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Objective(s): Cervical cancer, the fourth most common malignancy among women, is strongly 
associated with high-risk human papillomavirus (HPV) infection. Emerging evidence suggests that 
hydrogen peroxide, alongside standard therapies, may enhance treatment. This study investigated the 
effects of Imoxide (0.5% hydrogen peroxide compound) and diluted vitamin C on tumor growth in 
the TC-1 papillomavirus mouse model. 
Materials and Methods: Cytotoxicity of 3% hydrogen peroxide and 100 mg/ml vitamin C was assessed 
using the MTT assay on TC-1 cells. Six-week-old female C57BL/6 mice were used to establish TC-1 
tumor models in groups by grafting. Mice were divided into seven groups: intratumoral (IT) control, 
intraperitoneal (IP) control, IP Imoxide, IT Imoxide, cisplatin, IP vitamin C, and IT vitamin C. Tumor 
size was measured every other day. Histopathological analysis and real-time PCR were conducted to 
evaluate gene expression (P53, P21, BAX, BCL-2). 
Results: Dilutions of 10⁻³ and 10⁻⁴ of hydrogen peroxide resulted in cell survival rates of 53.7% and 
58.8%, respectively. Imoxide markedly inhibited tumor growth in vivo, in some groups exceeding 
cisplatin. Histological findings showed limited apoptotic features. Gene-expression analysis revealed 
no statistically significant differences after multiple-testing correction.
Conclusion: Imoxide substantially suppressed tumor growth in the murine model; however, 
modulation of apoptosis-related genes was minimal, suggesting that non-apoptotic pathways may 
contribute to its antitumor effects.
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Introduction
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Cervical cancer is the fourth most commonly detected 
cancer and the fourth major cause of cancer death in 
women.   Cervical cancer is the most frequently detected 
cancer in 23 countries, with an estimated 348,000 global 
deaths in 2022 (1, 2). Virtually all of these deaths could 
be prevented through widespread access to all-inclusive 
cervical cancer prevention and control plans: human 
papillomavirus (HPV) vaccination for all girls aged 9 to 13; 
cervical cancer screening and treatment of pre-cancerous 
lesions for all women, and treatment of invasive tumors 
(3–5).

HPV is an envelope-free, small, double-stranded DNA 
virus that prefers human epithelial cells, both in the skin 
and mucous membranes (6-8). An ORF coding for the 
capsid protein L1 has been identified as a criterion for 
categorizing 229 known HPVs (9–11). Cervical cancers 
are found to have DNA from HPV in 99.7% of cases, with 
HPV oncogenic types 16 and 18 making up over 70% of 
cases (12, 13). In this case, E7 binds to and inactivates the 
cellular tumor suppressor protein Rb, while E6 binds to, and 
degrades the cellular tumor suppressor protein p53 through 
the ubiquitin pathway (14). In cervical intraepithelial 
neoplasia (CIN), changes occur in squamous cells of the 
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cervix, and if left untreated, it can progress to cancer in situ 
or invasive cancer. HPV plays a crucial role in transforming 
cervical epithelial cells, mainly subtypes 16 and 18 (15, 16). 
According to a study, the prevalence of HPV increased from 
62.64% for patients with CIN1, to 86.91% for those with 
CIN2/3, and 89.21% for those with cervical cancer (17).

Many physiological processes generate hydrogen 
peroxide (H2O2) a non-radical reactive oxygen species 
(ROS). This molecule may represent a signaling messenger 
or may result in oxidative damage depending on its 
spatiotemporal accumulation profile (18, 19). ROS levels 
are elevated in cancer cells in part due to mitochondrial 
dysfunction and increased metabolism, which may provide 
a unique opportunity to eliminate cancer cells by elevating 
ROS levels within cells to highly toxic levels (20–22).

Vitamin C (ascorbic acid) is a pro-drug for extracellular 
hydrogen peroxide generation. According to in vitro 
studies, high-concentration ascorbate produces H2O2 that 
kills cancer cells with or without radiation or chemotherapy. 
Consequently, high-dose intravenous ascorbate-based 
cancer treatments were tested in clinical trials (23–26).

Based on the positive report about the effect of H2O2 low 
dose in the treatment of a wide range of diseases especially 
before 1940, this study aimed to compare H2O2 antitumor 
effect with vitamin C IV as a pro-drug for H2O2 generation.

Materials and Methods
Cell culture

TC-1 cells were developed from primary epithelial cells 
from C57BL/6 mice cotransformed with HPV-16 E6 and 
E7 oncogenes and activated c-Ha-ras. We obtained the 
TC-1 cell line from the virology department at Tarbiat 
ModaresUniversity, Tehran, Iran. We cultured TC-1 cells in 
high glucose Dulbecco’s modified Eagle’s medium (DMEM) 
containing 10% fetal bovine serum and 1% penicillin-
streptomycin antibiotic and finally kept it at 37 °C under 5% 
CO2 during experiments.

Cell viability assay
 The cells were plated in 96-well plates at a cell density 

of 2×104 per well. After culturing overnight, vitamin C and 
Imoxide were serially diluted in a serum-free medium. 
Two hundred microliters of each dilution were poured 
into the wells, and four repetitions were done.  Imoxide 
was applied to the cells for 24 hr. Vitamin C was applied 
for 2 hr. After 2 hr, the cells were washed with phosphate-
buffered saline (PBS) and cultured for an additional 24 hr in 
a growth medium with ascorbic acid. Cell proliferation was 
estimated using an MTT assay. After 24 hr, 100 microliters 
of serum-free medium and 10 microliters of MTT solution 
were added to each well. Wrapped in foil, the plate was 
incubated for 4 hr. After removing the MTT solution, 200 
μl of dimethyl sulfoxide (DMSO) was added to the cells. The 
optical density was then measured at 540–630 nm. Finally, 
viability was calculated and graphed using GraphPad Prism 
version v8.

Animals
Three C57BL/6 mice (20−30 g) were purchased from the 

Laboratory Animal Center of Mashhad University of Medical 
Sciences (MUMS), Mashhad, Iran. The Ethical Committee 
at the Experimental Animal Center of MUMS, approved 
all protocols for animal experimentation (code: IR.MUMS.
MEDICAL.REC.1400.198). During the experiments, the 

mice were housed in a laboratory environment (with 12 hr 
of light and 12 hr of darkness), and standard food and water 
were provided. The mice were injected subcutaneously with 
cell suspensions (3 × 106/100 μl) of TC1 cells suspended in 
PBS, and approximately two weeks later, when the tumors 
reached a size of 80–100 mm3, the tumor was carefully 
removed from under the skin of the mice and was divided 
into one mm parts. After anesthetizing, a small piece of the 
tumor was placed under the skin of the shaved right flank 
of the C57BL/6 mice. After four days, 80 mm3 and above 
tumors were established in all the study mice.

Tumor size and drug injection
Mice were divided into groups of six. The studied 

groups included Control IT (intratumoral), Control IP 
(intraperitoneal), cisplatin Group (common cervical cancer 
chemotherapy drug), H2O2 IP Group, H2O2 IT Group, 
Vit C IP Group, and Vit C IT. Tumor measurements were 
conducted every other day on the animals. The tumor 
volume (V) was calculated according to the formula V 
= AB2/2, where A is the length of the major axis and B is 
the length of the minor axis using the digital caliper. The 
injection of medications for each group is shown in Table 1.

Histology
On day 18, each mouse’s tumor, lungs, kidneys, heart, 

and liver were collected for further investigation using 
hematoxylin and eosin (H&E) staining methods. The tumor 
tissue was examined for apoptosis and necrosis, and the side 
effects of injecting each substance were tested by examining 
the tissues of the collected organs.

RNA extraction 
Total RNA was isolated using an RNJia kit (ROJE 

Technologies, Iran), and cDNA was synthesized using 
the Yekta Tajhiz kit (Iran). The correctness of the RNA 
extraction and cDNA synthesis was determined using the 
PCR test with a GAPDH primer. All locally manufactured 
kits used in this study were approved by the Iranian Ministry 
of Health and were applied according to the manufacturer’s 
instructions with standard quality-control validation.

Primer design 
BAX, BCL2, and GAPDH genes were selected from the 

reference articles (27–29). Gene primers were designed 
using the NCBI database, P53 (NM_011640.3) and 
P21(NM_007669.5), and their characteristics analyzed with 
Gene Runner software (Table 2).

Real-time PCR
Real-time PCR was performed on a Roche light cycler 

Real-time PCR System (Switzerland) using RealQ Plus 2x 
Master Mix Green, High ROX™ Ampliqon according to the 
Manufacturer’s specification. The reaction was performed 
in 25 μl containing 12.5 μl RealQ Plus 2x Master Mix Green, 
High ROX, 0.5  μl of 100  μM forward primer, 0.5  μl of 

Table 1. Experimental administration of drug based on routes and timing 
in C57BL/6 mice

Group  Drug Time 
Control IT PBS Every other day 
Control IP PBS Every other day 
cisplatin 5mg/kg Days 9 &12 
Imoxide IP Imoxide Every other day 
Imoxide IT Imoxide Every other day 
Vit C IP 20 mg/mice Every other day 
Vit C IT 8 mg/mice Every two days 
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100 μM reverse primer, 1 μl of cDNA, and 10.5 μl double-
distilled water (ddH2O). The real-time PCR was carried out 
in a three-step PCR program as follows: 1 cycle of 95 °C for 
15 min, followed by 40 cycles of 95 °C for 30 sec, 64 °C for 
30 sec, and 72 °C for 30 sec.

Statistical analysis 
In the description of the data, appropriate statistical 

tables and indicators such as mean ± SD have been used. 
Data normality was assessed using the Shapiro-Wilk test. 
For non-normal data, the Kruskal-Wallis test with pairwise 
comparisons was applied. For normally distributed data, 
parametric methods, including analysis of variance 
(ANOVA) with Tukey’s post hoc test, were used. Benferroni 
correction was applied for pairwise comparisons, where 
appropriate. To account for multiple testing across the four 
gene-expression endpoints (P53, P21, BAX, and BCL2) 
within each administration route, Holm–Bonferroni 
correction was additionally applied and both unadjusted 
and adjusted P-values were reported. Statistical analyses 
were performed using SPSS v.26 and GraphPad Prism 8, 
with significance set at P<0.05 (values <0.05 marked with * 
and <0.01 with **).

Results
For each experiment, serial 2-fold and 10-fold dilutions 

were prepared. The concentration used for hydrogen 
peroxide was 3%, and for vitamin C was 100 mg/ml. The 
lethal effect of hydrogen peroxide is much higher than 
vitamin C, even at lower concentrations. After 24 hr, only 
53% and 58% of TC-1 cells in 10-3 and 10-4   concentrations 
of H2O2 survived, respectively, as determined by the MTT 
assay. In the microscopic H2O2 examination, in dilutions 
1, 1/2 to 1/32, as well as concentrations of 10-1, and 10-2, 
after 24 hr, the cells were completely dead, the contents of 
the nucleus and cytoplasm were disintegrated, and empty 

vacuoles were observed.
The percentage of living cells near vitamin C was higher 

than hydrogen peroxide in different dilutions. However, due 
to the acidic nature of the vitamin and its ability to produce 
hydrogen peroxide after being oxidized in dilutions of 1/4, 
1/8, and 1/16, the percentage of cell death observed was 
high. Cell death is not observed in 10-3 and 10-4 dilutions of 
vitamin C 100 mg/ml. In a microscopic view of high doses, 
deformed cells with vitamin C crystals were observed.

The injection was started with the prescribed doses and 
schedule once the tumor size obtained from the malignant 
tissue graft reached 80–100 mm3, and the tumor size was 
assessed every other day. The IP Imoxide group showed 
the highest reduction in tumor size. Although the size 
in the Imoxide IT group was smaller than that in the IT 
control group, it exhibited nearly the same trend as that 
in the cisplatin group. Mortality occurred exclusively in 
the intraperitoneal (IP) vitamin C group, with up to two 
animals dying during the early treatment period. No deaths 
were observed in the Imoxide-treated groups. The Imoxide 
IP group experienced the most significant tumor weight 
decrease compared to the cisplatin group, and the tumor 
weight loss in the Imoxide IT group was less (Figure 1).

The vitamin C IP group in the vitamin C group showed 
the greatest reduction in tumor size. Although the size 
reduction in the vitamin C IP group was greater than that of 
cisplatin, there was no size difference between the vitamin 
C IT group and the IT control group. Weight loss was seen 
in the vitamin C IP group when compared to other groups 
in terms of tumor weight, but in the vitamin C IT group, the 
average tumor weight was larger than in the cisplatin and IT 
control groups (Figure 2). There is a size comparison of all 
groups in Figure 3.

Necrosis and apoptosis were seen during the histological 
examinations in the tissue sections linked to the cisplatin 
group, and apoptosis was also seen in some tissue sections 

 

Gene Amplicon size Sequence (5′-3′) 

GAPDH 123 Forward: 5′-AGGTCGGTGTGAACGGATTTG-3′ 

Reverse: 5′-TGTAGACCATGTAGTTGAGGTCA-3′ 

P53 146 Forward: 5′-CTTCTCCGAAGACTGGATGACT-3′ 

Reverse: 5′-GATCGTCCATGCAGTGAGGT-3′ 

P21 147 Forward: 5′-GACCAGCCTGACAGATTTCTA-3′ 

Reverse: 5′-CACACAGAGTGAGGGCTAAGG-3′ 

BAX 151 Forward: 5′-GCCTTTTTGCTACAGGGTTTCAT-3′ 

Reverse: 5′-TATTGCTGTCCAGTTCATCTCCA-3′ 

BCL-2 166 Forward: 5′-CCAGCGTGTGTGTGCAAGTGTAAAT-3′ 

Reverse:5′-ATGTCAATCCGTAGGAATCCCAACC-3′ 

 
 

  

Table 2. Oligonucleotide primer sequences designed in present experiments for qRT-PCR

Figure 1. A. Comparison of tumor size reduction in mice treated with Imoxide (H2O2) versus the reference drug and control groups. B. Comparison of tumor 
weight reduction among the Imoxide (H2O2), reference drug, and control groups
IT: Intratumoral, IP: Intraperitoneal; Cis: Cisplatin
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associated with Imoxide. It should be mentioned that the 
IP control group’s tissue displayed some necrosis (Figure 
4). According to a pathologist’s analysis of all the slides, 
apoptosis was only sometimes seen in tissue sections taken 
from tumors.

Neutrophil infiltration was seen in the liver port spaces 
and inside the liver lobules and lung interstitium, which was 
also observed in the control group. In other organs such as 

the heart and the kidney, it was completely normal and no 
significant findings were observed (Figure 5).

In the intratumoral (IT) groups, overall group 
comparisons showed no significant differences in P53 
(ANOVA, P=0.878), P21 (ANOVA, P=0.064), or BCL2 
(ANOVA, P=0.128). A borderline difference was observed 
for BAX expression (ANOVA, P=0.049). Post hoc Tukey 
analysis indicated a significant difference between the 

Figure 2. A comparison of tumor size reduction in mice treated with vitamin C versus the reference drug and control groups. B. Comparison of tumor weight 
reduction among the vitamin C, reference drug, and control groups

Figure 3. Comparison of tumor size reduction in two mouse Imoxide (H2O2) and vitamin C groups with reference drug, and control groups

Figure 4. Histological examination of C57BL/6 mice tumor in different groups of  investigation by using hematoxylin and eosin (H&E) stain
A. cisplatin Extensive necrosis in the upper half of the field. B. control IP undifferentiated carcinoma with prominent necrosis in the left side of the field. C. control IT undifferentiated 
carcinoma with large tumoral cells. D. Imoxide IP prominent necrosis and apoptosis in the lower half of the field. E. Imoxide IT undifferentiated carcinoma with numerous mitotic 
figures. F. Vit C IP undifferentiated carcinoma. G. Vit C IT undifferentiated carcinoma with numerous mitotic figures.
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vitamin C and hydrogen peroxide groups (P=0.042). (Figure 
6) However, after Holm–Bonferroni correction across the 
four gene-expression endpoints, none of these differences 
remained statistically significant. 

Among the intraperitoneal (IP) groups, Imoxide 
treatment showed numerically higher expression of the pro-
apoptotic genes P53 and BAX, as well as P21, while the anti-

apoptotic gene BCL2 tended to be higher in the Vitamin 
C group. However, overall group comparisons revealed no 
statistically significant differences in P53 (Kruskal–Wallis, 
P=0.232), P21 (Kruskal–Wallis, P=0.934), BAX (Kruskal–
Wallis, P=0.255), or BCL2 (Kruskal–Wallis, P=0.249). These 
findings remained non-significant after multiple-testing 
correction (Figure 7). Exact P-values for all overall group 

Figure 5. Analysis of side effects in mouse organs using H&E staining
A. Imoxide Ip Cluster of neutrophils in liver portal tract. B. Control IP Cluster of neutrophils in liver lobule. C. Cis IP Normal liver histology and a portal tract at center. D. Imoxide 
IP Interstitial neutrophilic infiltration in lung a section of bronchiole at (right lower), covered by columnar epithelium. E. Control IP - Interstitial neutrophilic infiltration in lungs. 
Cis IP - Normal lung histology and two bronchioles near center.

Figure 6. Gene analysis of variance between groups receiving intratumoral injections. A. P53, B. P21, C. BAX, and D. BCL-2

Figure 7. Gene analysis of variance between groups of C57BL/6 mice as a result of receiving intraperitoneal injections
A. P53, B. P21, C. BAX, and D. BCL-2
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comparisons are summarized in Table 3.

Discussion
This study evaluated the antitumor effects of Imoxide and 

vitamin C in a papillomavirus-associated mouse model of 
cervical cancer. The simultaneous investigation of hydrogen 
peroxide and vitamin C was based on their shared redox-
related mechanisms, whereby pharmacologic ascorbate 
can generate extracellular H2O2 through metal-catalyzed 
reactions that subsequently enter cells via aquaporin 
channels (30). 

Following TC-1 tumor establishment, both 
intraperitoneal and intratumoral administration of 
Imoxide and intraperitoneal high-dose vitamin C resulted 
in significant tumor size reduction compared with control 
groups. Notably, intraperitoneal Imoxide demonstrated 
greater tumor suppression than intratumoral administration 
and exceeded the therapeutic effect observed with 
cisplatin. These findings suggest that systemic delivery of 
hydrogen peroxide–based strategies may be particularly 
effective in limiting tumor progression, as intraperitoneal 
administration is generally considered comparable to 
systemic delivery (31).

Consistent with previous reports, high-dose vitamin C 
suppressed tumor growth in vivo, as previously observed 
in colorectal cancer models, where ascorbate inhibited 
proliferation, angiogenesis, and metastasis following 
intraperitoneal administration (32, 33). Vitamin C treatment 
was associated with mortality in the intraperitoneal group, 
suggesting potential toxicity at high systemic doses, in 
contrast to earlier reports of minimal adverse effects (33). 
These deaths occurred during the initial phase when 
injections were prepared from ascorbic acid powder, and 
were markedly reduced after switching to a commercially 
prepared formulation, indicating that preparation-related 
factors rather than intrinsic ascorbate toxicity likely 
contributed to this limitation.

Vitamin C IP suppressed cancer growth in the current 
investigation, although this group also had higher 
expression of the anti-apoptotic gene BCL-2 and lower 
levels of the apoptotic proteins P53, P21, and BAX than the 
other groups. Statistical analysis, however, did not reveal any 
appreciable differences between the groups. Even though 
none of the groups receiving H2O2 injections saw any mouse 
deaths. These null and partially contradictory molecular 
findings indicate that tumor regression in this model does 
not directly correlate with classical apoptosis signaling.

Hydrogen peroxide has been evaluated both historically 
and in modern clinical contexts for its biological activity, 
including enhanced tumor reduction when combined 
with radiotherapy in human studies (34, 35) as well as 
earlier therapeutic applications in infectious and ischemic 
conditions (36–40). Together, these findings support the 
biological activity of systemic H2O2, which the present study 
extends to a cervical cancer mouse model with quantitative 
evidence of tumor growth inhibition.

Overall, the results demonstrate that Imoxide, particularly 
via intraperitoneal administration, produces substantial 
tumor growth suppression with fewer adverse effects 
compared with high-dose vitamin C. Although apoptosis-
related pathways were not significantly modulated, the 
pronounced antitumor response highlights the need for 
future studies to elucidate alternative oxidative stress–
mediated mechanisms and optimize therapeutic strategies.

Conclusion
In a mouse model of cervical cancer, intraperitoneal 

and intratumoral administration of Imoxide, as well as 
high-dose intraperitoneal vitamin C, resulted in marked 
tumor growth inhibition. Among the treatment groups, 
intraperitoneal Imoxide demonstrated the greatest 
reduction in tumor size. However, gene-expression 
analysis indicated that apoptosis-related pathways were not 
significantly modulated after multiple-testing correction, 
suggesting that alternative mechanisms may underlie the 
observed antitumor effects. Overall, Imoxide administration 
appeared to be systemically well tolerated, with substantial 
tumor suppression and no evident adverse effects compared 
with vitamin C. While these findings highlight the potential 
of Imoxide as an antitumor agent, further mechanistic and 
translational studies are required before consideration of 
clinical application, particularly in treatment-resistant or 
metastatic tumors.
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Administration route Gene Statistical test Unadjusted P-value Holm Bonferroni adjusted P-value 

Intratumoral (IT) P53 One-way ANOVA 0.878 0.878 

Intratumoral (IT) P21 One-way ANOVA 0.064 0.196 
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Intratumoral (IT) BCL2 One-way ANOVA 0.128 0.256 

Intraperitoneal (IP) P53 Kruskal Wallis 0.232 0.928 

Intraperitoneal (IP) P21 Kruskal Wallis 0.934 0.934 

Intraperitoneal (IP) BAX Kruskal Wallis 0.255 0.928 

Intraperitoneal (IP) BCL2 Kruskal Wallis 0.249 0.928 

 

 

Table 3. Overall group-comparison P-values (unadjusted) and Holm–Bonferroni adjusted P-values for gene expression endpoints
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