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Abstract: Rutin has been well recognized for possessing numerous pharmacological and biological
activities in several human cancer cells. This research has addressed the inhibitory potential of
rutin against the Jabl oncogene in SiHa cancer cells, which is known to inactivate various tumor
suppressor proteins including p53 and p27. Further, the inhibitory efficacy of rutin via Jabl expression
modulation in cervical cancer has not been yet elucidated. Hence, we hypothesized that rutin
could exhibit strong inhibitory efficacy against Jabl and, thereby, induce significant growth arrest
in SiHa cancer cells in a dose-dependent manner. In our study, the cytotoxic efficacy of rutin on
the proliferation of a cervical cancer cell line (SiHa) was exhibited using MTT and LDH assays.
The correlation between rutin and Jabl mRNA expression was assessed by RT-PCR analysis and
the associated events (a mechanism) with this downregulation were then explored via performing
ROS assay, DAPI analysis, and expression analysis of apoptosis-associated signaling molecules
such as Bax, Bcl-2, and Caspase-3 and -9 using qRT-PCR analysis. Results exhibit that rutin produces
anticancer effects via inducing modulation in the expression of oncogenes as well as tumor suppressor
genes. Further apoptosis induction, caspase activation, and ROS generation in rutin-treated SiHa
cancer cells explain the cascade of events associated with Jabl downregulation in SiHa cancer cells.
Additionally, apoptosis induction was further confirmed by the FITC-Annexin V/PI double staining
method. Altogether, our research supports the feasibility of developing rutin as one of the potent
drug candidates in cervical cancer management via targeting one such crucial oncogene associated
with cervical cancer progression.
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1. Introduction

Cancer of the cervix has been recognized as one of the most frequently detected cancers
worldwide, and several studies are in the pipeline for elucidating efficient therapeutic
approaches against this malignancy [1,2]. Inhibition of cervical cancer progression with
phytochemicals via modulating numerous signaling pathways has been validated by
various published studies [3,4]. Phytochemicals (plant-based products) have received wider
significance in exploring potent therapeutic approaches against numerous carcinomas
with enormous health benefits [5]. Toxicity associated with several chemotherapeutic
approaches has raised the need for the elucidation of better anticancer drugs [6]. Several
studies have reported the efficacy of natural phytocompounds as an alternative to surgery
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and chemotherapeutic drugs. Various natural compounds, including carvacrol, rutin,
paclitaxel, vincristine, hesperidin, etoposide, and vinblastine, have shown better medicinal
benefits and have been utilized clinically [7].

Phytocompounds display their anticancerous potential either by inducing growth
arrest or modulation in several signaling pathways in numerous cancerous cells. Amongst
several natural or plant-derived compounds, flavonoids have gained wider interest because
of their remarkable range of biological benefits including antiallergic, antioxidant, antian-
giogenic, antimutagenic, anti-inflammatory, antibacterial, and anticancer activity [8-10].
Flavonoids (polyphenolic compounds) have been categorized mainly into flavanones,
isoflavones, flavones, flavonols, chalcones, flavanonols, and flavonols. Their ability to
induce apoptosis, block the cell cycle, or inhibit angiogenesis makes them strong promising
agents in cancer management [11,12]. Rutin (a flavonol) has been abundantly reported
in various plants including passionflower, apple, buckwheat, and tea [13-15]. Current
research has demonstrated its multispectral pharmacological potential in the treatment
of numerous diseases such as hypertension, cancer, hypercholesterolemia, and diabetes.
Rutin has exhibited various pharmacological activities, viz., cytoprotective, antioxidant,
anticarcinogenic, vasoprotective, cardioprotective, and neuroprotective activities [16-20].

Elucidation of potent molecular targets to distress cervical carcinogenesis and its
intervention by plant-derived (or dietary) agents is a vital part of chemoprevention. Recent
advancements in the treatment approach for cancer management have impelled us to
utilize the potential of phytocompounds against a protein that has been responsible for
several carcinomas. Thus, our study is focused on Jabl, which is a multifunctional protein
involved in the progression of numerous cancers. To date, a very limited number of
natural compounds (phytocompounds) against Jabl in cervical cancer have been reported.
Rutin has exhibited significant anticancerous efficacy at a very low dose against several
cancer cells including prostate cancer, breast cancer, cervical cancer, and colon cancer.
However, the role of rutin against Jabl has been unexplored. Therefore, our research is
focused on exploring the mechanism behind the mode of action of rutin targeting Jab1 in
cervical cancer.

2. Materials and Methods
2.1. Experimental Requirements

Fetal bovine serum (FBS), rutin, MTT (5-dimethylthiazol-2-yl)-2, 5-diphenyltetrrazo-
lium bromide), DMEM, and DMSO (dimethylsulfoxide) were procured from Sigma-
Aldrich (St. Louis, MO, USA). Antibiotics (penicillin and streptomycin), DCFH-DA (2/,7'-
dichlorodihydrofluorescein diacetate), DAPI (4’ ,6-diamidino-2-phenylindole), MitoTracker
Red CMX-Ros and Rhodamine123 (Rh123) were procured from Sigma-Aldrich (St. Louis,
MO, USA). SiHa cancer cells were cultured in high-glucose DMEM (Gibco, TN, USA) media
supplemented with 100 g/mL of antibiotics (streptomycin and penicillin) and 10% fetal
bovine serum (FBS) (Gibco, TN, USA). Cultured cells were then incubated in an incubator
(at 37 °C and 5.0% CO; atmosphere).

2.2. MTT Assay

The inhibitory effect of rutin on SiHa cells was analyzed by MTT assay as reported in
previous studies [21]. In brief, SiHa cells were incubated for attachment in an incubator for
24 h (at 37 °C) and then eventually treated with rutin (40-200 um) for a further 24 h. Each
well was then supplemented with 10 uL of MTT (5 mg/mL) dye and incubated at 37 °C
for 4 h. Formazans (or purple-colored precipitates) were dissolved in DMSO (100 pL) with
gentle shaking. Finally, the optical density absorbance of the reaction mixture was quanti-
fied at 490 nm using an ELISA plate reader (Bio-Rad, Hercules, CA, USA) after complete
dissolution and cell survival was evaluated as a percentage over the untreated control.
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2.3. Extracellular Lactate Dehydrogenase (LDH) Activity Analysis in Rutin-Treated SiHa Cells

LDH activity was investigated by using Cytotoxicity Cell Death Kit (as per the manu-
facturer’s protocol, Sigma, Mundelein, IL, USA). SiHa cells were then exposed to selective
rutin doses. Thereafter, supernatant or sample solution was further collected to determine
LDH activity in both control and treated SiHa cancer cells. Absorbances of both the treated
and untreated samples were then recorded at 490 nm using a microplate reader (Bio-Rad,
Hercules, CA, USA).

2.4. Investigation of Nuclear Morphology in Rutin-Treated Cells

DAPI (fluorescent nuclear dye) was used for determining the apoptotic potential of
rutin on SiHa cancer cells as per the protocol described in our previous studies [22]. SiHa
cancer cells after treatment with selective rutin doses (0, 80, 120, and 160 pm) were left to
incubate for 24 h. Thereafter, treated SiHa cancer cells were exposed to paraformaldehyde
(3.5%) and 0.05% (v/v) Triton X-100 for permeabilization and fixation. Lastly, morphological
changes (fluorescent nuclei) were observed using an inverted fluorescence microscope
(Thermo Fisher Scientific, Waltham, MA, USA).

2.5. Quantification of Apoptosis by Annexin V-FITC/PI Assay

Rutin-induced apoptosis induction in SiHa cancer cells was quantified using an
Annexin V-FITC/PI assay kit (BD Biosciences, Billerica, MA, USA). Briefly, SiHa cancer
cells (in 12-well plates) at a density of 5 x 10° cells per mL wer treated with rutin doses
(0, 80, 120, and 160 um) for 48 h. After 48 h of incubation, SiHa cells were washed twice
with cold PBS (phosphate-buffered saline) buffer and then the cells were re-suspended in
binding buffer (500 pL). Thereafter, cells were stained with annexin V-FITC/PI and left to
incubate for 15 min in the dark at room temperature. Lastly, the stained cells were analyzed
by using flow cytometry.

2.6. Investigation of Caspases Activities in Rutin-Treated SiHa Cells

Caspase activities in rutin-treated SiHa cells were assessed by a caspase colorimetric
assay kit (BioVision, Milpitas, CA, USA). Both untreated (control) and rutin-treated SiHa
cancer cells were lysed in chilled buffer (cell lysis) and incubated for 10 min on ice. Further,
centrifugation was performed at 10,000 g for 1 min to obtain supernatant, which was
kept on ice for instant assay. Then, 50 uL of lysate was aliquoted into 96-well plates with
50 uL of reaction buffer containing 10 mm DTT. DEVD-pNA (5 pL) substrate was then
added into each well and left to incubate for 1 h at 37 °C. Absorbance was recorded at
405 nm on a microtiter plate reader. Percent increase in Caspase-3 activity was determined
by comparing the result of treated cells with untreated cells (level of uninduced control).

2.7. Investigation of the Effect of Caspase (Caspase-3 and Caspase-9) Inhibitors

In order to assess the role of caspase activation in rutin-induced apoptosis, SiHa
cervical cancer cells were pretreated with 50 uM of both Caspase-3 inhibitor (Z-DEVD-FMK)
and Caspase-9 inhibitor (Z-LEHD-FMK) for 2 h and then eventually treated with rutin at
selective doses for 24 h. Lastly, cell viability was evaluated by using an MTT assay as
explained in the MTT section.

2.8. Investigation of MMP (Mitochondrial Membrane Potential) in Rutin-Treated SiHa Cells

Two fluorescent dyes including mitochondrial-specific MitoTracker Red and Rho-
damine 123 were used to observe MMP variation in rutin-exposed SiHa cells as per the
procedure described by Pandey et al., 2020 [23]. Cells were treated with varied rutin
doses (80-160 uM and left to incubate for 12 h. Thereafter, SiHa cancer cells were washed
(with PBS) and further exposed to paraformaldehyde for 15 min at 37 °C for cell fixation.
Lastly, rutin-exposed SiHa cells were stained with both the fluorescent dyes MitoTracker
Red (25 ng/mL) and Rhodamine (5 pg/mL) to record MMP variation under fluorescence
microscope (EVOS Floid cell imaging station, Thermo Fisher Scientific, Waltham, MA, USA).
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2.9. Measurement of Cytochrome C Level

ELISA (solid-phase enzyme-linked immunosorbent) assay was used to measure cy-
tosolic cytochrome c level in rutin-treated SiHa cells. The assay was carried out as per
the instructions provided in the Cytochrome C Human ELISA Kit (Invitrogen, Waltham,
MA, USA). In brief, SiHa cancer cells (1 x 107 cells per mL) were treated with selective
rutin doses and left to incubate for 48 h. After cell lysis, the supernatant was assayed by
measuring the optical density of samples at 450 nm using an ELISA plate reader (BioTek,
H1M, Winooski, VT, USA). The standard curve was plotted by considering the absorbance
values of dilutions of a cytochrome c standard.

2.10. Measurement of Intracellular ROS (Reactive Oxygen Species) Level

The DCFH-DA (dye) method was used for the evaluation of ROS generation in rutin-
treated SiHa cancer cells [23]. SiHa cancer cells (1.5 x 10%) were then incubated at 37 °C
for 24 h. After exposure of SiHa cells to rutin (80-160 pum) for 12 h, DCFH-DA 10 (um)
was then added to the rutin-treated SiHa cells and incubated at 37 °C for 30 min. Images
of rutin-exposed cells were recorded after washing off excessive dye, using an inverted
fluorescence microscope (Japan). Quantitative estimation of intracellular ROS generation
was performed by incubating rutin-exposed cells with dye (10 um) at 37 °C for 30 min. A
microplate reader (USA) was utilized to record the fluorescence intensity at both emission
(528 nm) and excitation wavelength (485 nm). Values were then expressed as percentage of
fluorescence intensity relative to control.

2.11. Investigation of ROS Inhibitor, NAC (N-Acetyl-L-Cysteine) Efficacy

NAC was used to support the intracellular ROS generation in rutin-treated SiHa cervical
cancer cells. Firstly, SiHa cancer cells were pretreated with NAC (10 mm) for the duration
of 2 h followed by exposure to rutin for 12 h. Treated cells were then washed with PBS and
stained with dye DCFH-DA (10 mm). Treated cells were then left to incubate at 37 °C for
30 min. A microplate reader was used to record the fluorescence intensity at both emission
(528 nm) and excitation (485 nm) wavelengths. However, to further explore the correlation of
ROS generation with apoptosis in rutin-treated SiHa cancer cells, we elucidated rutin efficacy
in SiHa cells in the presence of 10 mm of N-acetyl-L-cysteine via the MTT assay.

2.12. Real-Time PCR Analysis

In order to elucidate whether rutin treatment displayed any modulatory effect on
transcription of pro-apoptotic and anti-apoptotic genes in SiHa cells, mRNA expression of
all selected target genes in both control (DMSO) or rutin-exposed cells was investigated.
Seeded SiHa cells were then treated with rutin, left to incubate for 24 h, and thereafter
trypsinized. The obtained cell suspension was then centrifuged twice, and the cell pellet
was stored at —80 °C for further analysis. After 24 h post treatment with rutin, total RNA
was extracted using TRIzol Reagent (according to the protocol of Invitrogen). Super Script
III one-step RT-PCR kit (Invitrogen) with Platinum Taq DNA polymerase was then used to
investigate the relative expression of both treated and control samples and evaluated by
2(A8Ct) method. Selected primers utilized in this research study are shown in Table 1.

Table 1. Primers used in the study.

Gene Forward Primer Reverse Primer
Bax AGGGTGGCTGGGAAGGC TGAGCGAGGCGGTGAGG
Bcl-2 ATCGCTCTGTGGATGACTGAGTAC AGAGACAGCCAGGAGAAATCAAAC
Jab1 GGCGCCTTTAGGACATACC CATGAAACTCCCTCGTCCC
Caspase-3 ACCAAAGATCATACATGGAAGCGA CGAGATGTCATTCCAGTGCT
Caspase-9 TGGTGATGTCGGTGCTCTTG ACCATGAAATGCAGCGAGGA
p27 TCTGGAACAGCGTGCCATTGATCT ATTACTGAGGGCCACTTCCACCTT
p53 ACTAAGCGAGCACTGCCCAA ATGGCGGGAGGTAGACTGAC
GAPDH AAGTTCAACGGCACAGTCAAGG CATACTCAGCACCAGCATCACC
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2.13. Statistical Analyses

Data analysis was performed using Prism software (GraphPad Prism version 7.0,
GraphPad Software, Inc., San Diego, CA, USA). Statistical analyses were performed using
one-way ANOVA. Error bars for SEM are shown. Where indicated in the figures, degrees
of p-value significance are as follows: * p < 0.01 and ** p < 0.001.

3. Results
3.1. Rutin-Induced Antiproliferative Activity in SiHa Cervical Cancer Cells

The MTT assay was utilized to assess the antiproliferative efficacy of rutin on the
proliferation of SiHa cells. Figure 1 exhibits a significant reduction in cell viability of
rutin-treated SiHa cells in a dose-dependent manner in comparison to control (Figure 1A).
Origin software was further used to evaluate the ICsy value (IC5p = 125.43 uM) for screening
respective rutin doses for further experimental procedures. The results showed that rutin
treatment at 80, 120, 160, and 200 pM significantly reduced the cell viability of SiHa cells to
around 67.05% = 5.03%, 51.76% = 4.15%, 38.36% =+ 3.98%, and 23.69% = 3.45%, respectively,
as compared to control. Additionally, an LDH activity assay was employed to confirm
cell cytotoxicity by estimating LDH release in the disrupted cell membrane. Figure 1B
revealed a significant increase in dead cells after 24 h of rutin treatment. Altogether, both
cytotoxicity and cell proliferation assays strongly supported the anticancer potential of
rutin against SiHa cervical cancer cells.
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Figure 1. Effect of rutin on the viability of cervical cancer SiHa cells. (A) Bar diagram presenting cell viability of SiHa
cells exposed to various concentrations of rutin (0-200 pM) for 24 h as assessed by MTT assay. (B) Cytotoxic effects of
rutin analyzed by lactate dehydrogenase (LDH) enzymatic activity in human cervical cancer SiHa cells. The results are
represented as mean + SEM of three independent experiments (* p < 0.01, ** p < 0.001 compared with control group).

3.2. Rutin Inhibits the Growth of SiHa Cells via Downregulation of Jabl and Upregulation of p27

RT-PCR is used to elucidate the effect of rutin treatment on Jabl mRNA transcripts
levels that have been crucially associated with cervical cancer progression. Jabl expression
was determined after 24 h of rutin treatment in SiHa cells. Jab1 has also been associated
with the downregulation of tumor suppressor genes. This has further projected us to
investigate the effect of Jabl mRNA downregulation on p27. Figure 2 depicts that rutin
treatment resulted in a significant reduction in Jab1 expression levels in cervical cancer SiHa
cells. Eventually, significant p27 mRNA upregulation was also observed in rutin-treated
SiHa cells in a dose-dependent manner.
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Figure 2. Effect of rutin on gene expression of mRNA expression of target genes. (A) The mRNA
expression of Jabl, p27, and p53 in rutin-treated SiHa cells (80, 120, and 160 M) was investigated
by qRT PCR. (B) The mRNA expression of proapoptotic gene Bax, antiapoptotic gene Bcl2, and
(C) Bax/Bcl2 ratio in cervical cancer cells treated with rutin (80, 120, and 160 uM) was investigated by
qRT PCR. The results are represented as mean = SEM of three independent experiments (* p < 0.01,
**p < 0.001 compared with control group).
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3.3. Rutin Induces Apoptosis in SiHa Cancer Cells through Upregulation of p53, Bax, and
Downregulation of Bcl-2

Real-time PCR was employed to analyze the mRNA expression of Bcl-2, Bax, and p53
in rutin-treated cervical cancer cells. RT-PCR analysis exhibited significant upregulation in
the mRNA expression level of p53 and Bax in a dose-responsive manner in rutin-treated
SiHa cells (Figure 2A,B). Rutin treatment also resulted in considerable downregulation in
the mRNA expression level of Bcl-2 (anti-apoptotic gene) in SiHa cells in a dose-responsive
manner (Figure 2C). These findings indicate that upregulation of p53 and Bax genes and
downregulation of anti-apoptotic Bcl-2 genes are involved in the mechanism behind the
rutin-mediated induction of apoptosis in cervical cancer cells.

3.4. Mitochondrial-Mediated Apoptosis Induction in Rutin-Treated SiHa Cancer Cells

DAPI staining was performed to elucidate the preliminary events of apoptosis as-
sociated with nuclear morphology in rutin-treated SiHa cells. Apoptosis was observed
after 24 h of rutin treatment in SiHa cancer cells using DAPI dye. Apoptotic bodies were
characterized by fragmented and condensed nuclei. Rutin-treated cells showed apop-
totic bodies, while untreated or control cells showed no significant apoptosis (Figure 3A).
Annexin V-FITC/PI staining was performed to verify the apoptotic rate of rutin in SiHa
cells by flow cytometry, and the level of early and late apoptotic cells were quantified.
Figure 3B,C exhibits the increased apoptotic rate in rutin-treated SiHa cells (23.48%, 29.15%,
and 37.09%) in comparison to that in control cells (9.87%) after 24 h of treatment with 80,
120, and 160 um of rutin, respectively.

Mitochondrial membrane depolarization (Alm) potential was analyzed in both un-
treated and rutin-treated SiHa cells with MitoTracker Red stain. Figure 4A, B strongly pre-
sented the fact that rutin treatment resulted in a significant reduction (in a dose-dependent
manner) in A in SiHa cells, which was represented by a decrease in red fluorescence
intensity. As rutin demonstrated stimulated nuclear condensation and mitochondrial
membrane potential disruption, the present study further investigated the involvement
of mitochondria in apoptosis induction via the release of cytochrome c in rutin-treated
SiHa cells. Figure 4C displays an enhanced cytosolic cytochrome c level in rutin-treated
SiHa cells in comparison to that in untreated control cells. These results further suggested
that mitochondrial-mediated apoptosis induction could be one of the possible mechanisms
behind the growth inhibitory effect of rutin in cervical cancer SiHa cells.

CONTROL
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Figure 3. Cont.
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Figure 3. Apoptosis induction in rutin-treated SiHa cancer cells. (A) Nuclear morphology alteration
of rutin-treated SiHa cells analyzed by DAPI staining method and visualized under fluorescence
microscope. (B) Histogram representing percent apoptosis in rutin-treated SiHa cells for 24 h

examined by flow cytometric analysis. (C) Percentage of rutin-induced apoptotic cells in cervical
cancer SiHa cells examined by Annexin V-FITC/PI assay (* p < 0.05 compared with control group).



Molecules 2021, 26, 5529 90f17

CONTROL

120pM 160uM

80uM

120pM 160uM
(B)
1.6
1.4
1.2-
= 1.0
0 0-8
= 0.6
0.4
0.2
0.0

Released cytochrome C

80 120
Rutin (uM)

(©

Figure 4. Rutin significantly induces mitochondrial-mediated apoptosis in cervical cancer cells.
(A) Rutin-induced mitochondrial membrane potential (MMP) disruption in cervical cancer SiHa cells
analyzed by staining with fluorescent dye Rh123 and (B) MitoTracker Red. (C) Rutin induces the
release of cytochrome c in cervical cancer SiHa cells assessed by a human cytochrome ¢ enzyme-
linked immunosorbent assay kit. The results are represented as mean = SEM of three independent
experiments (* p < 0.01, ** p < 0.001 compared with control group).
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3.5. Caspase-Mediated Apoptosis Induction in Rutin-Treated SiHa Cancer Cells

Caspases are a family of cysteine proteases that triggers apoptosis via cleaving proteins
at aspartic acid residues. To further investigate the underlying mechanism of apoptosis
induction, we further investigated the involvement of caspases in apoptosis induction
in SiHa cells, real-time qPCR and colorimetric analysis were performed. These results
indicated that rutin treatment significantly stimulated the Caspase-3 and -9 activities after
24 h as observed by mRNA expression and percent activation (Figure 5A,B).

To illustrate whether rutin-induced cytotoxicity in SiHa cancer cells was associated
with the activation of caspases (Caspase-3 and -9), SiHa cells were pretreated with 50 pm
of Caspase-3 and -9 inhibitors (Z-DEVD-FMK and Z-LEHD-FMK) for 2 h and then treated
with selective doses of rutin for 24 h (Figure 5C,D). The MTT assay was used to assess the
cell viability as described above. Pretreatment with both the caspase inhibitors potentially
reduced the cytotoxicity in SiHa cancer cells caused by rutin treatment. These results
have supported the crucial role of caspase activation in rutin-induced apoptosis in cervical
cancer cells via a caspase-dependent pathway.
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Figure 5. Rutin significantly induces caspase-mediated apoptosis in cervical cancer cells. (A) The
mRNA expression of Caspase-3 and -9 in cervical cancer cells treated with rutin (80, 120, and 160 uM)
was investigated by qRT PCR. (B) Enhanced activity of Caspase-3 and -9 in rutin-treated SiHa cells
examined by caspase colorimetric kits using specific substrates. (C,D) Percent cell viability of SiHa
cells pretreated with respective caspase inhibitors then treated with various concentrations of rutin
(40-200 uM) for 24 h assessed by MTT assay. The results are represented as mean & SEM of three
independent experiments (* p < 0.01, ** p < 0.001 compared with control group).

3.6. Effect of Rutin on ROS Generation in Apoptosis Induction

In order to find out whether rutin mediates its apoptotic effects through ROS gener-
ation, intracellular levels of ROS were analyzed by employing fluorescence microscopy
(CM-H2DCFDA fluorescent probe). Figure 6A clearly shows an increased intracellular ROS
level (significant fluorescence intensity) in rutin-treated cells for 12 h. Quantitative analysis
also presented augmented ROS production in a dose-dependent manner (Figure 6B). Fur-
ther, to corroborate the rutin-mediated augmentation of ROS level, SiHa cancer cells were
pretreated with ROS inhibitor (NAC, N-acetyl-L-cysteine). Quantitative analysis displayed
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the attenuation of elevated ROS level in NAC (10 mm) pretreated SiHa cancer cells, which
strongly substantiated our research that rutin could enhance the ROS level in SiHa cancer
cells (Figure 6C). To establish the ROS involvement in rutin-induced cytotoxicity in SiHa
cancer cells, we investigated their effects in NAC (10 mm) pretreated SiHa cancer cells by
MTT assay. Pretreated SiHa cells exhibited a significant reduction in cytotoxicity caused
by rutin (Figure 6D). Hence, these findings indicated that augmented ROS generation is
crucial for rutin-induced apoptosis in SiHa cancer cells.
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Figure 6. Rutin significantly induces ROS-mediated apoptosis in cervical cancer cells. (A) Increased
level of ROS generation in rutin-treated SiHa cells stained with by DCFDA staining and examined
by fluorescence microscopy. (B) Quantification of enhanced percentage of DCFDA fluorescence in
rutin-treated SiHa cells. (C) Comparative analysis of ROS generation in SiHa cells pretreated with
a NAC (ROS inhibitor) and then with different concentrations of rutin. (D) Percent cell viability of
SiHa cells pretreated with NAC and then with rutin for 24 h assessed by MTT assay. The results are
represented as mean 3 SEM of three independent experiments (* p < 0.01, ** p < 0.001 compared with

control group).

4. Discussion

To date, numerous reports have demonstrated the crosstalk between Jabl and onco-
genic signaling pathways, thereby suggesting it as a potential therapeutic target in several
carcinomas including cervical cancer. Therefore, we focused our study toward exploring
the inhibitory potential of rutin against Jabl in SiHa cervical cancer cells as well as the series
of events associated with apoptosis induction that have not been explored till now. Our
research findings proved our hypothesis via establishing strong inhibitory efficacy of rutin
against Jabl in SiHa cancer cells. Deregulated apoptosis has been associated with several
human malignancies including cancer [24,25]. Jabl has been crucially involved in regulat-
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ing a series of tumor biological processes such as apoptosis, invasion, cellular proliferation,
migration, and cell cycle [26-29]. Several types of research have thus been emphasizing
exploiting the potential of phytocompounds for targeting these aberrant biomarkers via
apoptosis induction in developing a better therapeutic approach against cancer [30-34].
One such phytochemical, rutin (glycosylated polyphenolic phytocompound), has been
reported in various fruits and vegetables and has exhibited significant anticancer potential
in various carcinomas such as bladder, cervical, liver, stomach, prostate, and lung cancers.
Our recently published research has also supported the anticancerous efficacy of rutin
in cervical cancer, which has further promoted us to unravel the inhibitory potential of
rutin against a potent multifunctional oncogene that has been crucially involved in the
progression of various cancers [35-37].

Firstly, we employed MTT and LDH assays to establish the cytotoxic potential of
rutin in SiHa cancer cells and our results exhibited significant growth inhibitory effect in
a dose-dependent manner (Figure 1A,B). However, rutin does not cause any significant
cytotoxicity in normal cells as reported in our previous study [36]. RT-PCR assay was
then performed to establish the inverse association between rutin and JabI expression in
cervical cancer that has not been explored yet. Our findings revealed that rutin treatment
resulted in a significant reduction in the mRNA expression of Jabl (Figure 2A). This further
prompted us to elucidate the molecular mechanisms of JabI-induced apoptotic signaling
pathways that regulate the biological behaviors of cervical cancer cells.

Several reports have explained the association of Jabl/p27 inverse correlation with
the phytocompound-mediated apoptosis induction in cancer cells [37-40]. Jab1 executes its
biological role by promoting the degradation of several tumor suppressor genes including
p27 and p53 via translocating them from the nucleus to cytoplasm [41,42]. Sang et al. have
also supported the fact that JabI inhibition promoted apoptosis induction via p53-mediated
apoptotic pathways in gastric carcinoma [43]. Therefore, we investigated the effect of
rutin treatment on mRNA expression of p53 and p27 in SiHa cells. The qRT-PCR results
showed significant upregulation of p27 and p53 levels in rutin-treated SiHa cells in a
dose-responsive manner (Figure 2B).

It was further reported that Jabl knockdown resulted in modulation of Bax (upregula-
tion) and Bcl-2 (downregulation) expression, which subsequently led to cancer cell growth
inhibition through apoptosis induction [44]. It is a well-known fact that Bax (pro-apoptotic
protein) plays a critical role in the regulation of the intrinsic apoptotic pathway through
pore formation in the outer mitochondrial membranes, thereby resulting in the cytochrome
c leakage, which is inhibited by Bcl-2 (anti-apoptotic protein) [45]. In the present study,
rutin treatment resulted in increased Bax mRNA level and reduced Bcl-2 mRNA expression
levels in cervical cancer SiHa cells (Figure 2C). These results projected the modulation of
apoptosis-related genes as one of the molecular mechanisms associated with apoptosis
induction in rutin-treated SiHa cells.

The hallmarks of apoptosis are based on morphological characteristics such as nuclear
and chromatin condensation, which are further associated with rounding up of the cell,
cellular volume reduction, and apoptotic body formation [46-49]. The DAPI staining
method was, therefore, utilized to analyze the nuclear morphology in rutin-treated SiHa
cells, and the obtained results revealed the increase in nuclear condensation in a dose-
dependent manner (Figure 3A). Additionally, the Annexin V- FITC/PI staining method
was performed to quantify the early and late apoptotic cells. The results of the Annexin V
FITC/PI assay show a dose-responsive increase in the number of apoptotic cells after rutin
treatment at 24 h (Figure 3B,C).

Numerous studies have reported the implication of the mitochondrial apoptotic path-
way in the apoptosis induction potential of phytocompounds in several cancers [50-52].
MitoTracker and Rhodamine dye analysis displayed depolarized MMP (mitochondrial
membrane potential) of rutin-treated SiHa cells (Figure 4A,B). Moreover, rutin treatment
also enhances cytochrome c release into the cytosol, which is needed for subsequent activa-
tion of Caspase-3 and -9 (Figure 4C). All apoptotic signaling pathways have been reported
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to be activated by a cascade of caspases (family of cysteine proteases) that cleave proteins
at aspartate residues [50,51]. The results of the present study revealed that rutin treatment
led to a significantly stimulated caspase activity and mRNA expression level of both the
caspases in cervical cancer cells (Figure 5A-D). These data indicated that rutin induces
apoptosis in cervical cancer cells through a caspase-dependent pathway.

Recent research has emphasized oxidative-stress-mediated apoptosis induction as one
of the promising therapeutic strategies against cancer cells (not in normal cells) [52]. Ele-
vated ROS levels have been reported to act as prominent intracellular signaling molecules in
apoptosis induction [52]. Several phytocompounds have been reported to be ROS inducers
in various cancer cells, and in accordance with these findings, rutin treatment also resulted
in dose-dependent ROS generation in SiHa cancer cells, which plays an important role
in cell apoptosis. Moreover, attenuation of ROS by NAC (N-acetylcysteine) significantly
inhibited rutin-induced cell death in cervical cancer cells (Figure 6A-D). Taken together,
the present study manifested that rutin induces mitochondrial-mediated apoptotic cell
death via Jabl downregulation and upregulation of tumor suppressor genes in cervical
SiHa cancer cells. Altogether, we conclude that rutin may be used as a future anti-cervical
cancer agent after in vivo and clinical studies.

5. Conclusions

In conclusion, our research highlights that rutin possesses significant growth inhibitory
effects on SiHa cervical cancer cells. This is the first study that established a direct associ-
ation between rutin-mediated Jabl downregulation and the growth inhibitory potential
of rutin in SiHa cancer cells. Further, we employed several assays to establish a possi-
ble mechanism associated with this JabI inhibitory potential of rutin. Altogether, rutin
induces apoptosis in cervical cancer cells through Jabl downregulation and caspase- and
ROS-dependent mitochondrial pathways. Hence, our findings suggest that rutin could be
a promising therapeutic agent for better management of cervical cancer with minimal side
effects and toxicity against normal cells. Further research is still warranted to elucidate the
anticancer potential of rutin in vivo.

Author Contributions: Conceptualization, PP. and FK.; methodology, P.P. and EK.; software, P.P.
and FK; validation, PP. and EK; formal analysis, P.P. and F.K; investigation, PP. and F.K; resources,
P.P. and FK,; data curation, PP. and FK.; writing—original draft preparation, PP. and FK.; writing—
review and editing, PP. and FK.; visualization, PP. and EK.; supervision, P.P. and EK.; project
administration, PP, FX.,, FA.A., HA.Q. and M.O.; writing—review and editing, FA.A., H. A.Q.
and M.O,; funding acquisition, FA.A., H A.Q. and M.O. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Dean of Scientific Research (DSR), King Abdulaziz University,
Jeddah (IFPHI-270-188-2020)” with the name of the Institutional Funding Program.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: All data are available from the corresponding author on reasonable request.

Acknowledgments: We are highly grateful to the Dean of Scientific Research (DSR), King Abdulaziz
University, Jeddah, for providing the grant (IFPHI-270-188-2020) with the name of the Institutional
Funding Program. The authors would also like to thank Noida Institute of Engineering and Technol-
ogy (NIET), Greater Noida, for providing lab support.

Conflicts of Interest: The authors declared that they have no conflict of interest.

Sample Availability: Not applicable.



Molecules 2021, 26, 5529 16 of 17

References

1. Moga, M.A; Dimienescu, O.G.; Arvatescu, C.A.; Mironescu, A.; Dracea, L.; Ples, L. The Role of Natural Polyphenols in the
Prevention and Treatment of Cervical Cancer-An Overview. Molecules 2016, 21, 1055. [CrossRef] [PubMed]

2. Arbyn, M.; Weiderpass, E.; Bruni, L.; de Sanjosé, S.; Saraiya, M.; Ferlay, J.; Bray, F. Estimates of incidence and mortality of cervical
cancer in 2018: A worldwide analysis. Lancet Glob. Health 2020, 8, e191-e203. [CrossRef]

3.  Pandey, P; Khan, E Jabl Inhibition by Methanolic Extract of Moringa Oleifera Leaves in Cervical Cancer Cells: A Potent Targeted
Therapeutic Approach. Nutr. Cancer 2020, 1-9. [CrossRef]

4. Maurya, P; Pandey, P; Khan, F,; Mishra, R.; Chaudhary, R.; Singh, S.K. Study to Elucidate the Inhibitory Potential of Selected
Flavonoids against Jabl in Cervical Cancer. Biolnterface Res. Appl. Chem. 2021, 12, 1290-1303. [CrossRef]

5. Ashrafizadeh, M.; Javanmardi, S.; Moradi-Ozarlou, M.; Mohammadinejad, R.; Farkhondeh, T.; Samarghandian, S.; Garg, M.
Natural products and phytochemical nanoformulations targeting mitochondria in oncotherapy: An updated review on resveratrol.
Biosci. Rep. 2020, 40, BSR20200257. [CrossRef]

6. Liontos, M.; Kyriazoglou, A.; Dimitriadis, I.; Dimopoulos, M.A.; Bamias, A. Systemic therapy in cervical cancer: 30 years in
review. Crit. Rev. Oncol. Hematol. 2019, 137, 9-17. [CrossRef]

7. Kuo, C.-Y;; Schelz, Z.; Téth, B.; Vasas, A.; Ocsovszki, I.; Chang, F.-R.; Hohmann, J.; Zupké, I.; Wang, H.-C. Investigation of
natural phenanthrenes and the antiproliferative potential of juncusol in cervical cancer cell lines. Phytomedicine 2019, 58, 152770.
[CrossRef] [PubMed]

8.  Bose, S.; Banerjee, S.; Mondal, A.; Chakraborty, U.; Pumarol, J.; Croley, C.R.; Bishayee, A. Targeting the JAK/STAT Signaling
Pathway Using Phytocompounds for Cancer Prevention and Therapy. Cells 2020, 11, 1451. [CrossRef] [PubMed]

9. Banzato, T.P,; Gubiani, J.R.; Bernardi, D.I.; Nogueira, C.R.; Monteiro, A.F; Juliano, EE.; De Alencar, S.M.; Pilli, R.A.; de Lima, C.;
Longato, G.; et al. Antiproliferative Flavanoid Dimers Isolated from Brazilian Red Propolis. J. Nat. Prod. 2020, 83, 1784-1793.
[CrossRef]

10. Pandey, P; Khan, F.; Mazumder, A.; Rana, A.K,; Srivastava, Y. Inhibitory Potential of Dietary Phytocompounds of Nigella sativa
against Key Targets of Novel Coronavirus (COVID-19). Indian J. Pharm. Educ. Res. 2021, 55. [CrossRef]

11. Imran, A.; Orhan, LE,; Rizwan, M.; Atif, M.; Gondal, T.A.; Mubarak, M.S. Luteolin, a flavonoid, as an anticancer agent: A review.
Biomed. Pharmacother. 2019, 112, 108612. [CrossRef]

12. Imran, M.; Rauf, A.; Shah, Z.A.; Saeed, E; Imran, A.; Arshad, M.U.; Ahmad, B.; Bawazeer, S.; Atif, M.; Peters, D.G.; et al.
Chemo-preventive and therapeutic effect of the dietary flavonoid kaempferol: A comprehensive review. Phytother. Res. 2019,
33, 263-275. [CrossRef]

13. Uysal, S.; Aktumsek, A.; Picot-Allain, C.M.; Unuvar, H.; Mollica, A.; Georgiev, M.I.; Zengin, G.; Mahomoodally, M.F. Biological,
chemical and in silico fingerprints of Dianthus calocephalus Boiss.: A novel source for rutin. Food Chem. Toxicol. 2018, 113, 179-186.
[CrossRef]

14. Gulldn, B,; Lu-Chau, T.A.; Moreira, M.T.; Lema, ].M.; Eibes, G. Rutin: A review on extraction, identification and purification
methods, biological activities and approaches to enhance its bioavailability. Trends Food Sci. Technol. 2017, 67, 220-235. [CrossRef]

15. Farha, AK,; Gan, R-Y,; Li, H-B.; Wu, D.-T.; Atanasov, A.G.; Gul, K.; Zhang, ].-R.; Yang, Q.-Q.; Corke, H. The anticancer potential
of the dietary polyphenol rutin: Current status, challenges, and perspectives. Crit. Rev. Food Sci. Nutr. 2020, 1-28. [CrossRef]

16. Ganeshpurkar, A.; Saluja, A.K. The Pharmacological Potential of Rutin. Saudi Pharm. J. 2017, 25, 149-164. [CrossRef] [PubMed]

17. Budzynska, B.; Faggio, C.; Kruk-Slomka, M.; Samec, D.; Nabavi, S.F; Sureda, A.; Devi, K.P,; Nabavi, S.M. Rutin as Neuroprotective
Agent: Rom Bench to Bedside. Curr. Med. Chem. 2019, 26, 5152-5164. [CrossRef] [PubMed]

18. Kumari, A.; Rajput, V.S.; Nagpal, P.,; Kukrety, H.; Grover, S.; Grover, A. Dual inhibition of SARS-CoV-2 spike and main protease
through a repurposed drug, rutin. J. Biomol. Struct. Dyn. 2020, 1-13. [CrossRef]

19. Motamedshariaty, V.S.; Amel Farzad, S.; Nassiri-Asl, M.; Hosseinzadeh, H. Effects of rutin on acrylamide-induced neurotoxicity.
Daru 2014, 22, 27. [CrossRef]

20. Thabet, N.M.; Moustafa, E.M. Protective effect of rutin against brain injury induced by acrylamide or gamma radiation: Role of
PI3K/AKT/GSK-3p3 /NRF-2 signalling pathway. Arch. Physiol. Biochem. 2018, 124, 185-193. [CrossRef]

21. Pandey, P; Sayyed, U.; Tiwari, R.K,; Siddiqui, M.H.; Pathak, N.; Bajpai, P. Hesperidin Induces ROS-Mediated Apoptosis along
with Cell Cycle Arrest at G2/M Phase in Human Gall Bladder Carcinoma. Nutr. Cancer 2019, 71, 676-687. [CrossRef]

22. Khan, F; Pandey, P; Jha, N.K,; Jafri, A.; Khan, I. Antiproliferative effect of Moringa oleifera methanolic leaf extract by down-
regulation of Notch signaling in DU145 prostate cancer cells. Gene Rep. 2020, 19, 100619. [CrossRef]

23. Pandey, P; Khan, F; Maurya, P. Targeting Jab1 using hesperidin (dietary phytocompound) for inducing apoptosis in HeLa cervical
cancer cells. J. Food Biochem. 2021, 45, €13800. [CrossRef] [PubMed]

24. Singh, R.; Letai, A.; Sarosiek, K. Regulation of apoptosis in health and disease: The balancing act of BCL-2 family proteins. Nat.
Rev. Mol. Cell Biol. 2019, 20, 175-193. [CrossRef]

25.  Pistritto, G.; Trisciuoglio, D.; Ceci, C.; Garufi, A.; D'Orazi, G. Apoptosis as anticancer mechanism: Function and dysfunction of its
modulators and targeted therapeutic strategies. Aging 2016, 8, 603-619. [CrossRef] [PubMed]

26. Xiao, H.; Claret, EX_; Shen, Q. The novel Jabl inhibitor CSN5i-3 suppresses cell proliferation and induces apoptosis in human
breast cancer cells. Neoplasma 2019, 66, 481-486. [CrossRef] [PubMed]

27. Guo, Z.; Wang, Y.; Zhao, Y,; Shu, Y.; Liu, Z.; Zhou, H.; Wang, H.; Zhang, W. The pivotal oncogenic role of Jabl/CSN5 and its

therapeutic implications in human cancer. Gene 2019, 687, 219-227. [CrossRef] [PubMed]


http://doi.org/10.3390/molecules21081055
http://www.ncbi.nlm.nih.gov/pubmed/27548122
http://doi.org/10.1016/S2214-109X(19)30482-6
http://doi.org/10.1080/01635581.2020.1826989
http://doi.org/10.33263/BRIAC121.12901303
http://doi.org/10.1042/BSR20200257
http://doi.org/10.1016/j.critrevonc.2019.02.009
http://doi.org/10.1016/j.phymed.2018.11.030
http://www.ncbi.nlm.nih.gov/pubmed/31005716
http://doi.org/10.3390/cells9061451
http://www.ncbi.nlm.nih.gov/pubmed/32545187
http://doi.org/10.1021/acs.jnatprod.9b01136
http://doi.org/10.5530/ijper.55.1.21
http://doi.org/10.1016/j.biopha.2019.108612
http://doi.org/10.1002/ptr.6227
http://doi.org/10.1016/j.fct.2018.01.049
http://doi.org/10.1016/j.tifs.2017.07.008
http://doi.org/10.1080/10408398.2020.1829541
http://doi.org/10.1016/j.jsps.2016.04.025
http://www.ncbi.nlm.nih.gov/pubmed/28344465
http://doi.org/10.2174/0929867324666171003114154
http://www.ncbi.nlm.nih.gov/pubmed/28971760
http://doi.org/10.1080/07391102.2020.1864476
http://doi.org/10.1186/2008-2231-22-27
http://doi.org/10.1080/13813455.2017.1374978
http://doi.org/10.1080/01635581.2018.1508732
http://doi.org/10.1016/j.genrep.2020.100619
http://doi.org/10.1111/jfbc.13800
http://www.ncbi.nlm.nih.gov/pubmed/34047379
http://doi.org/10.1038/s41580-018-0089-8
http://doi.org/10.18632/aging.100934
http://www.ncbi.nlm.nih.gov/pubmed/27019364
http://doi.org/10.4149/neo_2018_181016N772
http://www.ncbi.nlm.nih.gov/pubmed/30868895
http://doi.org/10.1016/j.gene.2018.11.061
http://www.ncbi.nlm.nih.gov/pubmed/30468907

Molecules 2021, 26, 5529 17 of 17

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Wu, B,; Pan, Y;; Liu, G,; Yang, T.; Jin, Y.; Zhou, F.; Wei, Y. MRPS30-DT Knockdown Inhibits Breast Cancer Progression by Targeting
Jab1/Copsb. Front. Oncol. 2019, 9, 1170. [CrossRef]

Pistollato, F.; Giampieri, E; Battino, M. The use of plant-derived bioactive compounds to target cancer stem cells and modulate
tumor microenvironment. Food Chem. Toxicol. 2015, 75, 58-70. [CrossRef]

Pistollato, F.; Bremer-Hoffmann, S.; Basso, G.; Cano, S.S.; Elio, I.; Vergara, M.M.; Giampieri, F,; Battino, M. Targeting Glioblastoma
with the Use of Phytocompounds and Nanoparticles. Target. Oncol. 2015, 11, 1-16. [CrossRef]

Anwanwan, D.; Singh, S.K; Singh, S.; Saikam, V.; Singh, R. Challenges in liver cancer and possible treatment approaches. Biochim.
Biophys. Acta Rev. Cancer 2020, 1873, 188314. [CrossRef]

Pistollato, F; Iglesias, R.C.; Ruiz, R.; Aparicio, S.; Crespo, J.; Lopez, L.A.D.; Giampieri, F; Battino, M. The use of natural
compounds for the targeting and chemoprevention of ovarian cancer. Cancer Lett. 2017, 411, 191-200. [CrossRef] [PubMed]
Abbasi, B.A.; Igbal, J.; Ahmad, R.; Bibi, S.; Mahmood, T.; Kanwal, S.; Bashir, S.; Gul, F.; Hameed, S. Potential phytochemicals in
the prevention and treatment of esophagus cancer: A green therapeutic approach. Pharmacol. Rep. 2019, 71, 644-652. [CrossRef]
[PubMed]

Deepika, M.S.; Thangam, R.; Sheena, T.S.; Sasirekha, R.; Sivasubramanian, S.; Babu, M.D.; Jeganathan, K.; Thirumurugan, R. A
novel rutin-fucoidan complex based phytotherapy for cervical cancer through achieving enhanced bioavailability and cancer cell
apoptosis. Biomed. Pharmacother. 2019, 109, 1181-1195. [CrossRef] [PubMed]

Khan, F; Pandey, P.; Upadhyay, T.; Jafri, A.; Jha, N.K.; Mishra, R.; Singh, V. Anti-Cancerous Effect of Rutin Against HPV-C33A
Cervical Cancer Cells via G0/G1 Cell Cycle Arrest and Apoptotic Induction. Endocr. Metab. Immune Disord.-Drug Targets 2020,
20, 409-418. [CrossRef]

Li, Q;; Ren, L.; Zhang, Y.; Gu, Z,; Tan, Q.; Zhang, T.; Qin, M.; Chen, S. P38 Signal Transduction Pathway Has More Cofactors
on Apoptosis of SGC-7901 Gastric Cancer Cells Induced by Combination of Rutin and Oxaliplatin. BioMed Res. Int. 2019,
2019, 6407210. [CrossRef] [PubMed]

Pan, Y.; Zhang, Q.; Tian, L.; Wang, X.; Fan, X.; Zhang, H.; Claret, EX.; Yang, H. Jabl/CSN5 Negatively Regulates p27 and Plays a
Role in the Pathogenesis of Nasopharyngeal Carcinoma. Cancer Res. 2012, 72, 1890-1900. [CrossRef]

Pandey, P; Bajpai, P.; Siddiqui, M.H.; Sayyed, U.; Tiwari, R.; Shekh, R.; Mishra, K.; Kapoor, V. Elucidation of the Chemopreventive
Role of Stigmasterol Against Jabl in Gall Bladder Carcinoma. Endocr. Metab. Immune Disord.—Drug Targets 2019, 19, 826-837.
[CrossRef]

Pandey, P; Siddiqui, M.H.; Behari, A.; Kapoor, V.K.; Mishra, K.; Sayyed, U.; Tiwari, R.K.; Shekh, R.; Bajpai, . Jab1-siRNA Induces
Cell Growth Inhibition and Cell Cycle Arrest in Gall Bladder Cancer Cells via Targeting Jabl Signalosome. Anti-Cancer Agents
Med. Chem. 2020, 19, 2019-2033. [CrossRef]

Yuan, C.; Wang, D.; Liu, G.; Pan, Y. Jabl /Cops5: A promising target for cancer diagnosis and therapy. Int. J. Clin. Oncol. 2021,
26,1159-1169. [CrossRef]

Samsa, W.E.; Mamidi, M.K,; Bashur, L.A.; Elliott, R.; Miron, A.; Chen, Y; Lee, B.; Greenfield, E.M.; Chan, R.; Danielpour, D.; et al.
The crucial p53-dependent oncogenic role of JAB1 in osteosarcoma in vivo. Oncogene 2020, 39, 4581-4591. [CrossRef]

Sang, M.M.; Du, W.Q.; Zhang, R.Y.; Zheng, ].N.; Pei, D.S. Suppression of CSN5 promotes the apoptosis of gastric cancer cells
through regulating p53-related apoptotic pathways. Bioorg. Med. Chem. Lett. 2015, 25, 2897-2901. [CrossRef] [PubMed]

Liu, G,; Claret, EX.; Zhou, F; Pan, Y. Jab1/COPS5 as a Novel Biomarker for Diagnosis, Prognosis, Therapy Prediction and
Therapeutic Tools for Human Cancer. Front Pharmacol. 2018, 9, 135. [CrossRef]

Zhang, M.; Zheng, J.; Nussinov, R.; Ma, B. Release of Cytochrome C from Bax Pores at the Mitochondrial Membrane. Sci. Rep.
2017, 7, 2635. [CrossRef] [PubMed]

Pathak, R.U.; Soujanya, M.; Mishra, R.K. Deterioration of nuclear morphology and architecture: A hallmark of senescence and
aging. Ageing Res. Rev. 2021, 67, 101264. [CrossRef] [PubMed]

Abbaszadeh, H.; Keikhaei, B.; Mottaghi, S. A review of molecular mechanisms involved in anticancer and antiangiogenic effects
of natural polyphenolic compounds. Phytother. Res. 2019, 33, 2002-2014. [CrossRef]

Abotaleb, M.; Samuel, S.M.; Varghese, E.; Varghese, S.; Kubatka, P.; Liskova, A.; Biisselberg, D. Flavonoids in Cancer and
Apoptosis. Cancers 2018, 11, 28. [CrossRef]

Kesavardhana, S.; Malireddi, R.K.S.; Kanneganti, T.D. Caspases in Cell Death, Inflammation, and Pyroptosis. Annu. Rev. Immunol.
2020, 38, 567-595. [CrossRef]

Zamaraev, A.V,; Kopeina, G.S.; Prokhorova, E.A.; Zhivotovsky, B.; Lavrik, LN. Post-translational Modification of Caspases: The
Other Side of Apoptosis Regulation. Trends Cell Biol. 2017, 27, 322-339. [CrossRef]

Poprac, P;; Jomova, K.; Simunkova, M.; Kollar, V.; Rhodes, C.J.; Valko, M. Targeting Free Radicals in Oxidative Stress-Related
Human Diseases. Trends Pharmacol. Sci. 2017, 38, 592—607. [CrossRef]

Liu, Q.; Luo, Q.; Halim, A.; Song, G. Targeting lipid metabolism of cancer cells: A promising therapeutic strategy for cancer.
Cancer Lett. 2017, 401, 39-45. [CrossRef]

Redza-Dutordoir, M.; Averill-Bates, D.A. Activation of apoptosis signalling pathways by reactive oxygen species. Biochim. Biophys.
Acta 2016, 1863, 2977-2992. [CrossRef] [PubMed]


http://doi.org/10.3389/fonc.2019.01170
http://doi.org/10.1016/j.fct.2014.11.004
http://doi.org/10.1007/s11523-015-0378-5
http://doi.org/10.1016/j.bbcan.2019.188314
http://doi.org/10.1016/j.canlet.2017.09.050
http://www.ncbi.nlm.nih.gov/pubmed/29017913
http://doi.org/10.1016/j.pharep.2019.03.001
http://www.ncbi.nlm.nih.gov/pubmed/31181380
http://doi.org/10.1016/j.biopha.2018.10.178
http://www.ncbi.nlm.nih.gov/pubmed/30551368
http://doi.org/10.2174/1871530319666190806122257
http://doi.org/10.1155/2019/6407210
http://www.ncbi.nlm.nih.gov/pubmed/31781632
http://doi.org/10.1158/0008-5472.CAN-11-3472
http://doi.org/10.2174/1871530319666190206124120
http://doi.org/10.2174/1871520619666190725122400
http://doi.org/10.1007/s10147-021-01933-9
http://doi.org/10.1038/s41388-020-1320-6
http://doi.org/10.1016/j.bmcl.2015.05.057
http://www.ncbi.nlm.nih.gov/pubmed/26048783
http://doi.org/10.3389/fphar.2018.00135
http://doi.org/10.1038/s41598-017-02825-7
http://www.ncbi.nlm.nih.gov/pubmed/28572603
http://doi.org/10.1016/j.arr.2021.101264
http://www.ncbi.nlm.nih.gov/pubmed/33540043
http://doi.org/10.1002/ptr.6403
http://doi.org/10.3390/cancers11010028
http://doi.org/10.1146/annurev-immunol-073119-095439
http://doi.org/10.1016/j.tcb.2017.01.003
http://doi.org/10.1016/j.tips.2017.04.005
http://doi.org/10.1016/j.canlet.2017.05.002
http://doi.org/10.1016/j.bbamcr.2016.09.012
http://www.ncbi.nlm.nih.gov/pubmed/27646922

	Introduction 
	Materials and Methods 
	Experimental Requirements 
	MTT Assay 
	Extracellular Lactate Dehydrogenase (LDH) Activity Analysis in Rutin-Treated SiHa Cells 
	Investigation of Nuclear Morphology in Rutin-Treated Cells 
	Quantification of Apoptosis by Annexin V-FITC/PI Assay 
	Investigation of Caspases Activities in Rutin-Treated SiHa Cells 
	Investigation of the Effect of Caspase (Caspase-3 and Caspase-9) Inhibitors 
	Investigation of MMP (Mitochondrial Membrane Potential) in Rutin-Treated SiHa Cells 
	Measurement of Cytochrome C Level 
	Measurement of Intracellular ROS (Reactive Oxygen Species) Level 
	Investigation of ROS Inhibitor, NAC (N-Acetyl-L-Cysteine) Efficacy 
	Real-Time PCR Analysis 
	Statistical Analyses 

	Results 
	Rutin-Induced Antiproliferative Activity in SiHa Cervical Cancer Cells 
	Rutin Inhibits the Growth of SiHa Cells via Downregulation of Jab1 and Upregulation of p27 
	Rutin Induces Apoptosis in SiHa Cancer Cells through Upregulation of p53, Bax, and Downregulation of Bcl-2 
	Mitochondrial-Mediated Apoptosis Induction in Rutin-Treated SiHa Cancer Cells 
	Caspase-Mediated Apoptosis Induction in Rutin-Treated SiHa Cancer Cells 
	Effect of Rutin on ROS Generation in Apoptosis Induction 

	Discussion 
	Conclusions 
	References

