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Abstract
Background: Osthole is a natural coumarin which has been proved to inhibit growth of cancer cells by
inducing cancer cells death, while its mechanism of anticancer remains unclearly. In our study, we found
that osthole activated multiple forms of cell death including apoptosis, secondary necrosis and
mitophagy in receptor interacting protein kinase (RIP) 3-de�cient cervical cancer HeLa cells.

Methods: Cell viability was detected by MTT assay. Cell membrane integrity was detected by LDH release
assay and PI staining. Cell apoptosis and necrosis were detected by �ow cytometry assay. Reactive
oxygen species (ROS) was detected by DCFH-DA staining and mitochondrial membrane potential (MMP)
was detected by JC-1 staining using �ow cytometry. The expression of proteins was detected by western
blotting assay and proteomics. Xenograft tumor model was used to evaluate the effect of osthole in vivo.

Results: Our study showed osthole caused HeLa cells apoptosis and secondary necrosis, which is a
phenomenon of the apoptotic cells’ plasma membrane breakdown. And when Hela cells pretreatment
with Z-DEVD-FMK, an irreversible caspase-3 inhibitor, not only inhibited osthole-induced apoptosis but
also necrosis. Moreover, we found that Z-DEVD-FMK reversed the effect of osthole on the induction of
cleaved the N-terminal fragment of GSDME in Hela cells. Furthermore, inhibition of NAD (P) H: quinone
oxidoreductase 1 (NQO1) by osthole induced the overproduction of reactive oxygen species (ROS). ROS
inhibitor N-Acetyl-L-cysteine (NAC) not only reduced osthole-induced apoptosis, but also reversed its
effect on the necrotic induction and the GSDME N-terminal generation. It was shown that osthole
decreased mitochondrial membrane potential (MMP) and increased the expression of PTEN-induced
putative kinase 1 (PINK1) and Parkin, which indicated that the activation of mitophagy induced by
osthole. Meanwhile, as well as apoptosis and secondary necrosis, mitophagy was also restrained by
NAC.

Conclusions: In conclusion, all these data suggested that osthole induced apoptosis, secondary necrosis
and mitophagy via NQO1-mediated ROS overproduction.

Background
Cervical cancer (CC) is the fourth most common cancer in women worldwide and the mortality rate of CC
is also ranked fourth in female tumors[1]. Chemotherapy is the standard treatment for advanced or
recurrent patients. However, the occurrence and development of chemotherapy resistance may affect the
treatment effect[2]. Therefore, �nding effective drugs is urgent for cervical cancer therapy.

Osthole, a natural coumarin extracted from the Cnidium monnieri (L.) Cusson. (Fig. 1A), has been shown
to have inhibitory effect in multiple sorts of cancers, including breast cancer[3], ovarian cancer[4] and
hepatic carcinomas[5]. In addition, osthole is used as an adjunct therapy to conquer cisplatin resistance
and enhance radiotherapy sensitivity in cervical cancer cells[6, 7], and it induced apoptosis in cervical
cancer cells[8]. However, there are few studies to evaluate its cell death induction of other forms. Thus,
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our study attempts to reveal whether osthole induces cell death besides apoptosis and explore its
potential mechanism.

Secondary necrosis is a phenomenon of apoptotic cells’ plasma membrane integrity lost, and one way is
triggered by GSDME (DFNA5). GSDME is a member of gasdermin superfamily and could switch caspase-
3-mediated apoptosis to secondary necrosis[9]. The N-terminal domain of GSDME (GSDME-N) is cleaved
by apoptotic activated caspase-3, which causes the induction of secondary necrosis[9]. Mitophagy is a
selective form of autophagy, which degraded damaged mitochondria in autophagolysosome to maintain
intracellular homeostasis[10]. The PINK1/Parkin pathway is the critical pathway mediate mitophagy[11].
Different PCDs have different cell morphologies and molecular mechanisms, and some of them were one
consequence of ROS overproduction in cells[12]. The level of ROS in cancer cells is higher than normal
cells, but when the production of ROS rises to the level of cytotoxicity, the cancer cells can be suppressed,
even induced to death[13]. Though ROS provides a common pathway leading to mitophagy, apoptosis
and necrosis, the interrelationships among them remains an unclearly, and how these three pathways are
regulated by osthole remain unknown.

Material And Methods
Reagents and antibodies

Osthole and cisplatin were purchased from Meilunbio (purity≥98%, Dalian, China). Dicoumarol (DIC), Z-
VAD-FMK, Z-DEVD-FMK and 3-Methyladenine (3-MA) were purchased from MedChem Express (Princeton,
NJ, USA). N-Acetyl-L-cysteine (NAC) and JC-1 were purchased from Beyotime (Shanghai, China). Dimethyl
sulfoxide (DMSO) and 2′, 7′-Dichlor-o�uorescin diacetate (DCFH-DA) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Anti-rabbit IgG, anti-mouse IgG and antibodies against β-actin were purchased from
ZSGB-BIO (Beijing, China). Anti-LC3A/B antibody was purchased from Cell Signaling Technology
(Danvers, MA, USA). Anti-NQO1, anti-caspase-3, anti-cleaved caspase-3, anti-PARP-1 and anti-GSDME
antibodies were purchased from Abcam (Cambridge, MA, USA). FITC Annexin V Apoptosis Detection Kit
(BD Pharmingen, CA, USA)

Cell cultures

The human cervical cancer HeLa cell line and normal liver cell line LO2 were obtained from Conservation
Genetics CAS Kunming Cell Bank (Kunming, China). The cells were cultured in DMEM (Gibco, Grand
Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Auckland, New Zealand), 100
U/mL penicillin and 100 μg/mL streptomycin (Solarbio, Beijing, China), and maintained in a humid
environment with 5% CO2 at 37℃.

Cell viability assay

Hela cells were seeded into 96-well plates at 4000 cells/well and incubated overnight. After that, cells
were treated with osthole at indicated concentrations for indicated times. Then, 20 μL MTT (Solarbio,
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Beijing, China) was added to each well and the plate was incubated for 4 h at 37 °C. The formed
formazan crystals were dissolved with 150 μL DMSO, and the absorbance was detected at 490 nm with a
microplate reader(TECAN Switzerland).

Lactate dehydrogenase (LDH) release assay

The LDH release was detected by LDH assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China). According to the instruction, cell culture supernatant was collected and added the corresponding
reagents. The absorbance was measured at 450 nm with a microplate reader.

Flow cytometry analysis of Annexin V-FITC/PI staining

Osthole treated cells were harvested and washed by cold phosphate-buffered saline (PBS) thrice. The
cells were suspended in 200 μL 1×binding buffer containing 5 μL Annexin V-FITC and 5 μL PI and
incubated for 30 min in the dark. After that, 100 µL 1×binding buffer was supplemented to each sample,
and the cells were detected by �ow cytometer (BD Biosciences, CA, USA).

Measurement of ROS

Intracellular ROS levels were determined using the �uorogenic probe DCFH-DA. After treatment with
osthole, the cells were washed with PBS and dyed by DCFH-DA (2 μM) for 30 min at 37 °C in the dark. The
cells were harvested and the level of ROS was measured by �ow cytometry (BD Biosciences, USA).

Hoechst 33342 and PI staining

HeLa cells were cultured in 6-well plates for 24 h and pretreated with osthole for 18 h. Then, cells were
washed with PBS and stained by Hoechst 33342 (1 μg/ml) for 5 min, following incubation with PI (5
μg/ml) for 15 min at room temperature. The cells were observed under cell imaging station
(ThermoFisher Scienti�c, Bonn, Germany) after washed with PBS.

Measurement of MMP

Mitochondrial membrane potential was determined by the �uorescent probe JC-1 (Beyotime Biotech,
Nanjing, China). The cells were suspended in PBS containing 0.2 μM JC-1. After incubated for 20 min in
the dark, the samples were analyzed by �ow cytometry. JC-1 existed as a polymer when the MMP is high
otherwise exists as a monomer, and the two groups of cells can be distinguished by �ow cytometry (BD
Biosciences, USA).

MDC staining assay

MDC staining assay was used to detect autolysosome. After treatment with osthole, the cells were
incubated with 50 μM MDC for 30 min at 37 °C. Then, the cells were washed three times with PBS and
observed under �uorescence microscopy straightway (Olympus, Tokyo, Japan).
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Label-Free Quantitative Proteomics

Protein extraction and peptide separation were performed as previous described method[14]. MS
experiments were performed on a Q Exactive mass spectrometer that was coupled to Easy nLC
(ThermoFisher Scienti�c, Bonn, Germany). MS data was acquired using a data-dependent top 10 method
dynamically choosing the most abundant precursor ions from the survey scan (350–1800 m/z) for HCD
fragmentation. The instrument was run with peptide recognition mode enabled. MS experiments were
performed triply for each sample.

Bioinformatics analysis of differentially expressed proteins

The MS raw data were processed using MaxQuant software version 1.5.5.1 and quanti�ed by label free
quantitation (LFQ)[15]. Gene Ontology (GO) enrichment analysis with biological process, molecular
function and cellular components of potential targets were carried out for biological function annotation
based on a bioinformatics database (http://geneontology.org/). KOALA (KEGG Orthology and Links
Annotation) software was used to analyze KEGG Pathway database. Fisher’s Exact Test was used to the
distribution of GO classi�cation or KEGG pathway in target protein collection and total protein collection.

Western blotting analysis

The cells were harvested and lysed with RIPA lysate buffer for 30 minutes on ice. After centrifuged, the
supernatant was obtained and quanti�ed using BCA kit. The protein was separated by SDS-PAGE
electrophoresis and transferred to a NC membrane. These membranes were blocked with 5% skim milk
for 2 h and were incubated with primary antibody at 4 °C overnight. After that, membranes were
incubated with horseradish peroxidase-conjugated secondary antibody (1:4000) for 1 h at room
temperature. Protein bands were detected by Western ECL substrates (Bio-Rad, CA, USA) and gray values
were analyzed by Image J.

Xenograft assay

The use of all mice in this study was approved by the Institutional Animal Care and Use Committee of
Guilin Medical University. Female BALB/c-nude mice (4 weeks old) were purchased from Hunan SJA
Laboratory Animal Co., Ltd. Hela cells (1´107) were injected subcutaneously into the right �anks of the
mice. When the tumor volume reached 50 mm3, nude mice were intraperitoneally injected with osthole
(150 mg/kg, dissolved in corn oil), and control group mice were injected with corn oil (Sigma, St. Louis,
MO, USA). The length and width of the tumor was measured every two days using vernier calipers
(Volume= length ´ width2/2). Following treatment for 21 days, the mice were sacri�ced, and the weights
of xenograft tumors were measured. After that, the total protein from the excised tumor tissues was
extracted by RIPA lysis buffer. The expression of proteins was detected by western blotting analysis.

Statistical analysis
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All data represent at least three independent experiments and was analyzed by GraphPad Prism 8
software (GraphPad, San Diego, CA). The results were expressed as mean ± standard deviation (SD).
Differences among groups were compared using a two-tailed Student’s t-test or one-way ANOVA. P < 0.05
was considered statistically signi�cant.

Results
Osthole inhibited cell viability and induced cell death in HeLa cells

In order to detect the effect of osthole on cell viability, HeLa cells were treated with indicated
concentrations of osthole for indicated time. Our result showed that osthole induced dose- and time-
dependent reduction of cell viability in HeLa cells (Fig 1A), and 400 μM osthole did not shown obviously
inhibition on normal LO2 cells (Fig 1C). The phase-contrast images showed that osthole-treated cells
appeared morphological characteristics of dying cells. (Fig 1D). Thus, osthole not only inhibited the cell
viability, but also induced HeLa cells death.

Osthole induced apoptosis and necrosis in RIP3-de�cient cells

To �gure out the death manner of HeLa cells caused by osthole, we detected the release of LDH which
indicates a breakdown of the cell membrane. The result showed that the LDH release induced by osthole
was in a dose-dependent manner (Fig 2A). Annexin FITC/PI staining showed that the apoptosis rate (Q2
and Q3 quadrant) was increased in a dose-dependent manner accompanied with necrosis rate increased
(Fig 2B and C). Moreover, a typical apoptosis inducer cisplatin was used to induce apoptosis as a positive
control. We found that cisplatin-induced cell death is concentrated in Q3 quadrant, while osthole treated
cells exhibited an apparent increase in both the apoptotic and necrosis population (Fig 2D). To further
determine whether osthole-induced cell necrosis is associated with necroptosis, we used necrostatin-1
(Nec-1), a RIP1 inhibitor which could speci�c inhibited necroptosis occurs. We found that pretreated with
Nec-1 reversed osthole’s inhibition on cell viability (Fig 2E). However, the expression of RIP3, a key
necroptosis factor, couldn’t be detected in HeLa cells (Fig 2F), which is consistent with the previously
reported results[16]. These results indicated that osthole induced Hela cells death through apoptosis and
RIP3-independent necrosis pathway, which raised our great interest.

Osthole induced caspase-related apoptosis and necrosis in HeLa cells

In order to con�rm osthole induced apoptosis, we detected two indicators of apoptosis caspase-3 and
PARP-1’s expression. We found that osthole increased the expression of cleaved caspase-3 and cleaved
PARP-1 in dose- and time-dependent manners (Fig 3A and B). Pretreatment with pan caspase inhibitor Z-
VAD-FMK prevented osthole-induced decrease in cell viability (Fig 3C). Further analysis of Annexin V-FITC
and PI staining showed that Z-VAD-FMK reduced osthole-induced apoptosis (Q2 and Q3 quadrant). To
our surprise, pretreatment with Z-VAD-FMK decreased the osthole-induce necrosis rate raise as well (Fig
3D and E). All above results suggested that osthole-induced RIP3-de�cient Hela cells necrosis was related
with caspase activation.
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Osthole induced caspase-3 dependent secondary necrosis in HeLa cells

As shown in Fig 1D, the phase-contrast images showed that the dying cells blew characteristic large
bubbles from the plasma membrane which was the typical characteristics of pyroptosis or secondary
necrosis. To further explore whether osthole-induced necrosis was induced by pyroptosis or secondary
necrosis, Annexin -FITC/PI and Hoechst 33342/PI dual staining were used to con�rm the membrane
integrity and nuclear morphology. Annexin -FITC/PI double staining showed osthole caused an increase
in PI+ cells (Q1 and Q2 quadrant) but decrease in increased PI- cells (Fig 4A and B), while Hoechst 33342/
PI dual staining proved that PI positive cells treated by osthole have typical apoptosis features, such as
nuclear condensation or fragmentation (Fig 4C). Thus, all these data suggested that osthole-induced
necrosis was secondary to apoptosis.

Our western blotting con�rmed that the expression of GSDME-N in osthole-treated cells were signi�cantly
higher than in untreated cells and raised greatly (Fig 4D). We also found that caspase-3 inhibitor Z-DEVD
partially reversed the proliferation inhibition, apoptosis and necrosis induction caused by osthole (Fig 4E-
H). To further explore the implication of caspase-3 in apoptosis and secondary necrosis, related proteins
were analyzed by western blotting. It was shown that the increased levels of cleaved caspase-3 and
cleaved PARP-1 expression were overturned, while the raised secondary necrosis biomarker GSDME-N
was reserved in protein expression as well (Fig 4I and J). In summary, these results suggested that
osthole induced caspase-3-related apoptosis and secondary necrosis.

Proteomic analysis of osthole treated HeLa Cells

To identify the differentially expressed proteins which related with osthole’s effect on apoptosis and
secondary necrosis induction in HeLa cells, label-free quantitative proteomics technique was used. A total
of 4297 proteins were identi�ed (Table S1). We screened out a total of 3015 proteins of which 39 proteins
in osthole-treated group and 45 proteins in control group with 2931 proteins in common (Fig 5A). The
differential expression between the osthole-treated group and control group was presented by volcano
plot (Fig 5B). According to P 0.05 and fold-change 1.5 or 0.67 as the threshold, 44 differentially
expressed proteins were screened and 21 proteins were up- regulated and 23 proteins were down-
regulated under osthole treated(Table S2). An unsupervised hierarchical clustering of the differential
expressed proteins based on LFQ intensities is represented as a heatmap (Figure 5C). As Figure 5D
showed that the 10 most signi�cant cellular component, molecular function and biological process were
changed by osthole in Hela cells. Regarding cellular component, proteins were mainly involved in the
mitochondrial-related respiratory chain complex IV, mitochondrial intermembrane space, and succinate-
CoA ligase complex and autophagy-related amphisome. Based on molecular function, proteins were
chie�y attributed to mitochondrial-related cytochrome-c oxidase activity, argininosuccinate synthase
activity and phosphoenolpyruvate carboxykinase (GTP) activity (Fig 5D). Moreover, KEGG database was
used to enrich differentially expressed proteins, the top 10 pathways were screened (Figure 5E). Next, we
found that the dysregulated protein succinate-CoA ligase GDP/ADP-forming subunit alpha (SUCLG1),
phosphoenolpyruvate carboxykinase 2 (PCK2), argininosuccinate synthase 1 (ASS1), coiled-coil-helix-
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coiled-coil-helix domain containing 2 (CHCHD2), SURF1 cytochrome c oxidase assembly factor (SURF1),
and NADH: ubiquinone oxidoreductase subunit A9 (NDUFA9) were related to function of mitochondria
(Fig 5F-G). Thus, according to the above analysis, we speculated that osthole caused cell death may be
closely related to the function change of mitochondria.

Osthole induced caspase-3 mediated mitophagy via PINK1/Parkin pathway in HeLa cells

In order to elucidate the effect of osthole on mitochondria function, we �rstly detected the MMP by JC-1
staining using �ow cytometry. The result showed that the red �uorescence of JC-1 transform to green
�uorescence as the osthole concentration increased (Fig 6A and B), and the autophagy inhibitor 3-
methyladenine (3-MA) was signi�cantly reserved the loss of cell vitality in HeLa cells. Moreover, the
expression of PINK, Parkin and LC3 / were higher in osthole treated group than in control group (Fig 5D).
To explore the effect of caspase-3 on osthole-induced mitophagy, we pretreated HeLa cells with Z-DEVD.
According to MDC staining, after pretreatment with Z-DEVD, the number of autophagic vacuoles was
reduced and the �uorescent of MDC was weakened. Furthermore, the up-regulated PINK1, Parkin and
LC3 /  were inhibited by Z-DEVD in Hela cells. Thus, these results indicated that osthole induced
mitophagy was related with the activity of caspase-3 in HeLa cells.

NQO1 contributed to the osthole-induced apoptosis, secondary necrosis, mitophagy and the generation of
ROS

Previous reports showed that osthole could reduce NQO1 expression in cervical cancer SiHa and CaSki
cells [6]. Our proteomics analysis showed that osthole-treated HeLa cells expressed lower NQO1 than
control group (Fig 7A). Pretreatment with NQO1 inhibitor dicoumarol (DIC) strengthened the cell viability
inhibition of osthole (Fig 7B). It has been reported that inhibiting NQO1 could increase ROS production
[17]. In this study, we found that osthole treatment also triggered excessive production of ROS in HeLa
cells, and DIC pretreated further strengthened the generation of ROS (Fig 7C). Furthermore, we found that
the expression of NQO1 was �rst reduced then increased to normal level in osthole treated cells (Fig 7D).
And the level of cellular ROS in osthole-treated cells increased �rst and then returned to normal level (Fig
7E). These results demonstrated that inhibited NQO1 expression augmented ROS level, while elevated
NQO1 expression attenuated ROS production. In addition, we used DIC to reduce NQO1 expression in
osthole treated cells. We found that DIC pretreatment enhanced the expression of cleaved caspase-3 and
cleaved PARP-1, and GSDME-N (Fig 7F and G). Moreover, the expression of PINK1, Parkin and LC3 /  up-
regulated by osthole were also enhanced in pretreated DIC cells (Fig 7H and I). Thus, these results
suggested that NQO1 inhibition contributed to osthole-induced cell death and ROS overproduction.

ROS played a vital role in osthole-induced apoptosis, secondary necrosis and mitophagy

Due to NQO1 inhibition could induce overproduction of ROS, we wonder whether ROS plays an important
role in osthole-induced cell death. Firstly, we found that pretreated with NAC, a ROS inhibitor blocked the
production of ROS caused by osthole in Hela cells (Fig 8A). Then, the JC-1 staining was used to detect
the effect of ROS on MMP lost caused by osthole. We observed that pretreated with NAC weakened
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osthole-induced mitochondrial depolarization (Fig 8B). Moreover, pretreatment with NAC signi�cantly
inhibited osthole-induced decrease in cell viability (Fig 8C). According to the result of Annexin -FITC/PI
staining, we found that NAC nearly inhibited osthole-induced apoptosis and secondary necrosis (Fig 8D
and E). Western blotting analysis revealed that NAC attenuated osthole caused upregulation of cleaved
caspase-3, cleaved PARP-1 and GSDME-N (Fig 8F). Concurrently, the up-regulated proteins PINK1, Parkin
and LC3 /  induced by osthole were declined by NAC (Fig 8G). Thus, all these results suggested that ROS
played a signi�cant role in osthole-induced cell death.

Osthole suppressed HeLa xenograft tumor growth in vivo

To explore the antitumor effect of osthole on cervical cancer in vivo, HeLa cells were xenografted into
BALB/c nude mice. We found that nude mice body weight in osthole treated group had no signi�cant
changed compared with control group (Fig 9A). Meanwhile, HE staining showed that osthole-treated livers
displayed no pathological changes compared with control group (Fig S1). Moreover, after treated with
osthole 21 days, the tumor size and tumor weight of nude mice were all signi�cantly reduced than the
control group (Fig 9B, C and D), and 150 mg/kg osthole signi�cantly decreased tumor weight nearly by
75%.. Further, western blotting analysis revealed that osthole treatment increased the protein expression
of cleaved caspase-3, GSDME-N, PINK1, Parkin and LC3 / , and decreased the NQO1 in protein
expression (Fig 9E and F). These results suggested that osthole (150 mg/kg) suppressed the tumor
proliferation and exerted little effects on nude mice body weight and liver. The mechanism of osthole
induced cell apoptosis secondary necrosis and mitophagy may be associate with the regulation of NQO1
pathway.

Discussion
In this study, we clari�ed the underlying mechanism on osthole-induced cell death, including apoptosis,
secondary necrosis and mitophagy in RIP3-de�cient HeLa cells in vitro and in vivo. Our data suggested
that osthole signi�cantly increased the production of ROS by inhibiting the expression of NQO1 in HeLa
cells. Moreover, the generation of ROS induced the mitochondrial depolarization and activated the
caspase-3. Subsequently, activated caspase-3 induced apoptosis and further switched apoptosis to
secondary necrosis. We also found that activated caspase-3 mediated mitophagy by PINK1/Parkin signal
pathways. Thus, our �ndings illustrated that osthole induced multiple PCDs via ROS overproduction in
HeLa cells.

Previous literature reported that osthole induced cell death mainly in the form of apoptosis[18–20]. A
recent study demonstrated that osthole induced cell death through the GSDME-dependent pyroptosis
pathway[21]. GSDME is a member of the gasdermins family which contains a cytotoxic N- terminal
domain to form pore and induce membrane permeabilization. The activation of caspase-3 mediates the
occurrence of apoptosis, and speci�cally cleaves GSDME, which generates a GSDME-N fragment to
induce secondary necrosis/pyroptosis [22]. It has been reported that GSDME-induced pyroptosis after
apoptosis is considered as secondary necrosis[9]. In addition, caspase-3 inhibitor Z-DEVD reversed
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osthole induced apoptosis and necrosis which also indicated that osthole caused secondary necrosis via
GSDME-N in HeLa cells. Our study is consistent with previous report that osthole-induced necrosis was
secondary to apoptosis[9, 23].

NQO1 was high expressed in diverse human cancers, including breast cancer, colon cancer, cervical
cancer and lung cancer[24]. It is reported that the role of NQO1 in cancer cells is to prevent excessive
oxidative stress from damaging cells which is consistent with that in normal cells. So, NQO1 expression
inhibited can disrupt intracellular redox balance in cancer cells [17, 25]. It has reported that osthole
inhibited the increase of NQO1 expression to overcome cisplatin resistance in cervical cancer SiHa and
CaSki cells [6]. And our proteomics analysis showed that many dysregulated proteins were closely related
with mitochondria function included NQO1. Considering these reports and our proteomics pro�ling, we
evaluated the relationship between NQO1 expression and the death induction of osthole on Hela cells as
well as the production of ROS. Interestingly, we found that osthole suppressed the expression of NQO1
and NQO1 inhibitor DIC enhanced the apoptosis, secondary necrosis and mitophagy induction of osthole
on Hela cells. Moreover, osthole decreased NQO1 expression which caused ROS generation elevated in
Hela cells, and with the restoration of NQO1 expression, the level of ROS also gradually approached the
normal level compared with untreated cells in HeLa cells.

It has been reported that osthole-induced antitumor effects is relevant to ROS overproduction[26].
Although different forms of PCDs have different molecular mechanisms, it seems that they cannot
bypass the key link of ROS generation[12]. When the upstream caspase-3 activated, ROS generation plays
an essential role in its mediation of apoptosis [27]. Overproduction of ROS also mediates DNA damage
and activates PARP-1, which is downstream of activated caspase-3 [28]. Moreover, Yu et al. demonstrate
that ROS plays a critical function in GSDME-mediated cell death[29]. Our study indicated that osthole-
induced ROS overproduction mediated the events of apoptosis and secondary necrosis. The excessive
production of ROS is often accompanied with the loss of MMP (Δψm) which implies mitochondrial
damage and used as a hint for mitophagy[30]. Mitophagy, a selective form of autophagy, exists as an
approach to clear damaged mitochondria and maintains mitochondrial homeostasis[31]. PINK1/Parkin is
the most widely studied mitophagy pathway. As the initiator of mitophagy, PINK1 accumulates at the
outer mitochondrial membrane to response mitochondrial depolarization and recruits Parkin to the outer
mitochondrial membrane. Then, PINK1 and Parkin interact with processed LC3 to target mitochondria for
degradation[11]. In this study, we found that osthole increased the expression of PINK1 and Parkin as
well as the level of LC3 /  in vitro and in vivo, and ROS inhibitor NAC restrained osthole’s effect on
mitophagy induction. It has reported that mitophagy eliminated the damaged mitochondria to cut back
the generation of ROS[32, 33]. Thus, we conjectured that the restoration of NQO1 expression and ROS
production is related to the mitophagy induced by osthole. Further study will be focus on the
interconnection between PINK1/Parkin pathway and NQO1 expression.

Conclusions
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In summary, as depicted in Fig. 10, ROS mediated the occurrence of diverse cell deaths, including
apoptosis, secondary necrosis and mitophagy in osthole-treated HeLa cells, and NQO1 expression play
an important role in the death induction and ROS generation caused by osthole. However, further studies
should be performed to explore more mechanisms about osthole’s effect on death induction. It is
anticipated that osthole may be a potential therapeutic agent for cervical cancer treatment.
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Figures

Figure 1

Osthole inhibited the cell viability and induced cell death in HeLa cells. (A) The chemical structural
formula of osthole. (B) MTT assay showed that the cell vitality was decreased by degrees after treated
with osthole at advisable time for advisable time. (C) The cytotoxic effect on normal liver LO2 cells was
detected by MTT assay after treated with osthole for 18 h. (D) Representative bright-�eld images were
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shot after different concentrations osthole treated for 18h in HeLa cells (20X). Red arrowheads indicated
the large bubbles emerging from the plasma membrane. Data are represented as means ± SD, n = 3, ***P
< 0.001 compared with the control group.

Figure 2

Osthole induced apoptosis and necrosis in RIP3-de�cient HeLa cells. (A) The release of LDH was detected
after treated with indicated concentration for 18 h. (B) After treatment with indicated concentration the
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cell death was detected using Annexin -FITC/ PI double staining by �ow cytometry in HeLa cells. (C)
Ratio of cells stained by FITC and/or PI. (D) Comparison of osthole-induced cell death and DDP-induced
cell death. (E) Pretreatment with 100μM Nec-1for 1 h before treatment with 320 μM osthole for 18 h, the
cell vitality was detected by MTT assay. (F) The expression of RIP3 was tested by western blotting assay
in HeLa and U87 cells. Data are represented as means ± SD, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001
compared with the control group.

Figure 3
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Osthole induced caspase-mediated apoptosis and necrosis in HeLa cells. (A, B) After treatment with
indicated concentration of osthole for 18 h or 320 μM osthole for indicated time, the levels of apoptosis-
related protein were determined by western blotting. The intensity of bands was quanti�ed by image J,
and β-actin was used as a control. (C-E) Pretreatment with 20μM Z-VAD-FMK for 1 h prior to treatment
with 320 μM osthole for 18h. (C) Cell vitality was detected by MTT assay. (D) The form of cell death was
determined using Annexin -FITC/PI double staining by �ow cytometry. (E) Ratio of cells stained by FITC
and/or PI. All Data are represented as means ± SD, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001 compared
with the control group.
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Figure 4

Osthole induced Caspase-3-mediated apoptosis and secondary necrosis in HeLa cells. (A) Annexin -
FITC/PI double staining analysis showed that the transformation of FITC and PI staining with the time
increased after treated with 320 μM osthole. (B) Ratio of cells stained by FITC and/or PI. (C)
Representative images of Hoechst 33342/PI double staining showed the apoptosis and necrosis cells
(20X). (D) Treatment with indicated concentration for 18 h or 320 μM osthole for indicated time. The
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expression of GSDME and GSDME-N was analyzed by western blotting at protein levels. (E) The intensity
of bands was quanti�ed by image J, and β-actin was used as a control. (F-J) Pretreatment with 50μM Z-
DEVD-FMK for 1 h prior to treatment with 320 μM osthole (F) MTT assay detected the cell vitality. (G)
Annexin -FITC/PI double staining analyzed the cell death. (H) Ratio of cells stained by FITC and/or PI. (I)
The expression of apoptosis-related proteins was detected by western blotting. The intensity of bands
was quanti�ed by image J, and β-actin was used as a control. (J) The expression of GSDME and GSDME-
N was detected by western blotting at protein levels. The intensity of bands was quanti�ed by image J,
and β-actin was used as a control. All Data are represented as means ± SD, n = 3, ***P < 0.001 compared
with the control group.
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Figure 5

Label-Free Quantitative Proteomics analysis. (A) Venn diagram showed the coincident proteins and
special protein between treated and untreated group. (B) Volcano plot showed the difference in
expression between treated and untreated cells. Red dots represented the upregulated proteins and blue
dots represented downregulated protein while grey dots represented unchanged proteins (log2 LFQ 1.2, P
0.05). (C) Heat map of differentially expressed proteins (log2 LFQ 1.2, P 0.05). (D) GO enrichment
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analysis of differentially expressed proteins. (F) KEGG pathway analysis of differentially expressed
proteins. (G) Autophagy-related differentially expressed protein. (H) Mitochondria-related differentially
expressed proteins. All Data are represented as means ± SD, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001
compared with the control group.

Figure 6
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Osthole induced caspase-3 mediated mitophagy in Hela cells. (A-B) Treatment with indicated
concentration of osthole for 18 h (A) The JC-1 staining was analyzed by �ow cytometry. (B) The ratio of
mean �uorescence intensity of green �uorescence and red �uorescence quanti�ed by FlowJo. (C)
Pretreatment with 10 mM 3-MA for 1h prior to treatment with 320 μM osthole, the cell vitality was
detected by MTT assay. (D) Western blotting assay was used to detect the expression of mitophagy-
related proteins. (E) The intensity of bands was quanti�ed by image J, and β-actin was used as a control.
(F-G) Pretreatment with Z-DEVD for 1 h prior to treatment 320 μM osthole for 18 h (F) Representative
images of MDC staining. Red arrows represent autophagic vacuoles. (G) The expression of mitophagy-
mediated protein was detected by western blotting assay. (H) The intensity of bands was quanti�ed by
image J, and β-actin was used as a control. All Data are represented as means ± SD, n = 3, *P < 0.05, **P
< 0.01, ***P < 0.001 compared with the control group.
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Figure 7

NQO1 contributed to the ROS overproduction and cell death in Hela cells. (A)The differences of NQO1
expression was detected by Label free proteomics analysis. (B-C and F-I) Incubation with 100 μM DIC for
1 h ahead of treatment with 320 μM osthole (B) Cell vitality was detected by MTT assay. (C) Treatment
with osthole for 4 h, DCFH-DA staining was detected by �ow cytometry. (D-E) after treatment with 320 μM
osthole for indicated time. (D) The expression of NQO1 was detected by western blotting. (E) The
generation of ROS was detected by DCHF-DA using �ow cytometry. Red represents untrusted group and
blue represents osthole-treated group (F, G) Western blotting analyzed the expression of apoptosis-,
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necrosis- and mitophagy-related proteins. (G, I) The intensity of bands was quanti�ed by image J, and β-
actin was used as a control. All Data are represented as means ± SD, n = 3, *P < 0.5, **P < 0.01, ***P <
0.001 compared with the control group.

Figure 8

ROS contributed to the osthole-induced cell death in HeLa cells. (A-G) Pretreatment with 0.2 μM NAC for
1h prior to treatment with 320 μM osthole (A) Treatment with osthole for 4h, DCHF-DA staining was
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detected by �ow cytometry. (B) Representative images of JC-1 staining (20X). (C) Cell viability was
detected by NAC. (D) Annexin -FITC/PI double staining used to detect cell death by �ow cytometry. (E)
Ratio of cells stained by FITC and/or PI. (F and G) The expression of apoptosis-, necrosis- and
mitophagy-related proteins was determined by western blotting. (H and I) The intensity of bands was
quanti�ed by image J, and β-actin was used as a control. All Data are represented as means ± SD, n = 3,
***P < 0.001 compared with the control group.

Figure 9

Osthole suppressed HeLa xenograft tumor growth in vivo. (A) The body weight of nude mice treated with
or without osthole for 21days. (B) Tumor volume was recorded every 2 days. (C) The average weight of
tumor in control and osthole treated group. (D) Representative images of unstripped tumor after treated
for 21 days. (E) The expression of secondary necrosis- and mitophagy-related proteins was determined
by western blotting. (F) The intensity of bands was quanti�ed by image J, and β-actin was used as a
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control. All Data are represented as means ± SD, *P < 0.001, **P < 0.001, ***P < 0.001 compared with the
control group.

Figure 10

Schematic representation of ROS mediated osthole-induced apoptosis, secondary necrosis and
mitophagy in HeLa cells.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

�gs1.pdf

TableS2Differentiallyexpressedproteins.xlsx

TableS1Identi�edProteins.xlsx

https://assets.researchsquare.com/files/rs-79478/v1/figs1.pdf
https://assets.researchsquare.com/files/rs-79478/v1/TableS2Differentiallyexpressedproteins.xlsx
https://assets.researchsquare.com/files/rs-79478/v1/TableS1IdentifiedProteins.xlsx

