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Cytotoxicity evaluation and apoptosis-inducing effects of
furanone analogues in insect cell line SL2
Yuanhang Ren, Liqin He, Hong Jin, Ke Tao and Taiping Hou

Key Laboratory of Bio-Resource and Eco-environment of Ministry of Education, College of Life Sciences,
Sichuan University, Chengdu, People’s Republic of China

ABSTRACT
Insecticides containing furan ring have attracted more attention owing
to their uniquemechanism of action. 25 furanone analogues were used
to conduct a preliminary screening on insect cell line SL2 and these
compounds exhibited good cytoactivity. Particularly, compound 14
presented good inhibitory effect with an IC50 value of 28.14 μM.
Subsequently, we investigated the selectivity against insect cells by
testing the cytotoxicity of it on human cell line HEK293 and we
noticed that compound 14 was less toxicity than the reference insect
cells. Finally, we attempted to illustrate the act mechanism of
compound 14 on SL2 cells at the cellular level and found it initiated
apoptosis through a caspase-dependent mitochondrial pathway that
down-regulated mitochondrial membrane potential level, increased
the activity of caspase-3 and altered the cell cycle. The result showed
that compound 14 could be considered as a new potent insecticide
to be used for further optimization.
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1. Introduction

At present, agricultural insect pests are becoming one of the major economic damages in
agriculture around the world (Partida-Martinez & Hertweck, 2005; Sparks & Lorsbach,
2017). Many methods are applied to control insect pests and one of them is the usage
of insecticides which has been the main alternative choice to minimize economic losses
(Lamberth, Jeanmart, Luksch, & Plant, 2013). In vivo studies on insecticides’ activities
are carried so as to evaluate the insecticides’ actual effects by simulating natural environ-
ment, however, some of these assays are labour intensive and time-consuming (Huang,
Qian, Song, & Cao, 2003). In contrast, in vitro studies are becoming a useful assay
method in cytotoxicity screening of insecticides, not only because they can greatly short
screening time but also provide more useful information, such as insecticides’mechanisms
of action (Zhang, Tao, & Hou, 2012). Through cytotoxicity screening in vitro, some potent
compounds with good insecticidal activities can be detected at cellular level.

Our group is involved in the discovery, synthesis and screening of novel insecticide (Lu,
Chen, & Hou, 2007 and Chen et al., 2007). On the basis of previous studies, it was found that
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compounds containing furan ring had good insecticidal activities (Jin et al., 2009 and Liu
et al., 2009). Furanone analogues are widely used in agricultural chemical field as insecticidal,
fungicidal, antimicrobial agents (Cui et al., 2010, Hu et al., 2012 and Ren et al., 2015).
However, to our knowledge, there was a few reports about toxic effect and mechanism of
furanone analogues on insect cells (Ren et al., 2015). Therefore, the toxicity of a series of
furanone analogues onDrosophila melanogaster cells (SL2) is of interest in the current study.

Apoptosis is a programmed cell death associated with cell shrinkage, plasma membrane
blebbing, chromatin condensation, DNA fragmentation and formation of apoptotic
bodies that can be taken up and degraded by neighbouring cells without triggering any
inflammatory reaction. Apoptosis occur either by extrinsic or intrinsic (mitochondrial-
dependent) pathways (Xia et al., 2016). In extrinsic apoptosis, external signals or
ligands interact with a receptor present in the plasma membrane, initiating a cascade of
events that lead to apoptosis. In the intrinsic pathway, mitochondria irreversibly
commit cells to apoptosis by releasing death factors into cytosol (Kroemer et al., 1995).
The apoptosis process is strictly regulated and the Bcl-2 gene families play a key role in
the process. Among them, the Bax/Bcl-2 is the key factor in regulating apoptosis. Cyto-
chrome c, a death factor, can form a complex with Apaf-1 in the presence of dATP in
cytosol. This is followed by activation of caspase-3, which results in the activation of a
cascade of caspases (Zhang et al., 2017). Finally, these activated caspases degrade key
structural and nuclear proteins and irreversibly commit the cells to death.

In the present study, Drosophila SL2 cells were used as a model for typical insect cells to
evaluate the toxicological effects of furanone analogues, and we found that compound 14
has significant cytotoxicity to it in vitro. We used different methods to verify the mechan-
ism of action of compound 14 against SL2 cells, which showed that it can induce apoptosis.
Our results indicate that compound 14 induced DNA fragmentation, down-regulated
mitochondrial membrane potential (ΔΨm) level, up-regulated the expression level of
caspase-3, altered the cell cycle. In conclusion, this evidence shows that the SL2 cells
were undergoing caspase-dependent mitochondrial apoptosis.

2. Materials and methods

2.1. Chemicals

25 furanone analogueswere shown in Table 1, whichwere synthesized in our laboratory (Liu
et al., 2009 and Zhou et al., 2012). Rhodamine 123 (Rh 123), dimethyl sulfoxide (DMSO),
thiazolyl blue tetrazolium bromide (MTT), phosphate buffer saline (PBS, pH = 7.4),
agarose, propidium iodide (PI) and Schneider’s insect medium were the products of
Sigma Chemical Co., Ltd. (St. Louis, USA). Dulbecco’s modified eagle medium (DMEM)
was purchased from Gibco (Bethesda, USA). Cultured cells genomic DNA extraction kit
and caspase-3 assay kit were purchased from Tiangen Biotech Co., Ltd. (Beijing, China).
Fetal bovine serum(FBS)was theproducts ofThermoFisher ScientificCo., Ltd. (Utah,USA).

2.2. Cell culture

SL2 cells derived from China Center for Type Culture Collection (CCTCC) were cultured
in Schneider’s insect medium supplemented with 10% FBS at 28°C in the culture flask.
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Table 1. Structures of 25 furanone analogues and proliferation inhibition rates (%).
No Structure Viabilitya (%) No. Structure Viabilitya (%)

1 54.0 ± 2.83 14 85.2 ± 2.25

2 70.7 ± 3.05 15 63.2 ± 3.19

3 67.4 ± 1.98 16 69.3 ± 1.88

4 52.2 ± 2.93 17 59.4 ± 2.73

5 62.2 ± 2.81 18 63.9 ± 2.48

6 56.3 ± 4.01 19 61.9 ± 3.14

7 47.4 ± 3.77 20 67.3 ± 2.33

8 54.0 ± 3.15 21 69.0 ± 2.51

9 71.5 ± 3.02 22 69.5 ± 1.99

10 59.5 ± 3.63 23 59.5 ± 2.90

11 66.7 ± 2.69 24 62.6 ± 2.08

12 69.0 ± 3.15 25 61.0 ± 1.90

13 73.7 ± 2.59 26 Chlorfenapyr 84.1 ± 2.57

aAll data were expressed as mean ± SD from three independent experiments.
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Human embryonic kidney cells (HEK293) were obtained from the Key Laboratory of Bio-
Resource and Eco-environment of Ministry of Education and cultured in DMEM with
10% FBS and 1% penicillin/streptomycin at 37°C in a humidified incubator (5% CO2).
The cells were grown to a density of about 1×105 cells per millilitre in a culture flask
and subcultured every 7 days.

2.3. Cytotoxicity assay

Cytotoxicity assay was conducted by using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe nylte-
trazolium bromide (MTT) method (Mosmann, 1983). Cells were cultured into 96-well
culture plates at a density of 1 × 105 cells per millilitre. After overnight incubation, the
cells were treated with compounds (100 μM) dissolved in DMSO (<1%) for another
48 h. Then, MTT was added to cell cultures at a final concentration of 5 g/L. After 4 h
incubation at 28°C, culture supernatants were removed, and formazan crystals formed
in the cells were dissolved in DMSO. The absorbance of the resulting solution was
measured at 490 nm in enzyme standard instrument (BioTek, USA). The cell viability
was calculated as a percentage from the viability of the control (untreated) cells.

2.4. DNA fragmentation assay

After overnight incubation, SL2 cells (1 × 106 cells per millilitre) were treated with com-
pound 14 at 50 μM for 24 and 48 h. The cells were collected by centrifugation at
6000 rpm at 4°C for 10 min and washed twice by PBS. Then TIANamp genomic DNA
extraction kit was used to extract the DNA fragments. Subsequently, the extracted
DNA samples were run on a 1.5% agarose gel and visualized by ethidium bromide
staining.

2.5. Mitochondrial membrane potential (ΔΨm) analysis

To analyse mitochondrial membrane potential (ΔΨm), cells were stained with Rh 123. Rh
123 is a probe for mitochondrial membrane potential that was determined by mean aggre-
gate fluorescence of the fluorochrome Rh123. The loss of mitochondrial membrane poten-
tial resulted in a diminished ability to accumulate the fluorochrome Rh 123. After being
treated with compound 14 at 50 μM for 12 h, the cells (1 × 106 cells per millilitre) were
harvested and washed twice with PBS, and then incubated with Rh 123 (2 μM) for a
further 60 min at 28°C in the dark, before immediately analysing them by FACScan®
flow cytometry (Becton Dickinson, USA) at an excitation wavelength of 507 nm and an
emission wavelength of 529 nm (Zhou et al., 2010).

2.6. Activation of caspase-3

Cells were treated with at 50 μM compound 14 for 0, 4, 8, 12 and 24 h, and control
cells were treated with an equivalent amount of vehicle (DMSO). Then the cells
were collected by centrifugation at 10,000 rpm for 10 min at 4̊C and subsequently
resuspended in cell lysis buffer and incubated on ice for 1 h; the resulting supernatant
(50 μl) was mixed in 2× Reaction Buffer (50 μl) and Caspase-3 Substrate (5 μl) and
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incubated at 28̊C for 4 h. Finally, caspase-3 activity was measured at 405 nm with a
microplate reader (BioTek, USA).

2.7. Cell cycle analysis

SL2 cells were treated with 50 μM compound 14 and 1%DMSO (the control) for 24 h then
subsequently harvested by centrifugation at 1000 rpm for 5 min at 4̊C and washed twice
with PBS. The cells were then fixed with 70% ethanol at 4̊C overnight, washed twice with
PBS, then incubated with RNAase (20 mg/L for the final concentration) for 30 min at 37̊C.
Finally, the cells were stained with 50 mg/L PI in the dark for 30 min at 4̊C and then
filtered with cell strainers (75 μm). Cell cycle analysis was carried out with flow cytometry
(Beckman Coulter Inc, USA). The proportion of each phase was calculated using the
ModFit LT software (Verity Software House, USA).

2.8. Statistical analysis

All experiments were performed in triplicate. Data were expressed as mean values ± SD.
Statistical differences were analysed by Student’s t-test and were considered significantly
(*P < .05) or extremely significantly different (**P < .01).

3. Results

3.1. Cytotoxicity screening

As shown in Table 1, 25 furanone analogues had good inhibitory effects in SL2 cells.
Among them, compounds 2, 9, 13 and 14 exhibited better inhibitory effects and their inhi-
bition rates were (70.7 ± 3.05%), (71.5 ± 3.02%), (73.7 ± 2.514%) and (85.2 ± 2.25%),
respectively. At the same time, it was observed that compound 14, containing two
bromine atoms and one nitro group, had the highest cytotoxicity which was slightly
better than chlorfenapyr (84.1 ± 2.57%). The result (Table 2) was showed that IC50

value of compound 14 was 28.14 μM. In the present study, it was observed that 25 fura-
none analogues exhibited potent inhibitory effects in SL2 cells at 100 μM. Particularly,
compound 14 which IC50 was 28.14 μM had the best inhibitory effect in cell line SL2. Sub-
sequently, for investigating the selectivity of the most active derivatives (compound 14)
against insect cells, we tested the cytotoxicity of compound 14 on the human cell line
HEK293. As result shown (Table 3), IC50 value of compound 14 was 110.78 μM against
HEK293, which displayed cytotoxicity towards human cells at much higher concen-
trations than those required for the pharmacological effect towards insect cells.

Table 2. IC50 value of compound 14 against SL2.
Concentration (µM) Viability (%) IC50 Value (µM)

6.25 7.3 ± 1.39

28.95
12.5 20.3 ± 0.91
25 53.1 ± 1.39
50 72.4 ± 0.18
100 85.2 ± 2.25
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Accordingly, we surmised that the compound 14 possessed a very low toxicity against
human cells with respect to insect cells.

3.2. Apoptosis-inducing effect of compound 14

3.2.1. Morphological changes of SL2
The SL2 cells apoptosis was confirmed by studying apoptotic body formation and apop-
totic DNA degradation. Usually, the formation of apoptotic bodies is considered as one of
the terminal events of apoptosis (Kumarswamy et al., 2009). As displayed in Figure 1, SL2
cells observed under inverted phase contrast microscope were the adherent growth, the
most round and the uniform size in the control group. However, after treatment with com-
pound 14, apoptotic bodies were formed and cell morphological changed. The cell mor-
phological changes including an apoptotic body (a), fusiform shape (b), membrane
blebbing (c) and smaller proportion (d) were demonstrated by arrows in Figure 1.

3.2.2. DNA fragmentation
As presented in Figure 2, DNA ladders were observed after compound 14 treatment at 24
and 48 h. The formation of apoptotic body and apoptotic DNA degradation indicated that
compound 14 caused SL2 cells apoptosis. Apoptosis is an active process of cell death,

Table 3. IC50 values for compounds 14 against HEK293
Concentration (µM) Viability (%) IC50 Value (µM)

25 29.49 ± 1.57

110.78
50 28.80 ± 0.35
100 38.34 ± 0.93
200 61.97 ± 1.51
400 79.53 ± 1.14

Figure 1. Morphological changes of SL2 cell treated by compound 14 (demonstrated by arrows). A:
control cells; B: cells treated by 50 µM compound 14 for 24 h, apoptotic body (a), fusiform shape
(b), membrane blebbing (c) and smaller proportion (d).
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which includes morphogenesis, DNA fragmentation, cell cycle arrest, inhibition of
caspase-3 activity and reduction of the mitochondrial membrane potential. Changes in
morphogenesis have been defined as “proofs of physiological cell death,” characterized
by cell shrinkage, membrane blebbing, formation of apoptotic bodies and fragmentation
of nuclear DNA. In the current study, we saw morphological changes typical of apoptosis
in compound 14-treated cells. Meanwhile, we also clearly detected a fragmentation in the
DNA ladder. Taken together, these results suggested that the compound mediates
apoptosis.

3.2.3. Change of mitochondrial membrane potential (ΔΨm)
Mitochondrial membrane potential (ΔΨm) change as a marker of mitochondrial function
is one of the events frequently associated with apoptosis (Huang et al., 2011). The loss of
ΔΨm was indicated in Figure 3(A,B) by using flow cytometry. The results showed that the

Figure 2. DNA fragmentation induced by compound 14 in SL2 cells. Line 1: marker; Line 2: control cells;
Line 3: heat-treated cells; Line 4 and 5: cells treated by 50 µM compound 14 for 24 and 48 h.
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peak value of Rh 123 fluorescence in treated cells with 50 μM compound 14 reduced by
23.26% (*P < .05). Furthermore, as illustrated in Figure 3(C), a significant decrease
(32.73% (*P < .01)) of mitochondrial membrane potential (ΔΨm) was observed after treat-
ment with 100 μM compound 14 for 12 h.

3.2.4. Activation of caspase-3
As an apoptosis executioner, caspase-3 plays a key role in the apoptotic process (Chipuk
et al., 2005). There is evidence that caspase-3 is required for DNA fragmentation and the
morphological changes during apoptosis (Perchellet et al., 2004). Many reports suggest
that activation of caspase system may induce cell apoptosis (Jänicke et al., 1998). Figure
4 showed that after treated by 50 μM compound 14 for different times, the activities of
caspase-3 increased significantly at 4 h (*P < .05), then reached the maximum value at
8 h (**P < .01). Finally, decreased from 12 h (**P < .01).

Figure 3. Effect of compound 14 on mitochondrial membrane potential. A: control cells; B: treated cells
by 50 µM; C: treated cells by different concentrations compound 14 for 12 h (*P < .05, **P < .01 vs.
control).
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3.2.5. Cell cycle analysis
Incubation of compound 14 (50 μM) for 24 h produced an increase in the percentage of
cells in S phase as compared with the control (13.42% (*P < .05)). A concomitant increase
in cells during the G2/M phase was also observed (17.43% (*P < .05)). These results indi-
cated that the inherent cells hyperplastic cycle was disrupted after treatment; some cells
were blocked in S phase and some cells failed to go through mitosis (Figure 5).

Figure 4. Caspase-3 activity of SL2 cells treated by 50 µM compound 14 for 0, 4, 8, 12 and 24 h (*P
< .05, **P < .01).

Figure 5. Cell cycle analysis. A: control cells; B: treated cells by 50 µM compound 14 for 24 h.
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4. Discussion

The 25 furanone analogues are newly synthesized by our group. Previous research had
revealed that furanone compounds had antibacterial and antifungal activity (Cui et al.,
2010 and Hu et al., 2012). To our knowledge, most of the studies about furanone analogues
were focused on their antimicrobial activity. However, compounds containing furan ring
also attracted much attention owing to their unique mechanisms of action against insects
(Paula et al., 2008 and Kagabu et al., 2010). Our group had optimized the diphenyl
ketones’ structures and obtained some furanone analogues. The results showed that
they had good insecticidal activities in vivo. This status induced us to further study the
cytotoxicity and action mechanism of furanone analogues against SL2 cells.

As is known, apoptosis relies on two major pathways, the cell death receptor-mediated
extrinsic pathway and the mitochondrial-mediated intrinsic pathway (Evan, 1997). The
two most important characteristics of the mitochondrial-mediated apoptotic pathway
are loss of mitochondrial membrane potential (ΔΨm) and release of cytochrome c
(Garrido et al., 2006). Most studies have confirmed that mitochondria play a decisive
role in apoptosis by controlling the membrane potential (Zhou and Zhi-Yuan, 2006).
Actually, loss of mitochondrial membrane potential is considered the earliest events in
process of apoptosis cascade and is one of the specific signs of apoptosis. Our results
clearly show that mitochondrial membrane potential (ΔΨm) reduced. Furthermore,
many apoptotic responses are initiated by the delivery of cytochrome-c from mitochon-
dria, leading to the activation of caspase-3 and subsequent apoptosis. However, the role
of cytochrome c in insect apoptosis is still an unresolved issue (Liu et al., 2012). For Dro-
sophila SL2 cells apoptosis, evidence supports the hypothesis that there is cytochrome c-
independent mechanisms for apoptosis regulation. Cytochrome c is not required for apop-
tosis and caspase activation in most Drosophila cells. The regulation of apoptosis in cyto-
chrome c-independent Drosophila cells may follow a more primary mechanism, which
may be the precursor to the apoptosis signalling pathway in mammals.

Caspases are a family of cysteine proteases that play a key role in modulating apoptosis.
Caspases begin as inactive precursors, but upon receiving an apoptotic signal, the procas-
pase will undergo proteolytic processing to generate an active enzyme. Finally, the exe-
cuted caspase is activated to make the relevant substrate degradation and induce
apoptosis (Zhang et al., 2017). Among them, caspase-3 is the major effector protein of
apoptosis that is activated by an initiator caspase as caspase-9. In our system, we detected
a significant increase in the activity of caspase-3 during the early phase of apoptosis
suggesting that this caspases contributed to compound 14 induced SL2 cell apoptosis.

The control of the cell cycle is the major regulatory mechanism involved in cell growth.
Many cytotoxic agents arrest the cell cycle at G1, S or G2/M phase causing apoptotic cell
death. In the present study, we found that compound 14 induces an accumulation of SL2
cells in the S and G2/M phase of the cell cycle thus leading to an overall inhibition in
proliferation.

Taken together, the 25 furanone analogues exhibited well inhibitory effects in SL2 cells.
In particular, the highly active compound, 2,3-dibromo-1-(2-furanyl)-3-(3-nitrophenyl)
propanone (compound 14) demonstrate that it induces the death of Drosophila SL2 via
the caspase-dependent mitochondrial apoptotic pathways. Meanwhile, we also observed
that compound 14 possessed lower toxicity against human cells. This will contribute to
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a better understanding of the apoptotic process induced by furanone analogues and
promote the development of furanone analogues as new lead compounds for the develop-
ment of promising insecticidal drugs.
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