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The increasing interest in the role of autophagy (type II cell death) in the regulation of insect toxicology has pro-
pelled study of investigating autophagic cell death pathways. Turmeric, the rhizome of the herb Curcuma longa
(Mañjaḷ in Tamil, India and Jiānghuáng in Chinese) have been traditionally used for the pest control either
alone or combination with other botanical pesticides. However, the mechanisms by which Curcuma longa or
curcumin exerts cytotoxicity in pests are not well understood. In this study, we investigated the potency of
Curcuma longa (curcumin) as a natural pesticide employing Sf9 insect line. Autophagy induction effect of
curcumin on Spodoptera frugiperda (Sf9) cells was investigated using various techniques including cell prolifera-
tion assay, morphology analysis with inverted phase contrast microscope and Transmission ElectronMicroscope
(TEM) analysis. Autophagy was evaluated using the fluorescent dye monodansylcadaverine (MDC). Cell death
measurementwas examined using 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT)with-
in the concentrations of 5–15 μg/mL. Curcumin inhibited the growth of the Sf9 cells and induced autophagic cell
death in a time and dose dependentmanner. Staining the cells withMDC showed the presence of autophagic vac-
uoles while increased in a dose and time dependent manner. At the ultrastructural level transmission electron
microscopy, cells revealed massive autophagy vacuole accumulation and absence of chromatin condensation.
Protein expression levels of ATG8-I and ATG8-II, well-established markers of autophagy related protein were el-
evated in a time dependent manner after curcumin treatment. The present study proves that curcumin induces
autophagic cell death in Sf9 insect cell line and this is the first report of cytotoxic effect of curcumin in insect cells
and that will be utilized as natural pesticides in future.

© 2017 Published by Elsevier Inc.
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1. Introduction

Macroautophagy (hereafter called ‘autophagy’), is characterized by
the presence of double membrane cytoplasmic vesicles engulfed by cy-
toplasmic organelles namely mitochondria and endoplasmic reticulum.
Autophagy is also known to be involved in a form of programmed cell
death named autophagy Type II cell death in which the dying cells are
degraded by their own lysosomal enzymes [1]. Autophagy is executed
through the autophagy related genes (ATG). Among the ATG genes,
ATG8 is mainly important because they play important key regulators
of autophagic cell death and used as an autophagy marker [2].

The majority of the research found that autophagy in lepidopteran
insects occurs both in-vitro and in-vivo during metamorphosis and
starvation [3,4]. However limited studies reports autophagy induced
by natural pesticides. Administering oligomycin A induced autophagy
targetingmainlymitochondria and actin reorganization in IPLB-LdFB in-
sect cell line [5]. Recently Pyrethrum extract was used to characterize
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the insecticidal mechanism in Spodoptera frugiperda (Sf9) cell line and
demonstrated cell death through autophagy by upregulation of LC3-II
and beclin-1 expression [6]. Another recent study examined autophagy
induced by awell-known botanical pesticide Azadirachtin in Spodoptera
litura cells [7]. In summary autophagic cell death can be induced by nat-
ural pesticides and there is a growingneed for the identification of novel
natural insecticidal compounds due to increasing pesticide resistance
rates.

Compounds from natural plants or microbes are important re-
sources for new natural discovery in pesticides against wide varieties
of pest control. Many traditionalmedicines containing toxic compounds
from plants which exhibits antiproliferative effects on insect cells [8].
Many decades ago Indian farmers had traditionally used various compo-
nents of the neem tree such as oil extracted from the seed, neem cake,
for the pest control [9]. Based on their traditional knowledge
Azadirachtin a well-known botanical pesticide has been isolated from
native Indian Neem tree (Azadirachta indica A. Juss) and is being com-
mercially used as a botanical pesticide. Likewise turmeric: Curcuma
longa has been traditionally used for the pest control either alone or
combination with A. indica [10].

Curcumin is a hydrophobic polyphenol derived from turmeric: the
rhizome of the herb Curcuma longa. Accumulating evidence suggests
l death in Spodoptera frugiperda cells, Pesticide Biochemistry and Phys-
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that curcumin is a highly pleiotropicmolecule thatmodulates abundant
targets, which influence numerous biochemical and molecular func-
tions [11,12]. Curcumin has been found to be an effective agent to
reduce the development of tumor and exhibits a repertoire of antioxi-
dant, anti-inflammatory and anti-carcinogenic properties [13,14]. It
cures cancer in various tissues, including skin, mammary gland, oral
cavity, forestomach, oesophagus, stomach, intestine, colon, lung, and
liver [15–18].

However, the insecticidal activity of curcumin remained inconclu-
sive and had not been reported. In the current study, we investigated
the cytotoxic activity of curcumin toward Sf9 insect cells. Our findings
will provide the first evidence of curcumin as a novel insecticide that in-
duces autophagic cell death in Sf9 cells.
2. Materials and methods

2.1. Reagents and chemicals

Curcumin (95% purity) and 3-methyl adenosine (3-MA) were
purchased from Sigma. 3-[4,5-dimehyl-2-thiazolyl]-2,5-diphenyl-2-
tetrazolium bromide (MTT) and monodansylcadaverine (MDC) were
obtained fromKEYGEN, (Nanjing, China). Grace's insect cell cultureme-
dium was obtained from Thermo scientific (USA), and fetal bovine
serum (FBS) was bought from Gibco (Australia). Horseradish peroxi-
dase (HRP)-conjugated anti-rabbit IgG was procured from Sangon Bio-
tech Co., Ltd. (Shanghai, China). β-Actin (BA2305) purchased from
Boster Ltd., (Wuhan, China). SfATG8 rabbit monocolonal antibody for
amino acids 1–116 of Spodoptera frugiperda was prepared by
GeneCreate Bilogical Engineering Co., Ltd. (Wuhan, China). The
Spodoptera frugiperda ATG8 was sequenced and cloned our laboratory.
Sequence details provided in supplementary file.
2.2. Cell culture

Spodoptera frugiperda Sf9 cells were routinely maintained at 27 °C in
25 cm2 culture flasks, Nest (USA) using Grace's insect cell culture medi-
um, Gibco (USA) supplementedwith 10% fetal bovine serum (FBS), 0.3%
yeast extract and 0.3% lactalbumin hydrolysate. Exponentially growing
cell numbers were determined using hemocytometer for further
experiment.
2.3. Cell proliferation assay

Cell viability study were performed by 3-(4,5-dimethylthiazole-
2yl)-2,5-diphenyl (MTT) assay [8]. Exponentially grown Sf9 cell
(1 × 104 cells/mL) were seeded in to the 96-well plates (100 μL/
well) and incubated for 24 h, then curcuminwas added to the final con-
centrations of 5, 10 and 15 μg/mL. 0.1% DMSO was used as the vehicle
included in all experiments. In an another experiment, 3-MA (5 mM)
which is a specific autophagy inhibitor was pretreated for 4 h, then
curcumin 10 μg/mL was added and cell viability were calculated at dif-
ferent time-course. The experiments were performed in order to check
the inhibitory effect of autophagy.

After 24, 36, 48 and 72 h of treatment, 20 μL MTT (5 mg/mL) were
added to each well and incubated for further 4 h in dark condition.
After the incubation period, the medium was discarded and the 96-
well plates were dried in air. To each well, 150 μL of DMSO was added
to dissolve the formazan crystals and the absorbance was measured at
570 nm by ELISA microplate reader (Bio-Tek, USA). The cytotoxic effect
was expressed as a relative percentage of inhibition and calculated as
follows:

Cell growth inhibition rate %ð Þ ¼ OD control−OD treatmentð Þ=control� 100
Please cite this article as: S. Veeran, et al., Curcumin induces autophagic cel
iology (2017), http://dx.doi.org/10.1016/j.pestbp.2017.05.004
2.4. Morphological characteristics by inverted phase contrast microscope

Sf9 cell (1 × 104 cells/mL) were seeded in 6 well plates and incubat-
ed for 24 h, and then the cells were treatedwith curcumin 15 μg/mL and
incubated for different time points (0 to 72 h). Autophagy morphology
characteristics of Sf9 cells were observed with inverted phase contrast
microscope (Olympus, Japan) at various time points after treatments.
Cells treated with 0.1% DMSO were used as the control.

2.5. Detection of acidic autophagic vacuoles by monodansylcadaverine
(MDC) staining

MDC staining was determined using the KEYGEN MDC Sensor Kit
(KEYGEN, Nanjing, China) according to the manufacturer's instructions
[19]. The Sf9 cells were treated with curcumin 15 μg/mL for different
times (0, 24, 48 and 72h, respectively). Following the incubation period,
curcumin treated media was removed and 10 μL MDC dye was added
along with fresh serum free media to the cells. Cells were incubated at
room temperature for 20min followingwhich themediawas discarded.
The cells were then washed with phosphate buffered saline (PBS) three
times and examined usingfluorescencemicroscope (Olympus, Japan) at
excitation wavelength 380 nm.

2.6. Transmission electron microscopy (TEM)

TEM morphology experiment was performed as described in our
earlier publication [20]. In brief curcumin, 15 μg/mL treated Sf9 cells
(1 × 106 cells/mL) were collected after 24 h, washed with 0.1 M PBS
(phosphate buffer saline) three times and fixed for 4 h in glutaralde-
hyde. Then the solution was removed and pellet then washed by
0.2 M (PBS) (pH 7.4) and the postfixed in 1% (w/v) osmium tetroxide
for another 2 h at room temperature and washed twice with PBS. The
sample was subjected to continuous serial dehydration with ethanol
(50–100%) followed by resuspend in 100% propylene oxide. Samples
were then embedded in epon resin. Ultrathin (80 nm) sections were
stainedwith 2.5% (w/v) uranyl acetate and 0.3% (w/v) lead citrate. Sam-
ples were observed under TECNAI G12 transmission electron micro-
scope (FEI, Netherlands).

2.7. Analysis of acid phosphatase activity (ACP)

Sf9 cells (1 × 106 cells/mL) treated with curcumin 15 μg/mL were
collected at different time intervals (0, 6, 12 and 48 h) and washed
with PBS three times homogenized and extracted total protein was
used to measure acid phosphatase activity using p-nitrophenyl phos-
phate as substrate using ACP detection kit following the manufacturer
instructions, KEYGEN (china).

2.8. Western blot analysis

Sf9 cells treated with curcumin (1 × 106 cells/mL) for different time
points (0 to 72 h) were gently washed with PBS three times. Then Sf9
cell total protein were isolated by Radioimmunoprecipitation assay
buffer (RIPA) containing (1× PBS, 1%NP-40, 0.5% sodium deoxycholate,
0.1% SDS to which inhibitors were added at time of use to the following
final concentrations: 1 mM phenylmethylsulfonyl fluoride (PMSF);
aprotinin, 0.2 trypsin inhibitor U/mL; 1 mM sodium orthovanadate),
sonicated, and stored at 20 °C. Protein concentrations were determined
by using BCA Protein assay [20].

Protein samples were resolved by electrophoresis using 12%
sodiumdodecyl sulfate polyacrylamide gel (SDS-PAGE) and transferred
onto PVDF (polyvinylidene difluoride) membranes using tris–glycine
transfer buffer on a mini-trans-blot electrophoretic transfer tank (Bio-
Rad, USA). Then the membranes were blocked with 5% non-fat dry
milk thawed in tris-buffered saline-Tween (TBST) containing
(100 mM Tris–HCl, pH 7.5, 0.9% NaCl, Tween-20) for 1 h at room
l death in Spodoptera frugiperda cells, Pesticide Biochemistry and Phys-
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Fig. 1.MTT assay to determine cytotoxicity of curcumin on Sf9 cells; (A) anti-proliferative effect of curcumin at various time points and concentrations. (B) Effect of the specific autophagy
inhibitor 3-MA combined with curcumin (10 μg/mL treatment) on Sf9 cell proliferation. All data were expressed as mean ± SD of three independent experiments. Least significant
difference (LSD) test was used to compare the groups of each time intervals. Statistical significance of 3-MA inhibition was calculated using t-tests. ** represents for p b 0.01 compared
with control group.
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temperature. The polyclonal anti-Sf9Atg8 rabbit antibody was used as
primary antibody at a 1:1000 dilution and suitable Horse radish
peroxidase (HRP) conjugated secondary antibodies diluted 1:5000 in
anti-rabbit IgG were used. Finally, chemiluminescence detection was
performed by the ECL detection system (Bio-Rad, USA).
2.9. Statistical analysis

Statistical analysis data were expressed as means ± standard devia-
tion of three independent experiments. The least significant difference
(LSD) test was used to compare groups among each time intervals and
t-tests were performed to compare control and treatments group. Sta-
tistical significance of mitochondria loss was calculated by one-way
ANOVA followed by Duncan's test. Overall experiments, p b 0.05 and
0.01 was considered to be statistically significant. Statistical analyses
were performed using SPSS 22.0 (IBM, Inc., USA).
Fig. 2. Autophagymorphological changes observed by inverted phase contrast microscopewith
captured at different time (0 to 72 h). Detail of panels; (a) Control, (b)–(f) 12, 24, 36, 48 and 7
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3. Results

3.1. Cytotoxic effect of curcumin on Sf9 cells

To examine the inhibitory effect of curcumin on growth of Sf9 cells,
cell viability was measured by MTT assay by treating the cells with dif-
ferent concentrations of curcumin (5–15 μg/mL) at various time inter-
vals 24 h to 72 h. Curcumin inhibited cell proliferation in Sf9 cells in a
dose and time dependent manner (Fig. 1A). The proliferation inhibition
rates in Sf9 cells were 28.98 ± 0.0090%, 45.48 ± 0.0070% and 51.88 ±
0.0265% after 24 h of treatment with curcumin at the concentrations
of 5, 10 and 15 μg/mL respectively, The proliferation inhibition further
increased to 36.77 ± 0.0040%, 51.56 ± 0.0143% and 67.08 ± 0.0352%
after 36 h, and finally reached to 58.94 ± 0.0021%, 71.11 ± 0.0026%,
76.81 ± 0.0021% and 70.44 ± 0.0204%, 81.79 ± 0.0051%, 90.35 ±
0.0020% after 48, 72 h of the treatments, respectively. Sf9 cells treated
with 3-MA, a specific autophagy inhibitor (5 mM) exhibited increased
magnification: 200×. After Sf9 cells were treatedwith curcumin (15 μg/mL), images were
2 h respectively. (scale bar = 100 μm).

l death in Spodoptera frugiperda cells, Pesticide Biochemistry and Phys-
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Fig. 3.MDC labeling of autophagic vesicles in curcumin treated sf9 cells. An increase in autophagy was observed after treatment with curcumin (15 μg/mL) by fluorescence microscope
(200× magnification). Autophagic vacuoles were identified by a specific marker MDC, respective Sf9 cell images were obtained at different time interval; panel. (A); (a) Control 0 h,
(b)–(d) curcumin treated 24, 48, 72 h respectively. 3-MA, a specific autophagy inhibitor combined with curcumin treatment Sf9 cell were also captured; (B); (a) Control 0 h, (b)–(d)
Curcumin +3-MA 24, 48, 72 h respectively. (scale bar = 100 μm).
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cell viability (Fig. 1B) clearly suggesting the involvement of autophagy
in mediating cell death. The median inhibitory concentrations (IC50)
values of curcumin treatment were 13.174, 8.503, 3.105 and 2.430 μg/
mL at 24, 36, 48 and 72 h were respectively.
3.2. Autophagic vacuolization in curcumin treated Sf9 cells

Inverted phase contrast microscopy observation clearly revealed the
morphological characteristics of autophagy in Sf9 cells as shown in the
images (Fig. 2). Cells in the control group had round shape and well ad-
hered to the substrate (Fig. 2a). Cells treated with curcumin (15 μg/mL)
for 12, 24, 36, 48 and 72 h, abundant cytoplasmic autophagy vacuoles,
loss of adhesion. The autophagy vacuoles increased after 12 and 48 h
respectively (Fig. 2b-e). The number of autophagy vacuoles in the
curcumin treated cells increased and became larger in size after 72 h,
(Fig. 2f).
Fig. 4.Quantification ofMDCpositive vesicles in the cytoplasm represented for Fig.3. Panel
(A) and (B). All data were expressed as mean ± SD of three independent experiments.
Statistical significance among each intervals was calculated by t-tests p b 0.05.
3.3. Accumulation of autophagic vesicles in curcumin treated Sf9 cells

MDC is an auto fluorescent compound reported to specifically label
autophagic vacuoles. As shown in (Fig. 3A), Sf9 cells treated with
curcumin 15 μg/mL for 24 h demonstrated a punctate pattern of MDC-
labeled fluorescence (Fig. 3A (b)). By contrast, control cells exhibited
diffused MDC-labeled fluorescence (Fig. 3A (a)). Curcumin induced
autophagy in a concentration and time dependent manner cells treated
with curcumin for 48 h and 72 h significantly increased distinct dot like
structures in the cytoplasm (Fig. 3A (c–d)). Treatment with 3-MA
inhibited punctate MDC staining in a time dependent manner.
However, the MDC positive vesicles increased after 72 h, which may
be due to prolonged exposure to 3-MA or 3-MA could not control of
autophagy in the later stage (Fig. 3B). Quantification of vacuoles or
punctate in cytoplasm and the result showed punctate pattern were
increased time dependent manner, curcumin treated cells exhibited in-
creased MDC positive vesicles (24.33± 2.08, 34.33± 2.08 and 37± 00
per cell) after 24, 48 and 72 h respectively,whereas therewas negligible
vesicle accumulation in control cells. Cells pretreated with curcumin
and 3-MA cells showed reduced MDC positive vesicles (2.66 ± 0.57,
5.33 ± 1.52 and 7.66 ± 1.52 per cell after 24, 48 and 72 h respectively
(Fig. 4).
Please cite this article as: S. Veeran, et al., Curcumin induces autophagic cel
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3.4. Ultra-structural autophagy morphology of Sf9 cells upon curcumin
treatment by TEM

We carried out transmission electron microscopy to examine au-
tophagy at the ultrastructural level. Massive vacuole accumulation and
absence of chromatin condensation were treated as signs of autophagy.
Autophagic vacuoles were identified from the presence of organelles
and cytoplasmic proteins surrounded by close double membranes.
Upon curcumin treatment cell morphology was greatly altered (Fig. 5
(1′–6′)).

Numerous autophagic vacuoles were clearly evident after 12 h com-
pared to control cells and some vacuoles exhibited dysfunctional mito-
chondria. Most of cells present large vacuoles instead ofmitochondria in
the cytoplasm (Fig. 5(5′, 6′)). Our results demonstrated that cell death
was increased in Sf9 cells treated with curcumin. Curcumin treated Sf9
l death in Spodoptera frugiperda cells, Pesticide Biochemistry and Phys-
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cells had increased autophagy vacuole numbers (22 ± 2.64, 43 ± 3.60
respectively after 6 and 12 h) in comparison to control cells (Fig. 6A).
On the other hand number of mitochondria were reduced upon
curcumin treatment (12.33 ± 2.51, 6.33 ± 1.52 respectively 6 and
12 h after curcumin treatment) compared to control cells (25.33 ±
3.51 h) (Fig. 6B).

3.5. Acid phosphatase (AP) activity in Sf9 cells treated with curcumin

We measured acid phosphatase (AP) activity which is a marker of
lysosome activity and robustly increases when autophagy is induced.
AP activity of Sf9 cells after treatment with curcumin increased
Fig. 5. Ultrastructural identification of autophagic vacuoles. Representative transmission electro
control. (1′) Control 0 h, (2′) higher magnification image of (1′) showing normal cell morphol
vacuoles and double membrane, (4′) Higher magnification image of (3′) 6 h. (5′) Autopha
magnification image of (5′) 12 h respectively; (1, 3, 5 × 1200; 4, 6 × 2900; 2 × 4800). Ar
membrane and Arrow heads black color represents autophagosomes. M: Mitochondria, N: Nuc
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significantly compared to controls (Fig. 7). Curcumin increasedAP activ-
ity in a concentration and time dependent manner. Sf9 cells treated
with curcumin for 12 h, 24 h and 48 h significantly increased the levels
of AP were (0.0588 ± 0.000711, 0.0875 ± 0.0013 and 0.0803 ±
0.0019 U/cell) compared to controls (0.0237 ± 0.00038, 0.337 ±
0.00066 and 0.229 ± 0.00062 U/cell) respectively.

3.6. Autophagy related gene expression profile in Sf9 cells

ATG8 is a widely monitored autophagy related protein. Among
ATG8-I and ATG8-II, ATG8-II is associated with autophagosome expan-
sion and is used as marker protein for autophagy. ATG8-II was
n microscopy images of Sf9 cells treated with curcumin (15 μg/mL) along with untreated
ogy along with Mitochondria and Nucleus, (3′) Typical symptom of autophagy increase of
gy large vacuoles and increase autophagy vacuoles with autophagosomes, (6′) Higher
row white color represents autophagy vacuoles, Arrow black color represents double
leus.

l death in Spodoptera frugiperda cells, Pesticide Biochemistry and Phys-
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Fig. 6. Increase of autophagy vacuoles and mitochondria loss after curcumin treatment; (A) number of autophagy vacuoles per cell represented. (B). Mitochondria loss per cell was
calculated and represented for Fig.5. (Control, 6 and 12 h after treatment). All data were expressed as mean ± SD of three independent experiments. Statistical significance was
calculated by t-tests. p b 0.05 compared with control group. Statistical significance of mitochondria loss was calculated by one-way ANOVA followed by Duncan's test p b 0.05.
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examined in Sf9 cells treated with curcumin 15 μg/mL for different time
(0 to 72 h). An antibody against Sf9 cell ATG8which detects both ATG8-
I, ATG8-II by western blot revealed that curcumin treatment increased
ATG8 protein level in a time-dependent manner (Fig. 8). Curcumin in-
duced autophagy formation was blocked by the autophagy inhibitor
3-MA with striking a strong reduction in the ATG8 protein levels. The
predicted molecular weight of SfATG8 found about 14 KDa.
4. Discussion

Turmeric, the rhizome of the herb Curcuma longa have been tradi-
tionally used for the pest control either alone or combination with
Azadirachta indica in India [10]. Curcumin is themajor active compound
present in turmeric and found to be potent against various cancers cells
Fig. 7. Effect of curcumin on Sf9 cells acid phosphatase activity (ACP): An increase of acid
phosphatase activity upon curcumin treatment in Sf9 cellswith respective control. All data
were expressed as mean ± SD of three independent experiments. Statistical significance
among each intervals was calculated by t-tests p b 0.05 compared with control group.

Please cite this article as: S. Veeran, et al., Curcumin induces autophagic cel
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[21]. Recently, treatment with curcumin has been reported to induce
autophagic cell death in malignant cells [22]. However, the insecticidal
activity mechanisms of curcumin remain inconclusive.

Turmeric contains majorly curcumin that is mainly used as food ad-
ditives in Asian countries, and is beneficial in various ways for humans.
However it may be toxic to insects because vertebrate and invertebrate
body systems are highly different in all aspects [23]. Several studies
have been carried to examine curcumin's activity but still it is unclear
how curcumin exhibits dual properties such as a wound healer and
also acts as cytotoxic anticancer agent. A recent study proposed that
curcumin has multiple targets that are expressed in a cell-specific man-
ner or a target that affects cell-specific pathways [24]. Curcumin has also
been used in drosophila model system to rescue the Parkinson's disease
phenotype at a lower dosage. On the contrary, higher doses of curcumin
proved to be highly detrimental for drosophila in both wild type and
mutantfly [23]. Thiswould clearly suggest that curcumin act at different
cell type with different cell pathways and its action is depending on
dose.

In order to check the cytotoxic effect of curcumin MTT assay were
performed; curcumin strongly inhibited Sf9 cell proliferation and viabil-
itywith in the concentration of 5–15 μg/mL in a timedependentmanner
(Fig. 1). Similar to our results, a recent study reported the effect of
pyrethrum extract on viability of Sf9 cells within the concentration 5–
80 μg/mL inhibited Sf9 cell growth via autophagy [6].

Sf9 cells show extensive cytoplasmic vacuolisation, which is consis-
tent with the morphology described for autophagy (Fig. 2). Autophagy
is a process that sequesters cytoplasmic proteins or organelles into a
lytic compartment that facilitates degradation and re-cycling [25]. This
can promote cell survival during cell stress; however, excessive autoph-
agy can also lead to cell death [26].
Fig. 8.Western blot analysis of the autophagymarker SfATG-8 curcumin. Levels of ATG8-I
and ATG8-II are increased in curcumin treated cells at different time points which is
prevented by co-treatment with 3-MA.β-Actin used as an internal control.
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To investigate whether autophagy existed in the Sf9 cell lines after
curcumin treatment, we used the fluorescent probeMDC, which is a se-
lective marker of autophagic vesicles and examine the efficiency of
autophagosome/lysosome fusion in live cells [19]. The dye shows strong
staining in autophagic cells, which sequestered into punctate vesicular
staining when autophagy is induced by curcumin. Untreated Sf9 cells
had weak staining of MDC indicating that absence of autophagy. How-
ever, curcumin treated cells show clear punctate/vesicular staining
(Fig. 3).

According to autophagy guidelines methods for monitoring au-
tophagy, transmission electron microscope (TEM) is the only tool
that reveals the morphology of autophagic structures at a resolution
in the nanometer range [27]. In our studies we confirmed curcumin
treated Sf9 cell undergo autophagy by using TEM (Fig. 5). The result
shows numerous autophagy vacuoles (AV) and double membranes
autophagosomes were present in curcumin treated Sf9 cell cytoplasm,
which is a unique autophagic morphology. In addition, the mitochon-
drial mass was also reduced when compared to the controls which
may be due to mitochondrial digestion by autophagosomes-lysosome
or mitophagy pathway by curcumin treatment. Similar results were
reported after 24 h of treatment with Oligomycin A which induced
autophagy cell death in the IPLB-LdFB insect cell line via massive se-
questration of mitochondria and the detailed autophagy morpholog-
ical structure was also demonstrated by transmission electron
microscope (TEM) [5,28]. This strongly suggests that curcumin in-
duced autophagy cell death in Sf9 cells targeting mainly mitochondria
(Fig. 6).

In addition to autophagy, cell death needs to characterized by
both morphological and protein expression in order to confirm that
cell is destined to die under autophagic circumstances. Atg8/LC3 is
the most widely monitored autophagy-related protein and its ex-
pression is the reliable indicator if autophagy is induced [29]. Our re-
sult clearly shows SfATG8/LC3 level increase in a time dependent
manner in curcumin treated Sf9 cells (Fig. 8). Also both the non-
lipidated and lipidated forms of SfATG8 were found as double band
in western blot. The putative protein of SfATG8 was found 14 kDa.
Further to confirm the role of autophagy in curcumin treatment in-
duced cytotoxicity, 3-MA pretreatment greatly decreased SfATG8/LC3
levels in a time dependent manner. In accordance 3-MA also increased
cell viability.

Turmeric extract and curcumin are well known anti-microbial
agents against many plant pathogens. Recently studies reported tur-
meric essential oil and curcumin for the control of plant pathogenic bac-
teria and fungus effectively [30,31]. Our results demonstrate curcumin
is cytotoxic against Sf9 insect cell. In this regard in future turmeric prod-
ucts or curcumin can act as a double edged sword because in controlling
both insects pest and plant pathogens effectively.

In conclusion, our study is the first report showing cytotoxic effect of
curcumin on Sf9 insect cell lines and our results suggested curcumin can
be used as new kind of effective natural insecticides for future.
Curcumin or turmeric products can be also used as synergistic agents
with Azadirachta indica or with other botanical pesticides to strengthen
insecticide activity. Further studies should be carried out to explore the
signaling pathways involved in the autophagy induced by curcumin.
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