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ABSTRACT 

 

Background:  Glioblastoma (GBM) is the most aggressive primary brain 
tumor in adults, with limited therapeutic options and poor survival. 
Resistance to standard temozolomide (TMZ) therapy remains a major 
challenge, necessitating novel agents. Tropolone derivatives, particularly 
the synthetic trichlorotropolone JO-122(2), have shown broad preclinical 
antitumor activity. This study aimed to determine whether JO-122(2), alone 
or combined with TMZ, can suppress GBM growth in vivo and to define the 
accompanying changes in the p53/MDM2/Bcl-2 apoptotic axis.  
Methods: JO-122(2), as monotherapy or combined with TMZ, was evaluated 
in a U87 MG GBM xenograft model in BALB/c nude mice (n = 8 per group). 
Tumor volumes were monitored over 25 days, and tumor growth inhibition 
(TGI) was calculated. Molecular mechanisms were investigated by RT-qPCR 
and ELISA, assessing gene expression and protein levels of the apoptotic 
regulators TP53, MDM2, BAX, BCL2, and CASP9. 
Results: JO-122(2) and TMZ monotherapy inhibited tumor growth (TGI = 
42.08% and 61.44%, respectively). The combination therapy reduced tumor 
volume 4.9-fold compared to the vehicle control and achieved a TGI of 
79.88% (p = 4.20 × 10⁻⁸ vs. control; p = 1.66 × 10⁻³ vs. TMZ; p = 5.97 × 10⁻⁵ 
vs. JO-122(2)). It also increased p53, Bax, and caspase-9 protein levels and 
decreased MDM2 and Bcl-2, with concordant upregulation of TP53 and BAX 
and downregulation of MDM2 and BCL2 mRNA, 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 
the coordinated regulation of p53 and its downstream effectors.  
DOI: 10.22034/IBJ…….. 
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1. INTRODUCTION 
Glioblastoma (GBM), a WHO grade IV glioma, is the 

most prevalent and aggressive primary brain tumor in 

adults[1], accounting for about 30% of all central nervous 

system (CNS) tumors and 80% of primary malignant 

CNS neoplasms[2]. Despite standard multimodal 

therapies (surgery, radiotherapy, and temozolomide 

[TMZ]), GBM prognosis remains poor, with a median 

survival of 15–18 months[2,3]. While radiotherapy and 

TMZ synergistically induce DNA damage in tumors[2]. 

GBM frequently develops intrinsic and acquired 

resistance via enhanced DNA repair and drug tolerance, 

compromising efficacy. This condition underscores the 

urgent need for novel and selective therapeutics. 

Nitrogen-containing bicyclic heterocycles have 

emerged as promising chemotherapeutic agents[4]. 

Tropolone derivatives, in particular, exhibit broad 

biological activities, including potent antitumor 

effects[5-7]. Their polypharmacological profile, mediated 

by kinase inhibition, tubulin disruption, and apoptosis 

induction[8], makes them potential candidates for novel 

anticancer therapies[9,10]. 

The synthetic tropolone derivative JO-122(2) (2-(1,1-

dimethyl-1H-benzo[e]indolin-2-yl)-5,6,7-trichloro-1,3-

tropolone) has demonstrated potent preclinical 

antitumor activity in the models of gastric 

adenocarcinoma patient-derived xenografts and U87 

MG GBM xenograft[11,12]. Other related compounds 

have shown diverse mechanisms of action; hinokitiol 

inhibits lung cancer cell migration via the NF-κB/MMPs 

pathway[13], copper-tropolone complexes surpass 

cisplatin in breast cancer[5], and quinoline-substituted 

trichlorotropolone derivatives show efficacy in non-

small cell lung cancer[14]. Collectively, these data 

highlight the potential of this class of compounds for 

targeting oncogenic processes. To address this 

therapeutic need, we evaluated JO-122(2) alone and in 

combination with TMZ in a U87 MG xenograft  

model, focusing on its molecular effects on key 

apoptotic regulators: p53, MDM2, Bcl-2/Bax ratio, and 

caspase-9. 
 

2. MATERIALS AND METHODS 

2.1. 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). Cell culture reagents (RPMI-

1640, DMEM, FBS, L-glutamine, and antibiotics) were 

sourced from Gibco, Himedia, PanEco, and Biolot. The 

structural identity and chemical purity (≥98%) of JO-

122(2) were confirmed by comprehensive spectroscopic 

analysis (¹H/¹³C NMR, IR, MS) and elemental analysis 

prior to biological testing. Full spectral datasets and 

detailed synthetic protocols are documented in Russian 

Federation Patents RU 2810581 C1 and RU 2839886 

C1[15,16]. Due to limited aqueous solubility, a 

standardized oral formulation was prepared by 

dissolving JO-122(2) in DMSO and diluting with 1% 

starch suspension to achieve a final DMSO 

concentration of 10% (v/v). This concentration falls 

within the established safety thresholds for murine oral 

gavage and caused no local irritation or systemic 

toxicity in pilot studies. Suspensions were prepared 

extemporaneously, visually inspected for homogeneity, 

and administered within 30 min to ensure the stability of 

the trichlorotropolone scaffold under physiological 

conditions[17,18]. Dosing was performed using flexible 

20–22 G oral gavage needles, with volumes strictly 

maintained ≤10 mL/kg. 

 

2.2. Cell culture 

Human GBM U87 MG cells were obtained from the 

National Medical Research Centre for Oncology 

(Rostov-on-Don). Authentication of these cells was 

confirmed by STR profiling (COrDIS Plus kit, Gordiz), 

and routine mycoplasma testing was performed by PCR 

(Servicebio, China). All experiments utilized 

mycoplasma-negative cultures at passages 35–39. Cells 

were maintained in DMEM or RPMI-1640 

supplemented with 10% FBS, 2 mM L-glutamine, 100 

U/mL penicillin, and 100 µg/mL streptomycin. The 

dual-medium approach reflected reagent availability 

during the study; both formulations supported 

equivalent proliferation kinetics. Cultures were 

incubated in 5% CO₂ with 95% humidity at 37°C and 

passaged at 80% confluency using standard trypsin-

EDTA protocols. 

 

2.3. In vivo xenograft model 

Immunodeficient BALB/c nude mice (5–6 weeks old) 

were housed in a specific-pathogen-free vivarium using 

individually ventilated cages (Tecniplast, Italy). 

Environmental parameters were strictly controlled 

(temperature 21–26°C, relative humidity 50–60%, a 12-

h light/dark cycle), with autoclaved food/water provided 

ad libitum. For xenograft establishment, U87 MG cells 

at 75–85% confluency were trypsinized, washed with 

PBS, and resuspended in serum-free RPMI-1640 at 25 

× 10⁶ viable cells/mL to prevent xenogeneic protein 

introduction. A 0.2 mL aliquot (5 × 10⁶ cells) was 

injected subcutaneously into the right flank. Animals 

were randomized into experimental cohorts using a 

computer-generated sequence and stratified to ensure 

comparable baseline tumor volumes (100 ± 20 mm³). 

Tumor measurements were performed blindly by 

trained personnel using digital calipers. Predefined 

humane endpoints included tumor volume >2,000 mm³, 

ulceration/necrosis, >20% body weight loss, or severe 
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clinical distress. All animals were monitored daily by 

veterinary staff; no subject reached termination criteria. 

 

2.4. Treatment protocol, efficacy assessment, and 

safety monitoring 

Mice were allocated into four groups (n = 8/group) 

and treated for 25 days. Group 1 received TMZ (20 

mg/kg, i.p., daily); group 2 received JO-122(2) (60 

mg/kg, by oral gavage, three times weekly); group 3 

received the combination at the same doses and 

schedules; group 4 received a vehicle control (0.9% 

NaCl, i.p., daily + 1% starch/10% DMSO, by oral 

gavage, three times weekly, ≤300 µL). Dose selection 

followed a stepwise preclinical validation strategy. 

Initial in vitro profiling in U87 MG cells demonstrated 

G₀/G₁ cell cycle arrest and caspase-dependent apoptosis 

(IC₅₀ = 1.96 µM at 72 h)[19]. Subsequent in vivo dose-

ranging studies (10–60 mg/kg) established 60 mg/kg as 

the optimal therapeutic dose, achieving maximal tumor 

growth inhibition (TGI) of 39.54% without systemic 

toxicity[20]. This dose aligns with efficacy data for 

structurally related trichlorotropolone derivatives (~55 

mg/kg) in NSCLC xenograft models[14]. The TMZ 

regimen (20 mg/kg, i.p., daily) was selected to replicate 

clinical pharmacokinetic profiles and ensure 

reproducible antitumor activity in U87 MG models[21]. 

All administrations were performed between 09:00 and 

11:00 AM to minimize circadian pharmacokinetic 

variability. Tumor dimensions were measured every 

three days. Volume (mm³) was calculated as V = (L × 

W2)/2, where L is the longest diameter and W is the 

perpendicular width. Antitumor efficacy was evaluated 

using two complementary metrics. Terminal TGI at day 

25 was calculated as TGI (%) = ((Vc - Vt)/Vc) × 100, 

where Vc and Vt represent mean tumor volumes in 

control and treated groups, respectively. Longitudinal 

tumor burden was assessed using the area under the 

volume-time curve (AUC₁₋₂₅), computed using the 

trapezoidal rule: AUC = ∑
(Vi+Vi+1)

2
× (ti+1 − ti)

n−1
i=1 ; 

Relative AUC reduction was determined as 

AUC reduction (%) = (1 −
AUCtreated

AUCcontrol
) × 100. Systemic 

toxicity was monitored through daily clinical 

assessments and body weight measurements (baseline, 

then every 72 h). No treatment-related weight loss 

(>10%) or behavioral abnormalities were observed. 

These safety findings corroborate prior dose-ranging 

research, confirming the absence of mortality, 

hematological/biochemical deviations, or organ 

toxicity[20]. Notably, JO-122(2) attenuated tumor-

induced systemic complications, including anemia, 

leukopenia, and hyperglycemia. All procedures adhered 

to strict humane endpoint enforcement and daily 

veterinary oversight. 

 

2.5. Gene expression analysis (RT-qPCR) 

Total RNA was extracted from excised tumor tissues 

using TRIzol reagent (Thermo Fisher Scientific, USA). 

Complementary DNA synthesis was performed using a 

commercial reverse transcription kit (Syntol, Russia). 

For qPCR, SYBR Green master mix (Syntol) was used 

on a DTprime real-time PCR system (DNA-

Technology, Russia). The primer sequences are 

provided in Table 1. Gene expression was normalized to 

the ACTB gene, which demonstrated stable 

amplification across all groups (mean Ct = 18.6 ± 0.9; 

CV <5%). Relative quantification was performed using 

the 2⁻ΔΔCt method. All RT-qPCR assays were conducted 

in three biological and technical replicates to ensure 

statistical robustness. 

 

2.6. Protein analysis (ELISA) 

Tumor tissues were homogenized using a BD 

Medimachine system (BD Biosciences, USA) and 

centrifuged (3,000 ×g, 4°C, 10 min). Supernatants were 

analyzed for p53, MDM2, Bax, Bcl-2, and caspase-9 

using commercial sandwich ELISA kits (Cloud-Clone 

Corp., USA; cat. nos. SEA928Hu, SEG790Hu, 

SEB343Hu, SEA778Hu, SEA627Hu) as per 

manufacturer’s protocols. The minimum detectable 

concentrations for the proteins were as follows: p53 (27 

pg/mL), MDM2 (0.055 ng/mL), Bax (28.2 pg/mL), Bcl-

2 (0.056 ng/mL), caspase-9 (0.121 ng/mL). Absorbance 

was measured at 450 nm (reference wavelength of 630 

nm) on an MR-96A microplate reader (Mindray, China). 

Washing/incubation steps were automated (StatFax-

2600/2200, Awareness Technology, USA). Protein 

levels were normalized to tissue weight (pg/mg or 

ng/mg). Standard curves were generated via serial 

dilutions   of   recombinant   standards   and   interpolated 

 
 

                           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 

 

 [
 D

ow
nl

oa
de

d 
fr

om
 ib

j.p
as

te
ur

.a
c.

ir
 o

n 
20

26
-0

9-
06

 ]
 

                               3 / 9

https://ibj.pasteur.ac.ir/article-1-5466-en.html


JO-122(2) Enhances TMZ Efficacy in GBM Kit et al. 

 

 
4 Iran. Biomed. J. 30 (4): …-… 

 

 

using four-parameter logistic (4-PL) regression. As 

these kits quantify total protein without distinguishing 

post-translationally modified or cleaved isoforms (e.g., 

active caspase-9), data interpretation was integrated 

with RT-qPCR profiles, functional endpoints, and 

established mechanistic literature. All assays were 

performed in three independent biological replicates. 
 

2.7. Statistical analysis 

Analyses were conducted in Statistica 10 (StatSoft, 

USA) and Excel 2013. Normality was assessed using the 

Shapiro-Wilk test. Pairwise comparisons among groups 

were performed using Welch's unequal-variance t-test, 

and the resulting p values were adjusted for the six 

pairwise comparisons among the four experimental 

groups using the Bonferroni method. All p values 

reported in the text, figures, and tables are Bonferroni-

adjusted; significance was set at adjusted p < 0.05. Data 

are presented as mean ± standard deviation (SD). Each 

cohort included four male and four female mice; two-

way ANOVA (sex × treatment) revealed no significant 

sex effects or interactions for primary endpoints (all p > 

0.05), permitting data pooling. Concordance between 

transcriptional and translational regulation was 

evaluated using Pearson correlation (R) between log₂-

fold mRNA changes (RT-qPCR) and protein 

concentrations (ELISA) for TP53, MDM2, BAX, BCL2, 

and CASP9. Correlation strength was interpreted as: |R| 

≥ 0.8 (strong), 0.5 ≤ |R| < 0.8 (moderate), |R| < 0.5 

(weak).  

 

3. RESULTS 

3.1. Antitumor efficacy of JO-122(2) and TMZ  

in vivo 

Antitumor activity of JO-122(2) was evaluated in U87 

MG xenografts (n = 8/group, balanced sex). No sex-

related differences were detected; hence, the data were 

pooled. Tumor growth suppression emerged on day 11 

for TMZ and combination groups, and day 13 for JO-

122(2) monotherapy. At the endpoint (day 25), the size 

of control tumors was 1387.44 ± 141.45 mm³. TMZ 

monotherapy reduced tumor volume by 2.6-fold (535.02 

± 98.50 mm³), JO-122(2) monotherapy resulted in a 1.7-

fold reduction (803.59 ± 146.07 mm³), and the 

combination yielded a 4.9-fold reduction (279.14 ± 

58.94 mm³; p = 4.20 × 10-⁸ vs. control). The 

combination treatment was more effective than 

monotherapies (TMZ: p = 1.66 × 10⁻³; JO-122(2): p = 

5.97 × 10⁻⁵; Fig. 1). TGI reached 79.88% for the 

combination therapy, 61.44% for TMZ, and 42.08% for 

JO-122(2). Longitudinal AUC₁–₂₅ analysis confirmed 

these findings as follows: control 16,529.09 mm³·days; 

TMZ 8,533.96 mm³·days (48.37% reduction); JO-

122(2) 11,508.80 mm³·days (30.37% reduction); 

combination therapy 7,740.20 mm³·days (53.17% 

reduction).  

 

 

 
 
 

Fig. 1. Tumor growth kinetics in U87 MG xenografts following treatment with TMZ (20 mg/kg, intraperitoneally, daily), JO-122(2) 

(60 mg/kg, by oral gavage, three times weekly), and the combination, or a vehicle control over 25 days. Tumor volume (mm³) was 

calculated as V = (L × W²)/2 and measured every three days starting from the first day of treatment. Data are presented as the mean ± 

SD for n = 8 mice per group (four males and four females). Statistical significance was assessed as described in Section 2.7; adjusted  

p values are reported: *adjusted p < 0.05 vs. vehicle control group; adjusted p < 0.05 vs. TMZ monotherapy group; △adjusted p < 0.05 

vs. JO-122(2) monotherapy group. 
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3.2. Results for gene expression and protein level 

determinations 

Protein and mRNA levels of apoptotic regulators are 

summarized in Tables 2 and 3. The combination group 

showed the highest p53 protein concentration (5091.64 

± 590.22 pg/mg), exceeding the control (2650.45 ± 

923.65 pg/mg; 1.9-fold, p = 2.46 × 10-4) and TMZ 

monotherapy (3506.84 ± 369.77 pg/mg; p = 2.13 × 10-

4) groups. JO-122(2) monotherapy also elevated p53 

protein expression (4428.49 ± 410.93 pg/mg) compared 

to the control (p = 3.70 × 10-3) and TMZ (p = 2.05 × 10-

3). TP53 mRNA was significantly elevated in JO-122(2) 

monotherapy (log₂FC: 0.42 ± 0.23; p = 8.61 × 10-4) and 

combination therapy (log₂FC: 0.49 ± 0.28; p = 1.28 × 

10-3) compared to the control. TMZ monotherapy also 

produced a smaller but statistically significant increase 

in TP53 mRNA relative to the control (log₂FC: 0.26 ± 

0.23; p = 3.87 × 10-2). MDM2 protein levels were most 

strongly suppressed by combination therapy (0.27 ± 

0.10 ng/mg; ~4-fold vs. control 1.08 ± 0.27 ng/mg; p = 

1.49 × 10-4), and also JO-122(2) (0.32 ± 0.08 ng/mg; p 

= 3.17 × 10-4) and TMZ (0.54 ± 0.04 ng/mg; p = 4.23 × 

10-3) monotherapy compared to control. Both JO-122(2) 

and combination therapy also significantly suppressed 

MDM2 compared to TMZ alone (p = 2.03 × 10-4 and p 

= 3.10 × 10-4, respectively). MDM2 mRNA showed a 

significant downregulation compared to control in all 

treatment groups: TMZ (log₂FC: -0.62 ± 0.23; p = 3.60 

× 10-4), JO-122(2) (log₂FC: -1.25 ± 0.30; p = 6.94 × 10-

⁶), and combination therapy (log₂FC: -1.51 ± 0.36; p = 

7.73 × 10-⁶). The combination therapy downregulated 

MDM2 mRNA more strongly than TMZ alone (p = 2.83 

× 10-3), and JO-122(2) monotherapy downregulated it 

more strongly than TMZ monotherapy (log₂FC −1.25 ± 

0.30 vs. −0.62 ± 0.23; p = 1.25 × 10-²). Bax protein 

levels peaked in the combination group (3967.93 ± 

751.33 pg/mg), significantly exceeding those of TMZ 

(2979.73 ± 382.30 pg/mg; p = 4.45 × 10-2). JO-122(2) 

monotherapy also elevated Bax levels (3781.16 ± 

760.40 pg/mg). BAX mRNA was significantly 

upregulated compared to control in JO-122(2) 

monotherapy (log₂FC: 0.77 ± 0.25; p = 1.26 × 10-4) and 

combination therapy (log₂FC: 0.89 ± 0.25; p = 3.53 × 

10-⁵), but not in TMZ monotherapy (log₂FC: 0.14 ± 

0.30). The combination therapy also upregulated BAX 

mRNA relative to TMZ (p = 4.84 ×  

10-3), and JO-122(2) monotherapy upregulated BAX 

mRNA more strongly than TMZ monotherapy (log₂FC 

0.77 ± 0.25 vs. 0.14 ± 0.30; p = 1.58 × 10⁻²). The 

elevated SD for Bax in the control group reflects 

inherent biological heterogeneity in untreated xenograft 

tissues; however, all intergroup comparisons remained 

statistically robust following Bonferroni correction and 

were further validated by strong transcriptional-

translational concordance (R = 0.90). Bcl-2 protein 

concentration was the lowest in the combination group 

(0.21 ± 0.08 ng/mg) and significantly reduced compared 

to control (1.54 ± 0.67 ng/mg; p = 4.56 × 10-3), TMZ 

(1.04 ± 0.29 ng/mg; p = 3.01 × 10-4), and JO-122(2) 

(0.42 ± 0.14 ng/mg; p = 2.12 × 10-2). JO-122(2) 

monotherapy also significantly reduced Bcl-2 compared 

to control (p = 1.16 × 10-2) and TMZ (p = 1.64 × 10-3). 

BCL2 mRNA was strongly downregulated compared to 

control by combination therapy (log₂FC: -1.74 ± 0.42; p 

= 7.68 × 10-⁶) and JO-122(2) monotherapy (log₂FC: -

1.34 ± 0.35; p = 1.74 × 10-⁵), but not by TMZ 

monotherapy (log₂FC: -0.15 ± 0.28). Combination 

therapy also significantly downregulated BCL2 mRNA 

compared to TMZ alone (p = 9.62 × 10-⁵), and JO-122(2) 

monotherapy downregulated BCL2 mRNA more 

strongly than TMZ monotherapy (log₂FC -1.34 ± 0.35 

vs. -0.15 ± 0.28; p = 4.39 × 10-⁴). Caspase-9 protein 

levels were significantly elevated in JO-122(2)-

containing groups compared to control: JO-122(2) 

monotherapy (2.74 ± 0.54 ng/mg vs. control 1.18 ± 0.59 

ng/mg; p = 4.65 × 10-4) and also combination therapy 

(3.10 ± 0.77 ng/mg vs. control; p = 5.24 × 10-4). Both 

JO-122(2) and combination therapy also significantly 

elevated caspase-9 compared to TMZ monotherapy 

(1.24 ± 0.48 ng/mg; p = 2.54 × 10-4 and p = 5.91 × 10⁻4, 

respectively). CASP9 mRNA showed a non-significant 

upward trend with combination therapy (log₂FC: 0.27 ± 

0.23). Pearson correlations between the log₂-fold change 

of  each  transcript  and  the  concentration  of  its  protein  

   
 
 

Table 2. Protein levels in tumor tissue normalized to tissue mass following treatment with TMZ, JO-122(2), their combination, or vehicle 

control 

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 

Bcl-2 (ng/mg) 1.04 ± 0.29 0.42 ± 0.14* 0.21 ± 0.08*△ 1.54 ± 0.67 

Caspase-9 (ng/mg) 1.24 ± 0.48 2.74 ± 0.54* 3.10 ± 0.77* 1.18 ± 0.59 

Data are expressed as mean ± SD (n = 8 per group). *adjusted p < 0.05 vs. control group; adjusted p < 0.05 vs. TMZ monotherapy;  
△adjusted p < 0.05 vs. JO-122(2) monotherapy.  Bonferroni-adjusted p values from pairwise comparisons, as described in Section 2.7. 
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     Table 3. Gene expression in tumor tissues  
     

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 

Data presented as log₂ fold change ± SD relative to vehicle control following treatment with TMZ, JO-122(2), or their combination 
*adjusted p < 0.05 vs. control group; adjusted p < 0.05 vs. TMZ monotherapy.  Bonferroni-adjusted p-values from pairwise comparisons, 

as described in Section 2.7. 
 

 

 

product were strong: TP53/p53 (R = 0.98), 

MDM2/MDM2 (R = 0.96), BAX/Bax (R = 0.90), 

BCL2/Bcl-2 (R = 0.96), and CASP9/caspase-9 (R = 

0.87). Bax and Bcl-2 protein levels showed a strong 

inverse correlation (R = -0.88), confirming coordinated 

transcriptional-translational regulation of the 

p53/MDM2/Bcl-2 apoptotic axis. 

 

4. DISCUSSION 

Mechanistically, combination therapy using JO-

122(2) and TMZ modulates the p53/MDM2 axis, 

shifting cellular equilibrium toward intrinsic apoptosis. 

The pronounced downregulation of MDM2 at both the 

transcript and the protein level disrupts the negative 

feedback of MDM2 on p53 and thereby allows p53 to 

accumulate. Concurrently, the transcriptional 

suppression of BCL2, coupled with BAX induction, 

alters the Bcl-2/Bax ratio, a critical determinant of 

mitochondrial outer membrane permeabilization. These 

upstream shifts culminate in the elevated caspase-9 

abundance, providing a molecular framework for the 

enhanced antitumor efficacy observed in treated 

xenografts. 

The broad cytotoxic potential of tropolone derivatives 

across multiple malignancies—including AGS gastric 

adenocarcinoma, primary glioma, and SW620 

colorectal cells[22-24], as well as ovarian, colon, lung, and 

pancreatic carcinoma lines[25]—highlights their capacity 

to target fundamental oncogenic pathways. In our U87 

MG GBM xenograft model, the synthetic derivative JO-

122(2) demonstrated significant antitumor activity, 

which was markedly enhanced when combined with 

TMZ. The observed MDM2 suppression may involve 

the hydroxyketone moiety of the tropolone scaffold, 

which theoretically confers metal-chelating properties 

that could disrupt zinc-dependent domains such as the 

MDM2 RING finger. However, direct binding or 

enzymatic inhibition was not experimentally assessed. 

Instead, the pronounced transcriptional downregulation 

of MDM2, coupled with p53 accumulation, suggests that 

JO-122(2) acts primarily through upstream regulatory 

networks or microRNA-mediated mechanisms, as 

previously described for structurally related tropolone 
derivatives[26-31]. This mechanism aligns with our 

findings indicating elevated p53 protein levels despite 

only moderate transcriptional upregulation of TP53, 

highlighting the dominance of post-translational 

regulation in the combination group[30-32]. 

The disruption of the p53-MDM2 negative feedback 

loop may be partially mediated by microRNAs, 

particularly miR-29a, which binds to the 3′-UTR of 

MDM2 mRNA to suppress translation and facilitate 

degradation[26,29,31,32]. Downstream of p53 activation, 

the favorable shift in the Bcl-2/Bax ratio and the 

activation of caspase-9 indicate robust induction of 

mitochondrial apoptosis. Notably, caspase-9 activation 

occurred without significant upregulation of CASP9 

mRNA, which is consistent with its canonical post-

translational activation within the apoptosome[30,33-36]. 

While increased total caspase-9 protein supports 

engagement of the intrinsic pathway, direct validation of 

proteolytic cleavage and executioner caspase activation 

remains a priority for future studies. Although NF-κB 

inhibition by related tropolones (e.g., hinokitiol) may 

further reinforce pro-apoptotic signaling[37,38], this 

pathway was not assessed herein. While other agents 

such as colchicine and quinoline-tropolone hybrids have 

been shown to downregulate Bcl-2[36,39,40], our data 

emphasize that JO-122(2) enhances intrinsic apoptosis 

primarily through the modulation of the 

p53/MDM2/Bcl-2 axis. 

This study has several limitations.  First, it assessed 

total p53 protein and transcriptional changes in p53-

responsive genes without direct functional assays (e.g., 

phospho-specific immunodetection or DNA-binding 

assays); thus, while BAX upregulation and MDM2/BCL2 

downregulation are consistent with enhanced p53 

pathway activity, indirect mechanisms cannot be 

definitively excluded. The subcutaneous U87 MG 

model does not fully recapitulate the orthotopic brain 

microenvironment or blood-brain barrier challenges; 

however, the molecular weight of JO-122(2) (418.70 

g/mol) falls below the ~500 g/mol threshold for passive 

diffusion, providing a theoretical basis for CNS 

bioavailability. Comparative cytotoxicity profiling 

against non-malignant human cell lines was not 

performed, though comprehensive in vivo safety 
assessments at 60 mg/kg revealed no systemic toxicity. 
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Tumor growth was rigorously monitored via blinded 

caliper measurements with dual quantitative endpoints 

(TGI and AUC), and moderate control variability (SD 

≈10% of mean) was addressed through predefined 

statistical corrections. Finally, formal in vivo synergy 

modeling was not applied; therefore, the superior 

efficacy of the combination is described as an 

enhanced/additive interaction pending mathematical 

validation. 

Collectively, our findings support the development of 

multi-targeted strategies that integrate standard 

chemotherapy with tropolone derivatives to overcome 

therapeutic resistance in GBM. The pronounced 

antitumor effect of JO-122(2) combined with TMZ 

underscores its potential as a novel adjunctive therapy 

for aggressive brain tumors. 

 

5. CONCLUSION 

The present study demonstrates that the synthetic 

tropolone derivative JO-122(2) exhibits significant 

antitumor activity against U87 MG GBM xenografts. 

Combining it with TMZ results in greater TGI than 

using either agent alone. Mechanistically, the enhanced 

efficacy is associated with coordinated modulation of 

the p53/MDM2/Bcl-2 axis, characterized by increased 

levels of p53 and Bax proteins, concomitant 

downregulation of MDM2 and Bcl-2, and elevated 

levels of caspase-9. These molecular alterations suggest 

the engagement of mitochondrial apoptotic signaling, 

although direct functional validation of caspase 

cleavage and p53 transcriptional activity remains to be 

established. While the subcutaneous model does not 

recapitulate the orthotopic brain microenvironment or 

blood-brain barrier constraints, the observed efficacy 

and favorable preliminary safety profile of JO-122(2) 

warrant further pharmacokinetic and orthotopic 

evaluations as a potential adjunct to standard GBM 

treatment. 
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