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Antitumor Efficacy and Molecular Mechanisms of a Novel Tropolone Derivative JO-122(2) in Combination with Temozolomide in a U87MG Glioblastoma Xenograft Model  

ABSTRACT

Background: Glioblastoma (GBM) is the most aggressive primary brain tumor in adults, with limited therapeutic options and poor survival. Resistance to standard therapy with temozolomide (TMZ) remains a major challenge, necessitating novel agents with enhanced efficacy. Tropolone derivatives exhibit broad antitumor activity, and the synthetic trichlorotropolone JO-122(2) has demonstrated cytotoxic activity in previous studies. 
Methods: The antitumor efficacy of JO-122(2), both as monotherapy and in combination with TMZ, was evaluated in a U87MG glioblastoma xenograft model in Balb/c nude mice (n = 8 per group). Tumor volume was monitored over 25 days, and tumor growth inhibition (TGI) was calculated. Molecular mechanisms were investigated via RT-qPCR and ELISA to assess expression and protein levels of key apoptosis regulators: TP53, MDM2, BAX, BCL2, and CASP9.
Results: JO-122(2) significantly inhibited tumor growth (TGI = 42.08%), while TMZ also significantly inhibited tumor growth (TGI = 61.44%). The combination therapy demonstrated synergistic efficacy, reducing tumor volume by 4.9-fold and achieving 79.88% TGI (p < 0.0083 vs. control and both monotherapies). Mechanistically, combination treatment markedly increased p53 and Bax levels, decreased Bcl-2 and MDM2, and activated caspase-9. These changes were associated with transcriptional upregulation of TP53 and BAX, and downregulation of MDM2 and BCL2, indicating modulation of the p53/MDM2/Bcl-2 axis.
Conclusion: JO-122(2) exerts potent antitumor effects in GBM, particularly when combined with TMZ, by promoting mitochondrial apoptosis through coordinated regulation of p53 and its downstream effectors.
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INTRODUCTION
Glioblastoma (GBM), classified as a grade IV glioma by the World Health Organization (WHO), represents the most prevalent and aggressive form of primary brain tumor in adults [1]. It constitutes approximately 30% of all central nervous system (CNS) tumors and accounts for 80% of primary malignant neoplasms within this anatomical region [2]. Despite current multimodal therapeutic strategies — comprising maximal safe surgical resection, concomitant radiotherapy, and adjuvant chemotherapy with temozolomide (TMZ) — the clinical prognosis remains dismal, with a median survival of only 15 to 18 months post-diagnosis [2, 3]. The standard adjuvant regimen relies on the synergistic cytotoxic effects of ionizing radiation and TMZ, both of which exert their antitumor activity through the induction of DNA damage in tumor cells [2]. However, the intrinsic and acquired resistance mechanisms of GBM, particularly the upregulation of DNA repair pathways and the development of tolerance to radio- and chemotherapeutic agents, significantly compromise treatment efficacy. These limitations underscore the urgent need for novel therapeutic approaches with improved mechanisms of action and enhanced tumor selectivity.
In recent years, nitrogen-containing bicyclic heterocyclic compounds have emerged as promising class of chemotherapeutic agents for the treatment of various malignancies [4]. Among these, tropolone derivatives have attracted considerable scientific interest due to their distinctive structural features and broad spectrum of biological activities, including antitumor, antiviral, anti-inflammatory, insecticidal, and antioxidant effects [5–7]. Their polypharmacological profile — mediated through inhibition of protein kinases, disruption of tubulin polymerization, and activation of apoptotic pathways [8] — positions them as candidates for the development of new anticancer therapeutics [9, 10]. 
Of particular interest is the synthetic tropolone derivative 2-(1,1-dimethyl-1H-benzo[e]indolin-2-yl)-5,6,7-trichloro-1,3-tropolone (designated as JO-122(2)), developed at the Southern Federal University. Preclinical studies demonstrated potent antitumor activity in the PDX model of gastric adenocarcinoma and in the human glioblastoma U87MG xenograft model, suggesting potential efficacy against other aggressive tumors as well [11, 12]. Related tropolone derivatives exhibit diverse anticancer mechanisms: hinokitiol suppresses migration in lung cancer via NF-κB and MMPs [13], copper-tropolone complexes outperform cisplatin in breast cancer models [5], and quinoline-substituted trichlorotropolone derivative show efficacy in non-small cell lung cancer [14]. These findings underscore the class-wide potential for targeting key oncogenic pathways.
Given the urgent need for more effective therapies in GBM, this study evaluates the antitumor activity of JO-122(2) both as monotherapy and in combination with temozolomide in a U87MG xenograft model. We further investigate the molecular mechanisms underlying its effects, focusing on key regulators of apoptosis: p53, MDM2, Bcl-2/Bax ratio, and caspase-9 activation.

MATERIALS AND METHODS
Chemicals and Reagents
The tropolone derivative JO-122(2) was synthesized at the Research Institute of Physical and Organic Chemistry, Southern Federal University (Rostov-on-Don, Russia). TMZ was purchased from BIOCAD (Saint Petersburg, Russia). DMSO was obtained from Biolot (Saint Petersburg, Russia). RPMI-1640 and DMEM media, FBS, L-glutamine, penicillin, and streptomycin were acquired from various suppliers, including Gibco (Waltham, MA, USA), Himedia (Mumbai, India), PanEco (Moscow, Russia), and Biolot (Saint Petersburg, Russia).
Due to the limited solubility of the tropolone in non-toxic solvents, a specific administration protocol was developed. A weighed portion of the tropolone was first dissolved in 100 μL of DMSO. The resulting solution was then mixed with a 1% starch suspension. The total volume of the administered preparation did not exceed 300 μL per animal, which is within the recommended volume for oral administration in mice.

Cell Culture
Human glioblastoma U87MG cells were maintained in either DMEM or RPMI-1640 medium, supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin. All cultures were kept at 37°C in a humidified incubator with 5% CO2. Upon reaching 80% confluency, the cells were passaged using trypsin.

In Vivo Xenograft Model
Laboratory animals were housed in the SPF-grade (specific pathogen-free) vivarium of the National Medical Research Centre for Oncology. Animals were kept in an individually ventilated cage (IVC) system (Tecniplast, Italy) under strictly controlled environmental conditions: a temperature range of 21–26°C and a relative humidity of 50–60%.
The animals were provided with autoclaved sterile food and water ad libitum.
Immunodeficient Balb/c Nude mice (5–6 weeks old) were subcutaneously injected in the right flank with 0.2 mL of a cell suspension containing 5×106 viable U87MG cells in serum-free RPMI-1640 medium. Tumor growth was monitored regularly, and treatment was initiated when the xenografts reached a palpable size (~100 mm3).

Treatment Groups
Mice were randomly assigned to four groups (n = 8 per group):
· Group 1 (TMZ): Temozolomide (20 mg/kg, intraperitoneally, daily)
· Group 2 (JO-122(2)): JO-122(2) (60 mg/kg, per os, three times a week)
· Group 3 (JO-122(2) + TMZ): JO-122(2) (60 mg/kg, per os, three times a week) combined with temozolomide (20 mg/kg, intraperitoneally, daily)
· Group 4 (Control): Vehicle control consisting of sodium chloride (0.9%, intraperitoneally, daily) and starch gel (1%, per os, three times a week)
The dosage and treatment schedule for temozolomide were selected based on literature data corresponding to standard regimens used in preclinical studies on animal glioma models [15]. All compounds were administered without regard to the animal feeding schedule.
The treatment duration was 25 days. Tumor volume was assessed every 3 days using a digital caliper and calculated according to the formula:
V = (L × W2) / 2
where L is the length (longest diameter) and W is the width (perpendicular diameter). 
The antitumor efficacy of the tested compounds and their combination was evaluated using the tumor growth inhibition (TGI) index, expressed as a percentage and calculated as follows:
TGI (%) = ((Vc - Vt) / Vc) × 100
where Vc is the mean tumor volume (mm3) in the control group and Vt is the mean tumor volume (mm3) in the treated group.

Gene Expression Analysis (RT-qPCR)
Total RNA was extracted from tumor tissues using TRIzol reagent (Thermo Fisher Scientific, USA). cDNA was synthesized using a reverse transcription kit (Syntol, Russia). qPCR was performed using SYBR Green (Syntol, Russia) on a DTprime real-time PCR system (DNA-Technology, Russia). Primers are listed in Table 1. Gene expression was normalized to ACTB and analyzed using the 2⁻ΔΔCt method.

Protein Analysis (ELISA)
Tumor tissues were homogenized using a BD Medimachine system (BD Biosciences, USA), followed by centrifugation at 3,000 × g for 10 min at 4°C (Eppendorf 5702 R, Germany). Supernatants were collected for analysis.
Levels of p53, MDM2, Bax, Bcl-2, and caspase-9 (CASP9) were measured using commercial ELISA kits (Cloud-Clone Corp., USA) according to the manufacturer’s instructions. Protein concentrations were normalized to tissue weight (pg/mg or ng/mg).
The minimum detectable concentrations for each protein were as follows: p53, 27 pg/mL; MDM2, 0.055 ng/mL; Bax, 28.2 pg/mL; Bcl-2, 0.056 ng/mL; and caspase-9, 0.121 ng/mL.
Absorbance was read at 450 nm with a reference wavelength of 630 nm using a microplate reader (MR-96A, Mindray, China). Washing and incubation steps were performed using automated equipment (StatFax-2600/2200, Awareness Technology, USA).

Statistical Analysis
Statistical analyses were performed using Statistica 10 (StatSoft, USA) and Microsoft Excel 2013. All quantitative data were assessed for normality using the Shapiro-Wilk test. Comparisons between two independent groups with normally distributed data were made using the parametric Student's t-test. For multiple comparisons across three or more groups, the Bonferroni correction was applied to control the family-wise error rate and minimize the probability of Type I errors. Data from all experiments are expressed as the arithmetic mean ± standard deviation (mean ± SD). A p-value of less than 0.0083 (p < 0.0083) was considered statistically significant.

RESULTS
Antitumor Efficacy of JO-122(2) and TMZ In Vivo
The antitumor activity of JO-122(2), both as a monotherapy and in combination with TMZ, was evaluated in vivo. Each experimental cohort included 4 male and 4 female mice. As no statistically significant sex-related differences in tumor volume or other parameters were detected, subsequent analyses were performed on group averages.
A significant suppression of tumor growth relative to the control group was first observed on day 11 in mice treated with TMZ alone and with the JO-122(2)/TMZ combination, an effect that was sustained throughout the experiment. In contrast, a statistically significant reduction in tumor volume for the JO-122(2) monotherapy group was only evident by day 13.
By the endpoint of the study (day 25), the mean tumor volume in the control group reached 1387.44 ± 141.45 mm³. Monotherapy with TMZ and JO-122(2) resulted in a 2.6-fold (535.02 ± 98.50 mm³) and a 1.7-fold (803.59 ± 146.07 mm³) reduction in volume, respectively. The most potent inhibitory effect was achieved with the JO-122(2) and TMZ combination, which reduced the tumor volume by 4.9-fold to 279.14 ± 58.94 mm³ (p < 0.0083 vs. control). This value was also significantly lower than those achieved by either monotherapy (p < 0.0083) (Figure 1).
Analysis of the TGI rate confirmed the superior efficacy of the combination treatment, which yielded a TGI of 79.88%. The TGI values for TMZ and JO-122(2) monotherapies were 61.44% and 42.08%, respectively.

Analysis of Gene Expression and Protein Levels Regulating Apoptosis and Cell Cycle
To elucidate the molecular mechanisms underlying the therapeutic response, we quantified key proteins and mRNA levels regulating apoptosis and cell cycle in glioblastoma xenograft tissues following treatment with TMZ, tropolone JO-122(2), or their combination. Statistically significant alterations in the concentrations of p53, MDM2, Bax, Bcl2, and CASP9 were observed across treatment groups (Table 2). 
To determine whether these changes were driven by transcriptional regulation, we analyzed the expression of the corresponding genes (TP53, MDM2, BAX, BCL2, CASP9) using logarithmic fold-change (log2FC), where positive and negative values indicate upregulation and downregulation, respectively, compared to the control. The combination therapy induced the most pronounced shifts in gene expression, which generally correlated with, but were not always proportional to, protein level changes, suggesting additional post-transcriptional and post-translational regulatory mechanisms (Table 3).
The most significant impact was on the tumor suppressor p53. Combination therapy yielded the highest p53 protein concentration (5091.64 ± 590.22 pg/mg), a 1.9-fold increase over control (2650.45 ± 923.65 pg/mg) and significantly higher than TMZ monotherapy (3506.84 ± 369.77 pg/mg; p<0.0083). Notably, tropolone monotherapy also significantly elevated p53 levels (4428.49 ± 410.93 pg/mg) above both control and TMZ-alone groups, indicating its independent role in p53 activation.
This protein accumulation was supported by transcriptional upregulation. TP53 gene expression was significantly increased in all treatment groups compared to control (p<0.0083), with the highest log2FC observed for the combination (0.49 ± 0.28). Tropolone alone (0.42 ± 0.23) also induced greater TP53 expression than TMZ monotherapy (0.26 ± 0.23), confirming its potency in both stabilizing and transcriptionally activating p53.
The activation of the p53 protein observed during therapy significantly affects the expression of its target genes, among which MDM2, a key negative regulator of p53, is of particular importance. Accordingly, combination therapy resulted in the most pronounced suppression of MDM2 protein levels (0.27 ± 0.10 ng/mg), representing an approximately 4-fold decrease compared to the control (1.08 ± 0.27 ng/mg; p<0.0083). Tropolone monotherapy also significantly reduced MDM2 levels (0.32 ± 0.08 ng/mg) compared to both the control and TMZ groups. At the transcriptional level, MDM2 expression was most strongly inhibited by the combination treatment (-1.51 ± 0.36, ~2.8-fold decrease) and tropolone alone (-1.25 ± 0.30, ~2.4-fold decrease), compared to a modest reduction with TMZ monotherapy (-0.62 ± 0.23, ~1.5-fold decrease). This synergistic inhibition of MDM2 likely contributes to the enhanced stabilization and activity of p53 observed in the combination group.
The stabilization of p53 facilitated the activation of its pro-apoptotic target, Bax. The Bax protein level was highest in the combination group (3967.93 ± 751.33 pg/mg), significantly exceeding control (3151.16 ± 1190.14 pg/mg) and TMZ monotherapy (2979.73 ± 382.30 pg/mg; p<0.0083). Tropolone monotherapy also elevated Bax (3781.16 ± 760.40 pg/mg). Concordantly, BAX gene expression was significantly upregulated by the combination (0.89 ± 0.25) and tropolone alone (0.77 ± 0.25), but not by TMZ monotherapy.
Conversely, the anti-apoptotic protein Bcl2 was profoundly suppressed. Its concentration was minimized by combination therapy (0.21 ± 0.08 ng/mg vs. 1.54 ± 0.67 ng/mg in control; p<0.0083) and significantly reduced by tropolone monotherapy (0.42 ± 0.14 ng/mg). TMZ monotherapy had a modest effect (1.04 ± 0.29 ng/mg). This effect was transcriptionally mediated, as BCL2 gene expression was strongly downregulated by the combination (-1.74 ± 0.42) and tropolone (-1.34 ± 0.35), but not by TMZ. The resulting decrease in the Bcl2/Bax ratio promotes mitochondrial apoptosis.
The pro-apoptotic signaling culminated in the activation of caspase-9. CASP9 protein levels were significantly elevated in groups containing tropolone, with the maximum level observed under combination therapy (3.10 ± 0.67 ng/mg vs. 1.18 ± 0.54 ng/mg in control; p<0.0083). This increase was significantly greater than that achieved with either monotherapy. At the mRNA level, a significant upregulation of CASP9 was only detected in the combination group (0.27 ± 0.23), suggesting that post-translational mechanisms may also contribute to CASP9 protein accumulation.
In summary, the data demonstrate that combination therapy synergistically modulates the p53/MDM2 axis, shifting the balance towards pro-apoptotic signaling through transcriptional and post-translational regulation of key effectors like Bax, Bcl-2, and Caspase-9. Tropolone JO-122(2) alone exhibits a strong propensity to activate this pathway, which is potently enhanced when combined with TMZ.

DISCUSSION
Tropolone derivatives have demonstrated potent cytotoxic activity in various cancer cell lines, including AGS gastric adenocarcinoma, primary glioma cultures, SW620 colorectal cancer, and A431 epidermoid carcinoma cells [16–19], indicating their potential to modulate fundamental oncogenic pathways. In this study, the synthetic tropolone derivative JO-122(2) demonstrated significant antitumor efficacy in a U87MG glioblastoma xenograft model, particularly when combined with temozolomide, highlighting its promise as a combination therapeutic agent for glioblastoma.
The observed efficacy of JO-122(2) is likely mediated through modulation of the p53-MDM2 axis. Its hydroxyketone structure confers metal-chelating properties, which may inhibit metalloenzymes such as histone deacetylases (HDACs) or disrupt zinc-dependent domains in proteins like MDM2. Inhibition of HDACs can promote p53 acetylation and stabilization, as well as suppress MDM2 expression, while direct interference by JO-122(2) with the RING domain of MDM2 could impair its E3 ubiquitin ligase activity, thereby preventing p53 degradation [20–23]. This mechanism aligns with our findings of elevated p53 protein levels despite only moderate transcriptional upregulation of TP53, highlighting the dominance of post-translational regulation in the combination group [24, 25].
Furthermore, both mRNA and protein levels of MDM2 were significantly reduced, especially with combination therapy, disrupting the negative feedback loop and promoting sustained p53 activation. This effect may be partially mediated by microRNAs, particularly miR-29a, which binds to the 3′-UTR of MDM2 mRNA, suppressing its translation and facilitating degradation [20, 23, 25, 26].
Downstream of p53 activation, we observed increased BAX expression and decreased BCL2, leading to a favorable shift in the Bcl-2/Bax ratio and activation of caspase-9. These changes indicate robust induction of mitochondrial apoptosis. Notably, caspase-9 activation occurred without significant upregulation of CASP9 mRNA, consistent with its canonical post-translational activation within the apoptosome [25, 27–30].
While NF-κB inhibition by related tropolones (e.g., hinokitiol) may further support pro-apoptotic signaling [31, 32], this pathway was not assessed in the present study and requires future investigation. Similarly, although other agents such as colchicine and quinoline-tropolone hybrids have been shown to downregulate Bcl-2 [30, 33, 34], our data emphasize that JO-122(2) enhances intrinsic apoptosis primarily through modulation of the p53/MDM2/Bcl-2 axis.
Our results support the development of multi-targeted strategies combining standard chemotherapy with tropolone derivatives to overcome treatment resistance in glioblastoma. However, clinical translation will require further studies on pharmacokinetics, optimal dosing regimens, and safety profiles. Nonetheless, the synergistic antitumor effect of JO-122(2) and TMZ underscores its potential as a novel therapeutic approach for aggressive brain tumors.

CONCLUSION
The present study demonstrates that the synthetic tropolone derivative JO-122(2) exerts significant antitumor activity against glioblastoma in a U87MG xenograft model. Administration of JO-122(2), either as monotherapy or in combination with TMZ, resulted in substantial tumor growth inhibition, with the combination therapy showing superior efficacy. This synergistic effect is mediated through the modulation of key apoptotic regulators: JO-122(2) promotes p53 stabilization and activation, suppresses its negative regulator MDM2, shifts the Bcl-2/Bax balance toward pro-apoptotic signaling, and activates caspase-9. These findings indicate that JO-122(2) enhances mitochondrial apoptosis via coordinated regulation of the p53/MDM2 pathway. The results support the potential of JO-122(2) as a promising candidate for glioblastoma therapy, particularly in combination with standard chemotherapeutic agents.
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FIGURES AND TABLES
Table 1. Primer sequences used in RT-qPCR
	Gene
	Forward primer sequence
	Reverse primer sequence

	TP53
	ACCCTCTGACCTTTTTCCCA
	TGCTGGGATCTTAGGCACTC

	MDM2
	ACCCTGGTTAGACCAAAGCC
	TGGCACGCCAAACAAATCTC

	BAX
	TGGCAGCTGACATGTTTTCTGAC
	TCACCCAACCACCCTGGTCTT

	BCL2
	TCGCCCTGTGGATGACTGA
	CAGAGACAGCCAGGAGAAATCA

	CASP9
	CTCTACTTTCCCAGGTTT
	TTTCACCGAAACAGCATT
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Figure 1. Tumor growth kinetics in U87MG xenografts.
Note: * p < 0.0083 vs. control; · p < 0.0083 vs. TMZ alone; △ p < 0.0083 vs. JO-122(2) alone.

Table 2. Protein levels in tumor tissue normalized to tissue mass
	Protein
	TMZ (20 mg/kg)
	JO-122(2) (60 mg/kg)
	JO-122(2) (60 mg/kg) + TMZ (20 mg/kg)
	Control

	p53, pg/mg
	3506,84±369,77
	4428,49±410,93*·
	5091,64±590,22*·
	2650,45±923,65

	MDM2, ng/mg
	0,54±0,04*
	0,32±0,08*·
	0,27±0,10*·
	1,08±0,27

	Bax, pg/mg
	2979,73±382,30
	3781,16±760,40
	3967,93±751,33·
	3151,16±1190,14

	Bcl2, ng/mg
	1,04±0,29
	0,42±0,14*·
	0,21±0,08*·△
	1,54±0,67

	CASP9, ng/mg
	1,36±0,42
	2,74±0,49*·
	3,10±0,67*·
	1,18±0,54


Note: * p < 0.0083 vs. control; · p < 0.0083 vs. TMZ alone; △ p < 0.0083 vs. JO-122(2) alone.

Table 3. Gene expression in tumor tissue (log2FC±SD)
	Treatment regimen
	TP53
	MDM2
	BAX
	BCL2
	CASP9

	TMZ (20 mg/kg)
	0,26±0,23*
	-0,62±0,23*
	0,14±0,30
	-0,15±0,28
	-0,07±0,22

	JO-122(2) (60 mg/kg)
	0,42±0,23*
	-1,25±0,30*·
	0,77±0,25*·
	-1,34±0,35*·
	0,07±0,23

	JO-122(2) (60 mg/kg) + TMZ (20 mg/kg)
	0,49±0,28*
	-1,51±0,36*·
	0,89±0,25*·
	-1,74±0,42*·
	0,27±0,23*·


Note: * p < 0.0083 vs. control; · p < 0.0083 vs. TMZ alone.
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