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Abstract
Natural substances have been demonstrated to be an unrivalled source of anticancer drugs 
in the present era of pharmacological development. Plant-based substances, together with 
their derivatives through analogues, play a significant character in the treatment of cancer 
by altering the tumor microenvironment and several signaling pathways. In this study, it 
was investigated whether the natural drugs, formononetin (FN) and sulforaphane (SFN), 
when combined, assess the efficacy of inhibiting cervical cancer cell proliferation by 
impeding the PI3K/Akt/mTOR signaling pathway in HeLa cells. The cells were treated 
with the combination of FN and SFN (FN + SFN) in various concentrations (0–50 µM) 
for 24 h and then analyzed for various experiments. The combination of FN + SFN-medi-
ated cytotoxicity was analyzed by MTT assay. DCFH-DA staining was used to assess the 
ROS measurement, and apoptotic changes were studied by dual (AO/EtBr) staining assays. 
Protein expressions of cell survival, cell cycle, proliferation, and apoptosis protein were 
evaluated by flow cytometry and western blotting. Results showed that the cytotoxicity of 
FN and SFN was determined to be around 23.7 µM and 26.92 µM, respectively. Combin-
ing FN and SFN causes considerable cytotoxicity in HeLa cells, with an IC50 of 21.6 µM 
after 24-h incubation. Additionally, HeLa cells treated with FN and SFN together showed 
increased apoptotic signals and considerable ROS generation. Consequently, by prevent-
ing the production of PI3K, AKT, and mToR-mediated regulation of proliferation and cell 
cycle-regulating proteins, the combined use of FN + SFN has been regarded as a chemo-
therapeutic medication. Further research will need to be done shortly to determine how 
effectively the co-treatment promotes apoptosis to employ them economically.
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Introduction

 Cancer is the second most powerful cause of death, based on the report from GLOBO-
CAN 2020, which predicted that, globally, cancer-related cases and deaths will be approxi-
mately 19.3  million annually and 10  million in the year 2020 correspondingly. Cervical 
cancer is the third most general factor in death in women globally out of all cancers. As 
one of the most common gynecological malignancies, cervical cancer will affect over six 
million women in 2020 and cause 342,000 deaths [1]. Cervical cancer begins to develop 
earlier in life. Unavoidable attention must be paid to it [2, 3].

Human papillomavirus (HPV) infection that persists is a contributing factor of cervi-
cal cancer, which infects the cervix’s epithelial cells. High-risk HPV causes uncontrolla-
bly multiplying infected cells by interfering with the processes of cell division, replica-
tion, and communication once it infects cervical cells [4]. Viral oncoproteins E6 and E7 
suppress TP53 and RB1 proteins, changing DNA repair processes, apoptosis, and the cell 
cycle. Eventually, an HPV infection with oncogenic HPV types can persist and transform 
healthy cells into abnormal cells, if the body’s immune system is unable to eradicate the 
virus, ultimately leading to cancer [5]. Further, multiple investigations have revealed that 
extremely dangerous HPV infection, particularly HPV16 and HPV18, which are responsi-
ble for above 70% of metastatic cervical malignancies, is linked to about 90% of cervical 
carcinomas. The main reasons and optimal environment for HPV infection are dysfunc-
tion of the cervical-vaginal microbiota and an inflammatory reaction [6]. Additionally, as 
studies progress, bacteria might also have a role in cervical cancer. They also enhance the 
likelihood of chronic HPV infection and they cause local inflammatory responses [7, 8].

According to Small et al. [9], cisplatin-based therapy, brachytherapy, and surgical exci-
sion are frequently used techniques to treat those diagnosed with cervical carcinoma. 
Development of neoadjuvant therapies is needed [9]. Due to the dismal prognosis, how-
ever, treatment resistance and high toxicity are equally concerning [10]. Therefore, it is 
necessary to discover novel treatment molecules that suppress carcinogenesis to improve 
chemotherapy results and upsurge the general survival probability of people with cervical 
cancer.

Tumor suppressor p16INK4a is up-regulated by HPVs, and this is linked to the PI3K/
Akt/mTOR pathway. When there is a strong chance that HPVs will inactivate the pRb 
protein, cervical cancer frequently expresses p16INK4a at high levels [11]. Cervical can-
cer HPV16 infection is linked to S6K phosphorylation. Moreover, the regulation of cell 
survival, growth, and proliferation is significantly influenced by the phosphatidylinositol 
3-kinase (PI3K)/AKT/mammalian target of the rapamycin (mTOR) signaling pathway. 
Human malignancies frequently include abnormalities in the main PI3K/AKT/mTOR sign-
aling pathway modules. The PI3K/Akt/mTOR circuit is one of many signaling cascades 
that control numerous cellular and molecular processes that are essential during the ini-
tiation, invasion, as well as metastasis of tumors [12]. Elevation of the signaling pathway 
consisting of PI3K and Akt has been interconnected to an assortment of human tumors, 
including cancers of the breast, ovary, endometrial, and malignant glioma, according to 
some research. Additionally, activation of the PI3K/Akt pathway is associated with a sub-
par response in cervical cancer [13]. According to this study, cervical cancers could be 
treated by targeting the PI3K/Akt/mTOR signaling system using a combination of dual 
natural drugs. Natural compounds originating from plants may be exploited as potential 
novel therapies for cancer. Phytochemicals can combine with a variety of molecular targets 
in tumor tissues and increase the effectiveness of conventional anticancer medications.
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As indicators for cancer diagnosis, combinatorial epigenetic markings are becoming more 
significant [14]. To synergistically activate tumor suppressors, the best dietary combination 
that can lower the level of DNA methylation and deacetylation levels could be chosen [15]. 
As a result of their success in treating as well as avoiding cancer, combination strategies are 
growing in prominence in the field of cancer research. A quantifiable metric known as the 
Combination Index (CI) has been used to demonstrate that, in many situations, the combina-
tion of two or more drugs is better than the combination of chemicals operating alone [16, 17]. 
The Combination Index evaluates the extent of drug synergism or antagonistic interactions 
for a certain endpoint of impact assessment [18]. Too frequently, very large dosages of one 
compound are used to test for efficiency, which may result in side effects. Combining lower 
doses of the individual drugs may improve their chemopreventive capability and translational 
effects.

More and more natural compounds are being researched as potential novel medications [19, 
20]. The isoflavone compound formononetin (C16H12O4) is mostly found in red clovers and 
the Chinese plant Astragalus membranaceus. The substance goes into a category of 4-position 
methoxy-substituted 7-hydroisoflavones. By modifying several signaling channels, formonon-
etin induces cell death and the cell cycle, inhibits cell invasion, and suppresses tumor-promot-
ing qualities both in vitro and in vivo. Through a synergistic effect, the use of formononetin 
in combination with other chemotherapeutic medications (such as bortezomib, sunitinib, epi-
rubicin, doxorubicin, temozolomide, and metformin) increases its anticancer potency. Before 
this study, it showed that the bulk of the trials investigating formononetin’s anticancer proper-
ties used concentrations between 0.3 and 53.7 µg/ml (or 1–200 µM). Formononetin displays 
an IC50 between 10 and 300 µM, demonstrating its effectiveness in suppressing a variety of 
cancer cells [21]. Formononetin has an anticancer effect; however, the exact mechanism is still 
unknown. So, the structural alteration of formononetin was crucial in the search for stronger 
anti-tumor drugs based on the natural substance.

An isothiocyanate (ITC) molecule called sulforaphane is generated from cruciferous plants. 
Its effectiveness against a variety of cancer types has been demonstrated in several trials. 
Sulforaphane acts therapeutically in an assortment of ways, including cell cycle arrest in the 
G2/M and G1 phases to reduce cell growth and detoxify oxidants and carcinogens by blocking 
phase I metabolic enzymes [22]. The stimulation of apoptosis, cell cycle arrest, and inhibition 
of angiogenesis and metastasis are only a few of the anticancer properties that SFN has been 
related to [23, 24]. According to multiple studies, adding SFN to a common chemotherapeutic 
drug (such as paclitaxel, docetaxel, or gemcitabine) boosts apoptosis. The fact that numerous 
articles have addressed how sulforaphane works to prevent cancer [25–27]. Even thorough, 
evaluation of sulforaphane’s synergistic effects and delivery methods is absent. However, there 
is no scientific proof that a combination of FN and SFN has an anticancer effect on cervical 
cancer especially in target-specific pathways. In order to investigate their potential synergistic 
chemopreventive effect against cervical cancer cells, FN and SFN were employed simultane-
ously in the current investigation. This work focused on molecular processes involved in the 
PI3K/AKT pathways, which may reflect the suppression at the initial phase of cervical cancer 
development.
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Materials and Methods

Reagents

The RPMI 1640 medium, tetrazolium bromide (MTT), fetal bovine serum (FBS), and 
phosphate-buffered saline (PBS) were obtained from Lonza Pvt Ltd. in China, along 
with other cell culture ingredients. Dimethyl sulfoxide (DMSO), formononetin (FN), 
and sulforaphane were purchased from Merck Sigma Aldrich Co. Ltd., St. Louis, USA. 
We obtained anti-PI3K, AKT, mTOR, cyclin-D1, PCNA, and CDK6 antibodies from 
Santa Cruz Biotechnology in the USA. The remaining scientific reagents and solutions 
had all molecular and sterile grades.

Cell Culture and Maintenance

HeLa, a cell line from a patient with cervical cancer, normal cervical cell line H8 were 
grown in Dulbecco’s modified Eagle’s medium (DMEM) media supplemented with 
L-glutamine and balanced salt solution (BSS) adjusted to contain glucose, 0.1 mm non-
essential amino acids, 1 mm sodium pyruvate, and 1% penicillin/streptomycin/ampho-
tericin B at 37 °C in a humid incubator with 5% CO2.

Cell Viability

After treatment with different concentrations of FN and SFN as well as chosen con-
centrations of the combination drugs, cell viability was assessed using the MTT test 
[28]. HeLa and H8 cells (1 × 104/ well) were trypsinized, placed in a 96-well plate, and 
given the night to adhere. They were subsequently given treatment for 24 h with specific 
chemicals. Following that, 10 µL of MTT was added to all wells, and the plates under-
went another 4 h of incubation at 37 °C. The formazan crystals were removed from the 
MTT-containing medium, liquefied in 100 µL of DMSO, and added to every well, and 
the plates were then stirred at 37 °C for 10 min. A microplate reader was then used to 
detect the absorbance of the colored solution at 550  nm. The following formula was 
used to compute the cell viability:

Drug Combinations Assay

The effectiveness of combinatorial therapies and their interactions were evaluated using 
CompuSyn software [18]. Combination Index (CI) values under 1 indicate drug syner-
gism, over 1 indicates drug additive activity, and more than 1 indicates drug antagonis-
tic behavior.

% viability = (OD value of experimental sample∕OD value of experimental control) × 100
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Morphological Analysis

The morphological changes of HeLa cells were examined using a combination of FN 
and SFN. The 6-well culture plates with seeded cells were incubated for 24 h. A trin-
ocular inverted phase contrast microscope (Lawrence & Mayo) was used to examine the 
cells after incubation to check for alterations in their morphological changes.

Dual Staining with Ethidium Bromide and Acridine Orange (AO/EB)

The proportion of cell apoptosis in HeLa cells treated with FN and SFN was assessed using 
AO/EtBr staining [29]. In a nutshell, HeLa cells (1 × 104 per well) were planted, and the 
cells were incubated at 37 °C for 24 h. Cells were then treated with FN and SFN and per-
missible to incubate for 24 h at 37° C. The treated cells were then stained for 10 min with 
100 µg/mL of AO/EtBr stain at a 1:1 ratio as part of the treatment step. The amount of 
apoptotic cell death in the treated cells was quantified using a fluorescence microscope 
(3501, Lawrence and Mayo India Pvt, Ltd).

DAPI Staining

To analyze the HeLa cells treated with FN and SFN, the nuclei were stained with DAPI 
(4,6-diamidino-2-phenylindole), and then fluorescence image analysis (blue fluorescence 
in living cells) was performed. After 24 h of incubation, the HeLa cells were seeded at a 
density of 1 × 104 cells/mL on a sample that had been sterilized. The cell morphology was 
then stained with DAPI and examined under a fluorescence microscope (3501, Lawrence 
and Mayo India Pvt, Ltd).

Intracellular Generation of ROS

By using DCFH-DA staining on HeLa cells treated with FN and SFN, the level of reac-
tive oxygen species (ROS) production in the control group was determined [30, 31]. In a 
nutshell, DMEM was used to seed HeLa cells (1 × 104), which were subsequently exposed 
to FN and SFN for 24 h at 37 °C. After the treatment period, 10 µL of DCFH-DA dye was 
added to each well and left to stain the cells for 1 h. A fluorescence microscope (3501, 
Lawrence and Mayo India Pvt, Ltd) was then used to assess the level of ROS formation in 
control and treated cells.

Measurement of Apoptosis by Flow Cytometry

HeLa cells (1 × 104) were sown in every well and incubated for 24 h at 37 °C in the groups 
receiving treatment FN and SFN that received medium supplements. HeLa cells were sepa-
rated using three times diluted trypsin before being twice-washed in PBS and resuspended 
in the binding buffer in an icy setting. A commercial apoptosis detection kit (Ebioscience, 
USA) was used to detect the addition of FITC and PI, which completed the technique.
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Cell Cycle Arrest Analysis

HeLa cells (1 × 104) were seeded in each well, and after 24 h of treatment with FN and 
SFN, the cells were trypsinized, recovered, and washed twice in ice-cold PBS. The cells 
were then fixed by adding 70% ice-cold ethanol and were then incubated at 4 °C overnight. 
Cells were then exposed to PI and ribonuclease A for 30 min. To count the number of cells 
at each step of the cell cycle, a flow cytometer was employed.

Western Blot Analysis

Western blotting was employed to examine the effects of the FN and SFN combination on 
the apoptotic and anti-apoptotic proteins in the treated and control cells [32]. HeLa cells 
were given 24  h of treatment with the selected drug combinations of FN and SFN in a 
100-mm culture dish. After removing the medium, PBS was used to repeatedly wash the 
cells. After that, lysis buffer was applied to the cells for more than 20 min. The supernatant 
was then centrifuged and utilized to extract the proteins from the cells. The same quantity 
of protein was electrophoretically separated on a 12% SDS-polyacrylamide gel from each 
concentration of the sample. Following each transfer, the proteins were blocked for an hour 
with 10% skim milk in water before being released. After washing with PBS containing 
0.1% Tween-20, the primary antibodies against PI3K, AKT, mTOR, cyclin-D1, PCNA, 
and CDK6 as well as β-actin were added at a v/v ratio of 1:1000. After overnight incuba-
tion at 4 °C, the primary antibodies were removed by washing, and the secondary antibod-
ies were added. The protein bands were visible after 1 h of incubation at room temperature.

Analysis of Statistics

The mean and standard deviation are used to represent the results from three distinct 
experiments. To assess the significance of the difference between the untreated and treated 
groups, the GraphPad Prism program V6.0 (GraphPad Software 215 Inc., San Diego, CA, 
USA) was used using the t-test (p < 0.05).

Results

Effects of Treatment with FN and SFN on the Viability of HeLa Cell Line

The effects of the combination of FN and SFN on the viability of cervical cancer and nor-
mal cervical cells were assessed using the MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphe-
nyltetrazolium Bromide) test. The effects of various doses of the therapy combination on 
HeLa cancer cell and normal H8 cell lines are depicted in Fig. 1a. The impact of FN and 
SFN on cervical cancer cells was investigated in both solo therapy and combo. We detected 
a dose-related diminution in the proliferation of treated cancer cells when compared to the 
standard and independent therapies; this effect was also found to be stronger when drug 
combinations were administered. Table 1 and Fig. 1 display the viability of cells at the cho-
sen as well as treated dosages, whereas the combination of FN and SFN did not exhibit any 
appreciable alteration in the viability of normal H8 cells (Fig. 1b). Furthermore, the crystal 
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violet assay, which is illustrated in Fig. 1c, was used to study the combination treatment of 
FN- and SFN-related cell proliferation. Crystal violet staining is more pronounced in con-
trol cells, indicating a high level of cell proliferation. However, cervical cancer cell’s rate 
of multiplication was dramatically reduced by the combination of FN and SFN treatment.

Fig. 1   a Cytotoxicity study of FN and SFN against a HeLa cells and b H8 cells. Cell viability was exam-
ined using the MTT assay; subsequently, the cells had been treated for 24 h. The presented data were the 
means ± SD. Compared to the untreated group, *P < 0.05. c The combination of FN and SF-treated HeLa 
cells were stained with crystal violet. The studies were done in triplicate

Table 1   IC50 concentrations of 
FN, SFN, and FN + SFN

Compounds IC50 con-
centration 
(µM)

Formononetin 23.7 ± 0.2
Sulforaphane 26.92 ± 0.6
Formononetin + sulforaphane 21.62 ± 0.3

Table 2   Combination index 
values for FN and SFN (1:1)

Concentrations CI value CI effect

10 µM 0.53845 Synergistic
20 µM 0.57648 Synergistic
30 µM 0.62589 Synergistic
40 µM 0.73528 Moderate synergistic
50 µM 0.75932 Moderate synergistic
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Evaluation of Drug Interactions

The Combination Index (CI) was calculated using the CompuSyn program. In cervical can-
cer cell lines, it was discovered that the doses of 10 µM, 20 µM, and 30 µM FN and SFN 
simultaneously decreased cellular viability. The CI indices in certain of the combinations 
are displayed in Table 2. The value of CI > 1 indicates that there is antagonism between the 
two compounds. The values of CI = 1 and < 1 suggest that there is synergy among the two 
components. The CI value in HeLa cells is in the region of synergism at 10 µM FN and 10 
µM SFN (CI 0.5), whereas at 30 µM FN and 20 µM SFN, the CI values indicate significant 
synergism (CI 0.57). We consequently reached the decision to continue using based on the 
IC50 values for our additional studies to investigate their impact at the molecular level.

Morphological Analysis

Using a phase contrast microscope, the morphological examination of HeLa cells was 
evaluated, and the effectiveness of delivering compounds at various concentrations 
was examined. As can be observed in Fig.  2, the control cells have morphological 

Fig. 2   The morphological alterations seen in phase contrast microscopy from the control, FN, SFN, and the 
combination of FN and SF-treated HeLa cervical cancer cells. White arrows indicate viable cells, dashed 
arrows show cell death. Scale bar, 50 μm
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appearances which are regular, whereas those receiving treatment have undergone con-
siderable morphological alterations that include cell contraction, blebbing, as well as 
separation from the exterior. In the treatment groups with larger concentrations, or in a 
concentration-reliant way of combinatorial treatment, these alterations were found to be 
more substantial. As a result, it has been demonstrated that the combination of FN and 
SFN had a dose-dependent ameliorative effect on cervical cancer.

Activation of Apoptosis by Combination of FN and SFN

Here, we used AO/EtBr staining to show how the interaction of FN and SFN affects 
the capacity of cervical cancer cells to undergo apoptosis. AO/EtBr labelling is a pop-
ular method for viewing chromatin abridgement during apoptosis under a fluorescent 
microscope. The apoptotic cells in HeLa cells received treatments with FN, SFN, and 
a combination of FN and SFN for 24 h, according to fluorescence microscopy (Fig. 3). 
The nucleus of the control cell fluoresced consistently green. Fluorescent microscopy, 
on the other hand, demonstrated that the treated HeLa’s nucleus structure was irregular 
as a result of a loss of membrane integrity. In formulations where cells received both 
FN and SFN treatment, apoptosis bodies, involving nuclear constriction and bulging, 
were observed as red-orange bodies. Therefore, the results of the current investigation 
showed that the combination of FN and SFN treatment had superior anti-tumor effects 
on cervical carcinoma cells in a concentration-based manner. The ratio of apoptotic 
cells was 74.45, 76.23, and 87.46% respectively at the various concentrations (10, 20, 
and 30 µM/mL) of the FN- and SFN-treated groups (Fig. 3b).

Fig. 3   a  The cells were stained with AO/EtBr to check the apoptosis stage with a combination of FN 
and SFN. b  The bar diagram represents the % apoptosis in control, FN, SFN, and combination uses of 
FN + SFN-treated cells. White arrows indicate live cells, dashed arrows show a​p​o​p​t​o​s​i​s. Magnification bar, 
50 μm
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DAPI Staining

Additionally, DAPI staining was used to examine nuclear fragmentation as a marker of 
FN and SFN combination therapy (Fig. 4). The outcome shown in Fig. 4 illustrates how 
the combination treatment of FN and SFN caused nuclear disintegration and condensa-
tion. DAPI staining in control cells had decreased intensity at an excitation wavelength 
of 488 nm, whereas combination therapy cells displayed greater intensity, indicating the 
influence of FN and SFN in breaking down DNA in a dose-dependent way. Therefore, 
it has been demonstrated that these responses have simultaneously increased with the 
combination treatment of FN and SFN, as shown in Fig. 4.

Fig. 4   HeLa cells treated with FN and SFN at various doses and control nuclei stained with DAPI.  
Untreated control cells display less strong blue coloration and spherical nuclei. Cells that had been exposed 
to both FN and SFN exhibited nuclear fragmentation and significantly stronger blue emission light in apop-
totic cells (indicated by arrow). Scale bar, 50 μm
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Production of Significant ROS by the Combination of FN and SFN

DCFH-DA staining was used to measure the generation of ROS by HeLa cells follow-
ing FN and SFN therapy. Over 24  h, HeLa cells were detectable by FN and SFN in 
combination in a dose-dependent manner. HeLa significantly increased ROS produc-
tion and fluorescence intensity (Fig. 5a). The amount of green fluorescence significantly 
increased after being exposed to FN and SFN for 24 h, as shown in (Fig. 5a); the ROS 
levels in these cells were calculated to be 50 (control), 190, 210, and 270, respectively 
(Fig. 5b). After receiving treatment with both FN and SFN, HeLa cells produced more 
ROS, and this increase was dose-dependent. These findings demonstrated the HeLa 
cells’ innate apoptotic signaling pathways.

Combination of FN‑ and SFN‑Induced Apoptosis Along with Cell Cycle Arrest in HeLa 
Cancer Cells

The percentage of apoptotic and necrotic cells shown in Fig.  6 was calculated using an 
apoptosis kit that included FITC-labelled annexin V and PI Staining. The comparison of 
the HeLa cells treated with control and combination FN and SFN and the results showed 
substantial differences. FN, SFN, and FN with SFN showed apoptotic cell percentages of 
14.26 ± 2.3 and 24.49 ± 1.6%, and 30.41 ± 1.8, respectively. Our research showed that com-
bination therapy of FN and SFN improved the number of cells in the Q2 phase of apopto-
sis. It was found that when HeLa cells were treated with a mixture of FN and SFN, the pro-
portion of apoptotic cells increased in respective concentration manner. This investigation 

Fig. 5   Using 2,7-dichlorofluorescein diacetate labelling, it was possible to study in HeLa cells the effects of 
both FN and SFN on the formation of intracellular ROS. a Fluorescence microscopic image demonstrating 
the effect of FN, SFN, and FN + SFN on the generation of intracellular ROS (indicated by arrow). b The 
percentage of reactive oxygen species  (ROS) generation was found using a spectrofluorometer. For com-
parison to the control group, the statistics are the mean and standard deviation of triplicates with a *p < 0.05 
significance level. Scale bar, 50 μm
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was conducted to find out the effectiveness of composites FN and SFN in cell cycle inhibi-
tion. The findings of the cell cycle analysis performed on the treated cells are displayed in 
Fig. 7. The cells were dispersed across the untreated control in the S and G1 phases of the 
cell cycle. Because of this, at higher concentrations (55.48%), the proportion of cells in 
the G0/G1 phase had suggestively decreased subsequently co-treating with FN and SFN at 
different concentrations. These findings show how the FN and SFN interfere with the cell 
cycle’s S-phase, perhaps causing cancer cell death.

Combination of FN and SFN Impede PI3K/AKT/mTOR Phosphorylation in HeLa Cells

To comprehend the impact of FN and SFN combination therapy on the phosphorylation 
of PI3K/AKT/mTOR in HeLa cells, western blot analysis was performed (Fig. 8). HeLa 
cells severely decreased the phosphorylation of cell survival indicators (PI3K, AKT, 
and mTOR) when exposed to the combination of FN and SFN (10, 20, 30 µM) for 24 h. 
These findings showed that FN and SFN together suppress PI3K/AKT/mTOR signaling 
in HeLa cells (Fig. 8a, b). Furthermore, when FN and SFN were used in conjunction, the 
overexpression of cell cycle-directing proteins such as cyclin-D1, PCNA, and CDK6 in 

Fig. 6   Analysis of the apoptosis using flow cytometry. * There is a significant difference (*p < 0.05) from 
the control group
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HeLa cells was severely suppressed (Fig.  8c, d). Thus, by inhibiting or down-regulating 
the PI3K/AKT/mTOR signaling pathway, the co-treatment of FN and SFN on HeLa cells 
has synergistically inhibited cell propagation and promoted apoptosis, suggesting that this 
novel combination could be a promising potential therapeutic tactic for the management of 
cervical cancer.

Discussion

Globally, cervical carcinoma continues to be one of the main causes of significant morbid-
ity and mortality in women. Chemotherapy can help cervical cancer patients live longer, 
but it also increases drug resistance and has harmful side effects and consequences that 
put patients through a lot of pain. The use of natural substances produced by plants, such 
as alkaloids, flavonoids, phenols, and terpenoids, as a novel anticancer therapy for cervi-
cal cancer has garnered interest. The natural flavonoids found in FN and SFN are shown 
to have therapeutic benefits on the growth and spread of several malignancies. Increas-
ing evidence suggests that dysregulation of numerous signaling pathways that encourage 
proliferating, prevent apoptosis, and trigger metastasis is linked to the development and 
spread of many malignancies, including cervical cancer [33]. Identification of prognostic 
and predictive biomarkers is required for risk categorization. The PI3K/Akt/mTOR (phos-
phatidylinositol 3-kinase/protein kinase B/mammalian target of rapamycin) pathway is fre-
quently abnormal in cervical carcinoma, suggesting that it can be a possible target for ther-
apy for the cure of this malignancy. It could also be used as an innovative biomarker in the 
evaluation of the risk of creating cervical carcinoma [12, 34]. In this work, we discovered 
that combinations of natural medications, such as FN and SFN, reduced cell development 
and caused cell death in cervical cancer, helping to establish a realistic therapy efficacy 
against the disease.

Fig. 7   Analysis of the cell cycle using flow cytometry. a FITC and Annexin V-stained flow cytometry were 
used to assess the apoptotic cells connected to FN and SFN therapy. b The proportion of cells in the G0/
G1 phase is shown on a histogram; the information is from three associated investigations. Employing the 
Student’s t-test, (*p < 0.05 **p < 0.01) was compared to the control
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Therapy with an individual agent is not recommended over combination therapy includ-
ing multiple therapeutic agents, each of which has a unique mechanism of action [35]. The 
numerous processes for cell survival are targeted by combination therapy, which promotes 
synergism and offers a viable remedy for tumor heterogeneity and drug resistance [36, 37]. 
According to numerous researches, sulforaphane boosts the effectiveness of medications 
and has a synergistic impact when given along with other drugs [36, 38–41]. Further, for-
mononetin acts as an isoflavone derived from A. membranaceus which can promote tumor 
metastasis, inhibit cell cycle progression, and anti-angiogenesis. Additionally, it has been 
indicated to possess tumor-suppressive qualities in instances involving breast, colorectal, 
and lung cancer [42]. The above outcomes were shown to be associated with our results 
when given as a single therapy. Our findings further show that although FN and SFN 
each exhibit anti-carcinogenic characteristics on their own [41, 43, 21, 44], when deliv-
ered together, their efficacy is marginally stronger with a lower concentration. In the cur-
rent investigation, it was shown that FN and SFN co-treatment, when compared to a single 
treatment, synergistically boosted the induction of apoptosis and inhibited growth in HeLa 
cells in vitro.

Fig. 8   Effect of FN + SFN on HeLa cells’ PI3K/AKT/mTOR pathway. a Western blotting tests on the com-
bination FN + SFN therapy caused the expression of p-PI3K, p-AKT, and p-mTOR in HeLa cells. b PI3K/
AKT/mTOR densitometric measurements were evaluated using the Image Studio software. β-actin expres-
sion is regarded as a housekeeping gene to ensure that proteins are loaded equally. The mean ± SD of three 
separate sets of data was used as a representation for the variables. **p < 0.01 and *p < 0.05 compared to 
the untreated group. c Western blotting tests on the effects of FN + SFN treatment on the expression of the 
proteins cyclin-D1, PCNA, and CDK6 in HeLa cells. d  The image Studio program evaluated the densi-
tometric study of the proteins mentioned previously. The equal loading of proteins was confirmed by the 
production of the housekeeping gene—actin. Three different experiments’ mean and standard deviation data 
were evaluated. *p < 0.05 and *p < 0.05 after associated to the control group
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Inhibiting apoptosis is necessary for tumor development. Researcher’s interest in the 
mechanisms driving apoptosis-mediated cell death, which is linked to a number of human 
illnesses, has increased recently [45]. According to DAPI staining, cervical cancer cells 
exposed to a combination of FN and SFN showed a significant amount of blue fluores-
cence, but control calls exhibited a very low level of blue fluorescence. These findings 
demonstrated that the combination of FN and SFN significantly worsened nuclear dam-
age in HeLa cells. Employing the AO/EtBr dye and a dual staining method, the apop-
totic response of the combination of FN and SFN against HeLa was investigated. The AO 
stain could be accessible to live cells (green), in contrast to EtBr, which leaves cell debris 
stained with a reddish-orange color. The combined use of FN and SFN promoted apoptosis 
in the cervical cancer cell line, as evidenced by the red intensity fluorescence of the com-
bination-treated cells being greater than that of control cells. Genistein and sulforaphane 
are effective in preventing breast cancer cells in previous studies [43], while formononetin 
significantly inhibits cervical cancer cells by reducing the expression of the MYC protein 
and inhibiting STAT3 activation via the JAK1/STAT3 pathway [44].

One of the most important organelles for controlling cell death is the mitochondria, 
which also includes other apoptosis-related markers. ROS, sometimes referred to as free 
radicals, are extremely active molecules with unattached valence shell electrons that cause 
a lot of oxidative damage to the cell [46, 47]. Elevated ROS concentrations are thought to 
be the primary cause of cell death. Additionally, the production of ROS in cancer cells is 
one of the ways through which the combination of FN and SFN has an anticancer impact. 
To calculate the quantities of intracellular ROS, fluorescence intensities of FN and SFN 
might be combined. According to the results of the ROS experiment, HeLa cells co-treated 
with FN and SFN are known to create more ROS when compared to the control group.

Many different proteins have been suggested to play a significant part in metastatic 
malignancies. The current work discovered an innovative compound that serves as a sig-
nificant anticancer target by preferentially destroying cancer cells in HeLa cells by block-
ing the PI3K/AKT/mTOR signaling pathway [48]. Furthermore, because distinct PI3K 
isoforms play distinctly different roles in cellular signaling, proliferation, and neoplastic 
transformation, targeting one isoform through removal will impact downstream signal-
ing in its own right [49]. In this instance, FN and SFN together dramatically reduced the 
expression of p-PI3K, p-AKT, and p-mTOR in the HeLa cancer cell line in comparison to 
the control. AKT contains multiple downstream targets which could play a role in trans-
forming tumors and is the main modulator of PI3K-initiated signaling [50]. Once Akt is 
phosphorylated, mTOR is activated. Moreover, p-AKT and p-mTOR were found in 50% 
and 53% of adenocarcinomas, accordingly, based on expression evaluation of activating 
AKT and mTOR in patients who had cervix cancer [51]. Therefore, the combination of FN 
and SFN significantly reduced the expression of p-AKT in all HeLa cancer cell lines in a 
dose-responsive manner. This additionally clarifies why considerable inhibition of PI3K/
AKT/mTOR boosted apoptosis promoted by the combination of FN and SFN in the cer-
vical cancer cell line. Inhibition of p-AKT induced by the combination of FN + SFN on 
HeLa was noticeable.

Given that the PI3K/AKT/mTOR pathway is known to promote cell cycle progression 
[52]. Many different proteins, such as cyclins, CDKs, and CDKis, control the cell cycle 
[53]. It inspired us to investigate the cyclin expression defined in the current work, which 
ultimately found that FN + SFN caused cell cycle arrest by inhibiting the levels of cyclins 
D1 and CDK6 in HeLa cells, indicating that these kinds of proteins have been implicated 
in the development of the cell cycle in the cervical cancer cell line used. All things con-
sidered, these findings suggest that cyclin expression reductions have a role in the PI3K/
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AKT-mediated G0/G1 arrest. Crucially, suppression of cyclins and PCNA mediates the 
combination of FN- and SFN-induced cell cycle arrest, which could therefore lead to a 
reduction in CDK enzyme activity. We demonstrated the fact that strong repression of the 
PI3K/AKT/mTOR pathway can encourage apoptosis and impede the growth of tumors by 
controlling the expression of cell cycle regulatory proteins. This suggests that the com-
bined use of FN and SFN may be a valuable cancer prevention therapeutic prospective 
applicant.

Conclusion

FN and SFN together form an effective combinatorial regimen that can improve cervical 
cancer’s translational chemopreventive capacity, according to the current study’s result. 
The combination of FN and SFN therapy had an anticancer impact on cervical cancer 
in vitro for the first time owing to our work. By inhibiting the cell cycle and triggering cas-
pase-mediated intrinsic apoptosis, the combination of FN and SFN significantly decreased 
the viability of cervical cancer cells. After reducing the expression of cyclin-D1, PCNA, 
and CDK6 proteins, FN and SFN therapy down regulated the PI3K, AKT, and mTOR sign-
aling pathways, which had an anticancer impact on cervical cancer. Therefore, by inducing 
cell death, the combination of FN and SFN offers promise as an effective chemopreventive 
strategy for preventing cervical carcinogenesis. Indeed, FN and SFN combination treat-
ment might be used in clinical medicine with more studies to create regulated doses.
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