TEM study. Briey, cells were treated with SL as mentioned
above. Samples were prepared as described by Sangetha et al.,
with slight modications.30,31 Aer incubation with SL, cells
were centrifuged and xed with 2% glutaraldehyde at room
temperature. Aer xation, cells were washed with sodium
phosphate buffer and post xed with 1% OsO4 for 2 h at 4 �C.
The cells were then dehydrated in series of ethanol concentra-
tions. Negative staining was performed to visualise the lipid
membrane.
Time-kill curve assay

For time kill curve essay, C. albicans SC5314 and D hog1mutant
cells were inoculated in YPD medium at starting OD600 of 0.3
(about 6 � 105 cells per mL) and allowed to grow overnight. SL
alone (200 mg mL�1) and/or in combination with different
concentrations of sorbitol (0.25 M and 0.5 M) (Sigma Aldrich)
were added to cell suspension. Dimethyl sulfoxide (DMSO)
This journal is © The Royal Society of Chemistry 2019
(Sigma Aldrich) was used as vehicle control and the cell
suspension was cultured at 30 �C, 200 rpm. Cells without SL
were used as a negative control. Starting from 0 h time-point,
OD of cell suspension was measured every 2 h intervals, using
spectrophotometer (Hitachi, U2900). Six independent experi-
ments were performed and plot using graphpad prism soware.
Statistical signicance

Statistical signicance between treated and control groups was
analyzed by Student's t-test (two-tailed, unequal variance). A p-
value of <0.05 was considered statistically signicant.
Results
Measurement of ROS production and overexpression of SOD1
and CAT1 in C. albicans treated with SL

Literature reports suggest that SL induces cell death by acti-
vating various stress response pathway and ultimately by cell
lysis.20–22 Therefore, we hypothesized that SL mediated cell
death of Candida albicans occurs due to the activation of
multiple stress response pathways. Cellular stress due to
external stimuli is manifested by ROS production within the
cell. Therefore, we determined the ROS production in C. albi-
cans treated with SL, by measuring the uorescence of ROS-
specic dye H2-DCFDA. SL treatment enhanced the ROS
generation in a concentration-dependent manner (Fig. 1A). In
the presence of 100 mg mL�1 SL and 200 mg mL�1 SL, ROS
generation was increased by 3.9-fold (45% of total cell pop-
ulation) and 6.5-fold (74% of cell population), respectively, as
compared to control (11.5% of cell population) (Fig. 1A).
Furthermore, higher level of superoxide dismutase (SOD) and
catalase (CAT) production is known to be the general cellular
response to mitigate the effect of high level of cellular ROS.
Therefore, we studied the cellular expression level of CAT1 and
SOD1 by quantitative RT-PCR. Treatment of SL was found to
increase the CAT1 expression by 2 fold and 3 fold (Fig. 1B) and
SOD1 transcript levels by 4 fold and 6 fold (Fig. 1C). (when
treated with 100 and 200 mgmL�1 of SL separately, in each case).
RSC Adv., 2019, 9, 41639–41648 | 41641
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Fig. 1 Sophorolipid (SL) induced reactive oxygen species (ROS) production and overexpression of stress-related genes in C. albicans SC5314. (A)
The strain was grown in YPDmedium for 5 h in the absence or presence of indicated concentrations of SL and stained with ROS specific dye, H2-
DCFDA. Samples were analyzed by flow cytometry in FL1 channel. (B and C) Expression of stress-related genesCAT1 and SOD1were assessed by
using qRT-PCR. Results represent the average of three independent experiments�SD. *p < 0.05 when compared with the SL untreated controls.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

1/
21

/2
02

5 
4:

59
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Alteration of mitochondrial membrane potential (MMP) in
the presence of SL

Mitochondria play pivotal role in cellular homeostasis, energy
metabolism, ATP synthesis and protein synthesis and import.
Maintenance of MMP is essential for normal cellular func-
tion.32–34 Here, we studied the effect of SL on alteration of MMP
of C. albicans by measuring the uorescence of a voltage-
dependent dye DiOC6, using ow cytometry. It was found that
50% and 71% of cell population exhibited mitochondrial
membrane depolarization at 100 mg mL�1 SL and 200 mg mL�1

SL concentration, respectively, thereby, indicating a dose-
dependent effect (Fig. 2). These results suggest that SL affect
the mitochondrial physiological integrity leading to the loss of
its membrane potential which could be the reason of enhanced
ROS production.
SL causes endoplasmic reticulum (ER) stress and elevates
intracellular Ca2+ level in C. albicans

Endoplasmic reticulum (ER) works as the Ca2+ store home
within the cellular environment. Upon ER stress, Ca2+ is
released to the cytoplasm and subsequently enters to the
mitochondria.34,35 Although Ca2+ mediated signalling helps the
cells to cope up with the ER stress, it impairs the mitochondrial
function leading to elevated ROS production.35,36 Since ER and
mitochondria interplay through Ca2+ signalling during stress
condition,34–36 we tested the effect of SL on intracellular Ca2+

level. The intracellular level of Ca2+ wasmeasured by Fluo-3-AM.
41642 | RSC Adv., 2019, 9, 41639–41648
The labelled calcium indicator Fluo-3-AM exhibits an increase
in uorescence upon binding to Ca2+. We found that cells
treated with 100 mg mL�1 SL and 200 mg mL�1 SL showed
increased Ca2+ level by 4.9-fold (38.4% of cell population) and
6.2-fold (49.3% of cell population), respectively, as compared to
control (7.9% of cell population) (Fig. 3, panel A). However,
Fluo-3-AM uoresces was quenched when the cells were treated
with BAPTA (Ca2+ chelator; Fig. 3A). These results strongly
suggested that SL causes ER stress which commits the release of
stored Ca2+ into the cytosol.

ROS disturbs protein folding and induces endoplasmic
reticulum (ER) stress activating unfolded protein response
(UPR) pathway. UPR elements are related to various ER-resident
molecular chaperones and protein folding catalyst genes, clas-
sically known as Ire1-HAC1 signalling elements. Thus, the bZIP
transcription factor HAC1 may be considered as a marker of ER
stress. Here, we checked the expression of HAC1 in SL treated C.
albicans cells by q-RT-PCR. The expression ofHAC1was found to
be up-regulated by 5 fold and 7.6 fold when treated with 100 and
200 mg mL�1 of SL (Fig. 3B). Activation of HAC1 also signals the
activation of many other downstream processes including Ca2+

leakage from the ER lumen.
SL mediates cell death through necrosis in C. albicans

Since SL enhanced the ROS production; we examined the
downstream effectors of ROS for apoptosis and necrosis by
Annexin/PI assay. Annexin binds the surface exposed
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Sophorolipid (SL) induces the depolarization ofmitochondrial membrane potential (MMP) ofC. albicans. Cells were grown in YPDmedium
for 5 h in the presence of indicated concentrations of SL and stained with mitochondria-specific voltage-dependent dye (DiOC6). Samples were
analyzed by flow cytometry in FL1 channel.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

1/
21

/2
02

5 
4:

59
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
phosphatidylserine (an apoptosis marker) and gives positive
signals, whereas, PI only enters dead or damaged cells (nec-
rosed) and is excluded by the viable cells. When cells were
treated with 100 mg mL�1 SL, �22% of cell population was PI-
positive (upper le column, Fig. 4B), however, only a small
number of cells were found to be annexin positive (upper right
Fig. 3 Sophorolipid (SL) treatment induces ER stress and increases th
concentrations of SL was added to the cells directly or pre-incubated w
HAC1, a marker of ER stress was determined by qRT-PCR. The result rep
when compared with the SL untreated controls.

This journal is © The Royal Society of Chemistry 2019
column, Fig. 4B) against the control (Fig. 4A). The PI-positive
cell population was further increased to 27% when cells were
treated with 200 mg mL�1 SL, whereas, almost negligible
number of annexin positive cells were observed at this
concentration (Fig. 4C). These results suggest that SL causes
necrosis in C. albicans which attributes to cells death.
e intracellular calcium ion (Ca2+) level in C. albicans. (A) Indicated
ith 10 mM BAPTA, a Ca2+ chelator and grown in YPD. (B) Expression of
resents the average of three independent experiments �SD. *p < 0.05

RSC Adv., 2019, 9, 41639–41648 | 41643
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Fig. 5 Sophorolipid (SL) increased the release of lactate dehydroge-
nase (LDH) in C. albicans. Cells were grown in the presence of indi-
cated concentrations of SL for 0, 12 and 24 h. Percentage of LDH
activity is directly proportional to the percentage of substrate
converted.
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SL causes membrane permeabilization in C. albicans

Permeabilization of the plasma membrane is a key signature of
cell necrosis. This event can be quantied by measuring the
release of intracellular enzyme lactate dehydrogenase (LDH)
into the extracellular milieu. To further ensure the role of SL in
necrosis, we performed LDH release assay. The released LDH
can be quantied by a coupled enzymatic reaction. First, LDH
catalyzes the conversion of lactate to pyruvate by reduction of
NAD+ to NADH. Second, diaphorase uses NADH to reduce
a tetrazolium salt (INT) into red formazan product. Therefore,
the level of formazan formation is directly proportional to the
amount of released LDH into the medium. When cells were
incubated with 50 mg mL�1 SL for 12 and 24 h, the percentage
LDH activity was increased by 4.8-fold and 6.5-fold, respectively
(Fig. 5), as compared to control. The percentage LDH activity
was further increased by 9.7-fold and 13.7-fold as compared to
control when cells were incubated with 100 mg mL�1 SL for 12
and 24 h.

Permeabilization of the cell membrane due to SL treatment
can be observed by staining the treated cells with PI followed by
visualization under CLSM (Fig. 6A). Due to SL treatment cell
membrane integrity is lost and PI enters into the cells through
the permeabilized cell membrane. The results showed that cells
treated 100 mg mL�1 and 200 mg mL�1 of SL had 62% and 72%
permeabilized cell respectively, compared to the 9% PI positive
cells in untreated (control) condition (Fig. 6B).

We also carried out TEM analysis to visualize the effect of SL
on C. albicans plasma membrane. We found that SL disturbed
the integrity of the plasma membrane (Fig. 6C) causing pore
formation conrming its role in necrosis.
Activation of HOG1 mitogen-activated protein kinase (MAPK)
pathway in response to SL in C. albicans

The high glycerol osmolarity (HOG; a branch of Mitogen Acti-
vated Protein Kinase) pathway plays a key role in the adaptation
to high osmolarity condition. HOG pathway is also known to
play an important role in other stress pathways including
Fig. 4 Sophorolipid (SL) induced necrosis in C. albicans. Cells were grow
SL and stained with Annexin V-FITC and propidium iodide (PI) and analy

41644 | RSC Adv., 2019, 9, 41639–41648
oxidative stress.37–39 Therefore, we checked the effect of SL on
osmotic stress and the related HOG1 pathway in C. albicans and
null D hog1 mutant cells. We found that in the presence of SL
(200 mg mL�1), the growth of C. albicans SC5314 was retarded
compared to untreated cells (Fig. 7A). Moreover, the growth was
rescued when the cells were complemented with 0.25 M and
0.5 M sorbitol in addition to SL. In addition, null D hog1mutant
of C. albicans was unable to rescue the growth in presence of
both molar concentration of sorbitol suggesting the role of
HOG1 in SL mediated killing pathway (Fig. 7B). When the
higher concentration of SL (500 mg mL�1) was used along with
0.5 M sorbitol on C. albicans cells and spotted on YPD plates, it
showed increased sensitivity compared to SL (500 mg mL�1) and
sorbitol (0.5 M) alone (data not shown).

Thereaer, we were curious to know the effect of SL on the
expression of HOG1 gene in C. albicans and estimated HOG1
expression by qRT-PCR. A signicant increase of HOG1
n in YPDmedium for 5 h in the presence of indicated concentrations of
zed by flow cytometry.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Alteration of membrane integrity of C. albicans due to the treatment of SL. (A) Confocal laser scanning microscopy of C. albicans cells
treated with different concentration of SL and stained with PI. (B) The population of PI-positive cells were visualized under CLSM after the
treatment with various concentration SL followed by staining with PI. 10 different fields were observed and the PI-positive cells were counted
against the normal cells (to obtain the percentage of PI-positive cellular population). (C) Effect of sophorolipid (SL) on C. albicans plasma
membrane was visualized by Transmission Electron Microscopy (TEM).
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expression indicated the involvement of HOG1 gene to mitigate
the SL mediated stress response (Fig. 7C). Furthermore, we also
checked the expression level of SAP9. Sap9 is a member of Sap
family proteases and bound to the fungal cell surface by a gly-
cosylphosphatidylinositol (GPI) anchor motif and is required
for cell wall integrity.40 Impairment of SAP9 gene alters the
adhesion properties and is considered important for C. albicans
virulence. Therefore, we proceeded to check the effect of SL on
SAP9 expression. Interestingly, we found that SAP9 expression
was increased 1.8 and 3.1 fold aer exposure to SL with 100 mg
mL�1 and 200 mg mL�1 respectively (Fig. 7D).
Discussion

The inhibitory effect of SL on growth, biolm formation and
biolm eradication of C. albicans has been reported in
a previous study.19 In the present study, we have shown that the
treatment of C. albicans cells with SL increases the ROS
production and up-regulates the expression of SOD1 and CAT1,
indicating higher level of oxidative stress and activation of
stress responsive machineries. Generally, ROS is produced
during normal physiological condition and is involved in
various biological processes including regulation of prolifera-
tion, activation of gene expression and other cellular
responses.41–43 However, extensive studies suggest that many
external stimuli enhance ROS generation within the cell and
This journal is © The Royal Society of Chemistry 2019
excessive ROS level can induce cell death by necrosis or
apoptosis.44–46 Since mitochondria are considered as a major
site of ROS generation, excess ROS causes damage to the
mitochondrial components perturbing with its membrane
integrity. In order to elucidate the change in the mitochondrial
membrane, we checked the mitochondrial membrane potential
(MMP) by using ow cytometry. Our result indicates that ROS
generation aer SL treatment is associated with mitochondrial
dysfunction. To counteract with excessive ROS production, cells
possess various ROS defence systems which include redox
buffers and specic antioxidant enzymes such as glutathione
peroxidase, superoxide dismutase and catalase. Overexpression
of these enzymes is a commonmechanism to mitigate oxidative
stress. In the present case, overexpression of SOD1 and CAT1
indicated higher level of oxidative stress and activation of stress
responsive pathways. In that juncture, it has to be mentioned
that SOD1 and CAT1 mRNA has longer half-life and generally
the overexpression of these genes corresponds with the cellular
protein level.47 However in the present study cellular protein
level of CAT1 and SOD1 was not measured.

The integrity and function of ER are crucial for the produc-
tion of membrane-bound and secreted proteins and thus, its
function is under tight control. Alteration in redox-homeostatic
conditions lead to the failure of this control mechanism and the
cell undergoes ER stress. Since ER stress is well characterized by
overexpression of HAC1, a transcription factor involved in
RSC Adv., 2019, 9, 41639–41648 | 41645
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Fig. 7 Growth curve of C. albicans SC5314 and null mutant D hog1 strains and Quantitative RT-PCR analysis of HOG1 and Sap9 genes. (A and B)
C. albicans SC5314 and null mutant D hog1 strains were grown in YPD at 30 �C in presence of sophorolipid (200 mg mL�1) alone and/or
combination with different molar ratios of sorbitol. OD600 was measured after every 2 h in each case. Untreated cells were used as negative
control. (C and D) The expression of HOG1 and SAP9 was determined by a qRT-PCR assay. The expression level of each gene is displayed after
normalization with internal control housekeeping gene ACT1. Results represent the average of three independent experiments �SD. *p < 0.05
when compared with the SL untreated controls.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

1/
21

/2
02

5 
4:

59
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
unfolded protein response (UPR) and is considered as a marker
for ER stress.48 In our study, we have demonstrated that HAC1
expression is increased in SL treated cells. Carvacrol, an anti-
fungal compound is known to exert its antifungal activity by
disrupting calcium homeostasis and increasing HAC1 expres-
sion.49 The results of this study strongly support our ndings.
ER stress affects Ca2+ homeostasis by triggering the efflux of
Ca2+ from the ER lumen to the cytoplasm. As a consequence of
that, enhance cytosolic Ca2+ further magnies ROS generation
by entering into the mitochondria. In our study, we also
observed a surge in Ca2+ level in the cytoplasm aer the treat-
ment with SL. Furthermore, the elevated intracellular ROS
induces oxidative damage to DNA, proteins, lipids and other
cellular components such as plasma membrane. Induction of
these processes is associated with cellular death either by
apoptosis or necrosis. Apoptosis is a well-accepted subroutine
of programmed cell death (PCD), whereas, earlier reports
described necrosis is as an ‘accidental’ form of cell death based
on its presumed unregulated nature.33,35,50 However, over the
past decade extensive evidences have emerged suggesting the
role of specic genes in controlling the onset and progression of
necrosis.33,50,51 As demonstrated earlier, an increased level of
ROS within the cellular environment leads to lethal conse-
quences such as oxidative stress, apoptosis and necrosis.32,52,53

In our study, Annexin/PI dependent ow cytometry analysis
demonstrates that SL effectively induces necrosis in C. albicans.
Moreover, one of the hallmarks of necrosis is loss of cellular
membrane integrity and leaching out the intracellular enzymes
41646 | RSC Adv., 2019, 9, 41639–41648
including LDH. Since the leakage of LDH is considered to be an
indicator of necrosis, we performed LDH assay in time and
concentration dependent manner of SL; as a consequence,
a signicant increase in LDH release indicated the damage in
cellular membrane integrity conrming the role of SL in
necrosis. A similar result was observed by Basak et al., by the
action of acidic diacetate SL on the Candida albicans and
Salmonella enterica.54 In order to further conrm loss of the
membrane integrity, Propidium Iodide (PI) staining assay was
carried out by treating the cells with different concentrations of
SL and then staining them with PI. The PI enters the cell only
when it loses its membrane integrity. From the Fig. 6A it is
evident that PI was taken up by 62% and 76% of SL (100 and 200
mg mL�1, respectively) treated cells indicating high-level
membrane permeabilization and loss of membrane integrity.
Furthermore, loss of membrane integrity was clearly visualised
by TEM study.

To survive, C. albicans like other fungi are able to respond to
changes in extracellular osmolarity and adjust their intracel-
lular conditions to prevent itself from osmotic stress.55 Such
adaptation to high osmolarity involves activation of the HOG
pathway which is a branch of MAPK (Mitogen Activated Protein
Kinase) signal transduction system.56 The basic physiological
role of the HOG pathway is to orchestrate the adaptation of
yeast cells against the surrounding medium.57 In our study, we
observed over-expression of HOG1 in response to SL treatment
indicating activation of HOG pathway. Moreover, we checked
the effect of SL on osmotic stress and the related HOG1 pathway
This journal is © The Royal Society of Chemistry 2019
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in C. albicans and null D hog1 mutant cells. This study clearly
suggests involvement of HOG1 pathway in response to SL
mediated stress. As we observed high sensitivity in null D hog1
mutant cells as compared to C. albicans SC5314 cells. This
sensitivity was restored aer addition of sorbitol in null D hog1
mutant cells. The reason for rescue of growth by sorbitol could
be due to the production of glycerol because sorbitol is used as
a precursor molecule in the glycerol synthesis leading to cell
survival under osmotic stress conditions.58 Vylkova et al., re-
ported similar results against histanin 5 which shows increased
sensitivity to 1 M sorbitol when grown under osmotic-stress
conditions.59 Furthermore, Sap9 is a cell-surface associated
protease which helps in maintaining cell wall integrity in C.
albicans. We hypothesised that Sap9 secretion may represent
a defence mechanism of the cell in response to exposure to SL.
Similarly, Copping et al., found increased expression of Sap9 in
C. albicans aer uconazole treatment. Moreover their group
established that several antifungal agents can inuence the
expression of at least one C. albicans virulence factor in vitro.60

Conclusion

In the present study, we have demonstrated that SL induces
ROS formation in C. albicans and inuence a cascade of stress
response related activities in the cell. This process ultimately
leads to the killing of the cells by membrane perforation and
necrosis. Increased level of ROS formation, induction of ER
stress and killing of C. albicans cells by necrosis or apoptosis is
a common phenomenon that has been found to be activated
due to the inuence of many drugs.33 However, the present
study for the rst time demonstrated the mechanism of cell
death due to the treatment of glycolipid. Modication of these
molecules can lead to the development of new therapies against
fungal infection.
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M. J. Arellano-Jiménez and M. Jose-Yacaman, J.
Nanobiotechnol., 2015, 13, 91.

32 G. G. Perrone, S. X. Tan and I. W. Dawes, Biochim. Biophys.
Acta, Mol. Cell Res., 2008, 1783, 1354–1368.

33 T. Eisenberg, D. Carmona-Gutierrez, S. Büttner,
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