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A B S T R A C T

Background: Adrenocortical carcinoma (ACC) is a rare, aggressive malignancy with limited treatment options. 
Mitotane, the only approved drug, has modest efficacy and frequent adverse effects, underscoring the urgent 
need for new therapeutic approaches. Celastrol, a triterpene compound derived from traditional Chinese med
icine, exhibits anti-inflammatory activity and broad anti-tumor effects, including sensitization of cancer cells to 
chemo- and radiotherapy.
Purpose: In this study, we investigated for the first time the anti-cancer potential of celastrol in the ACC H295R 
cell line.
Methods: Using different in vitro biomolecular technologies and biochemical/biophysical experiments, we 
evaluated celastrol’s effect on ACC cells.
Results: Celastrol induced apoptosis in ACC cells and demonstrated efficacy not only in 2D monolayer cultures but 
also in 3D spheroid models. Importantly, it inhibited spheroid growth and disrupted pre-formed spheroids, 
highlighting its activity in tumor-like structures. Mechanistic analyses suggested that celastrol triggers apoptosis 
through induction of endoplasmic reticulum (ER) stress and oxidative stress. These findings parallel our previous 
observations with mitotane, which also activates the ER stress pathway via the ATF4-ATF3 axis. This partial 
convergence points to ER stress induction as a potential therapeutic target in ACC.
Conclusion: identifying agents capable of complementing or replacing standard therapy remains a central chal
lenge in ACC research. Our findings suggest that celastrol is a potent bioactive compound with activity against 
both monolayer and 3D ACC models, offering potential translational relevance. By elucidating ER stress as a 
shared mechanism between celastrol and mitotane, our work supports further exploration of this pathway as a 
strategy to potentially improve therapeutic outcomes in ACC patients.

1. Introduction

Adrenocortical carcinoma (ACC) is an endocrine malignancy arising 

from the cortical layer of the adrenal gland [1]. It is a rare and aggressive 
cancer, with a reported annual incidence of about 1–2 cases per million 
[2–4]. The overall 5-year survival rate varies by stage, ranging from 
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relatively favorable outcomes in localized disease to only 10–20 % in 
metastatic one [5–7]. Whereas surgical resection of the primary tumor 
with the eventual addition of adjuvant systemic therapy remains the 
only curative option, the recurrence rate is high (30–80 %) [8,9]. The 
options for patients with advanced, recurrent, or metastatic disease are 
limited, and they include mitotane in combination with classic chemo
therapeutic agents, such as cisplatin, etoposide, and doxorubicin [10, 
11]. Mitotane (o,p’-DDD) is still the only drug approved for the treat
ment of ACC by both the U.S. Food and Drug Administration and the 
European Medicines Agency, despite its limited efficacy and the wide 
range of adverse effects that often lead to treatment discontinuation 
[12–16]. In this context, there is an urgent need to find new therapeutic 
alternatives to improve patients’ outcomes.

Celastrol (C29H38O4) is a quinone-methylated triterpenoid com
pound, first extracted from the root bark of Tripterygium wilfordii Hook 
F., a traditional Chinese medicine, and well known for its anti- 
inflammatory properties in the treatment of rheumatoid arthritis [17]. 
Over the past few years, studies have highlighted celastrol’s multiple 
pharmacological activities, ranging from anti-diabetic and anti-obesity 
[18,19], to immunomodulatory [20], and, above all, anti-cancer activity 
[21]. Notably, celastrol has been reported to have a broad spectrum of 
anti-tumor effects on various cancer cells, such as lung, ovarian, stom
ach, liver, leukemia, colon, and breast cancers [22], and it has also been 
shown to exert an enhancing effect on cellular sensitization to radio
therapy and chemotherapy [23]. Celastrol has been shown to exert its 
anti-cancer potential through multiple molecular mechanisms, 
including inhibition of proliferation and cell-cycle arrest [24]; 
apoptosis, endoplasmic reticulum (ER) stress, and reactive oxygen spe
cies (ROS) production [25]; autophagy modulation [26]; inhibition of 
migration, invasion, and metastasis [27]. Although celastrol exhibits 
promising therapeutic potential, its clinical application is limited by 
safety concerns, including dose- and exposure-related toxicity [28]. 
These challenges are largely attributed to its poor water solubility, low 
bioavailability, and off-target effects [29]. Accordingly, substantial ef
forts have been directed toward developing novel formulations and 
advanced delivery strategies to enhance targeted delivery, improve 
pharmacokinetic profiles, and reduce adverse effects.

In this study, we investigated for the first time the potential anti- 
cancer effects of celastrol in the adrenocortical carcinoma H295R cell 
line, a well-established preclinical model for ACC. Our results show that 
celastrol induces apoptosis in ACC cells. Notably, its efficacy extends 
beyond monolayer cultures to 3D spheroid models, where it not only 
inhibits spheroid growth but also disrupts pre-formed spheroids.

2. Materials and methods

2.1. Drugs and chemicals

All the drugs and chemicals were provided by MedChemExpress LLC 
(Monmouth Junction, NJ 08852, USA). Celastrol (cat. #HY-13067) and 
cisplatin (CDDP, cat. #HY-17394) were dissolved in DMSO at final stock 
concentration of 22.2 mM and 33.3 mM, respectively, while mitotane 
(cat. #HY-13690) and etoposide (cat. #HY-13629) were dissolved in 
10 mM stock solutions, and stored at − 20 ◦C. N-Acetylcysteine (NAC, 
cat. #HY-B0215) was dissolved in water in 100 mM stock solution and 
stored at − 20 ◦C.

2.2. Cell lines and culture conditions

H295R cells (RRID: CVCL_0458) were kindly provided by Prof. S. 
Sigala (Department of Molecular and Translational Medicine, University 
of Brescia, Italy) and cultured at 37◦C with 5 % CO2 according to 
American Type Culture Collection (ATCC) instructions. Media and 
supplements were purchased from Euroclone (Pero, Italy). H295R cells 
were grown in DMEM: F12 50:50 medium (Gibco: Thermo Fisher Sci
entific, Waltham, Massachusetts, USA) supplemented with 2.5 % 

NuSerum (Corning, #355100, Thermo Fisher Scientific, Waltham, 
Massachusetts, USA), penicillin/streptomycin (Gibco) and ITS Premix 
(Corning #354350). Unless indicated, all experiments were conducted 
in the absence of serum to minimize confounding effects on drug 
availability and cellular stress responses [30]. Cell lines were periodi
cally tested for mycoplasmas and authenticated by genetic profiling 
through polymorphic short tandem repeat loci with the PowerPlex® 16 
System (Promega, Madison, Wisconsin, USA) and Applied Biosystems 
3130 Genetic Analyzer (Thermo Fisher Scientific, Waltham, Massachu
setts, USA).

2.3. Sievewell slides

Sievewell™ slides (©Tokyo Ohka Kyogyo Co., Ltd) are microwell 
chips, composed by a main chip chamber and two side ports. The chip 
chamber has 370,000 hexagonal nanowells with a width of 20 μm and a 
depth of 25 μm, at the bottom of which there are two pores of 2 μm 
diameter. These pores are connected to the two side ports through a 
micro-gap of 3 μm diameter situated below the chip membrane. Pipet
ting from the side ports allows the flushing of liquids through the 
microwells without losing loaded cells. In fact, when cells are seeded 
onto the chip and the medium is aspirated from the side ports, they are 
pulled down and individually captured into the nanowells. To load the 
cells onto the Sievewell™ slides, we followed the manufacturer’s pro
cedures as described in the user guide. We used Sievewell™ slides to 
generate spheroids from single cells, since the small size of the pores 
allows for the loading of one cell per pore. This approach was adopted to 
reduce size heterogeneity and improve reproducibility in 3D spheroid- 
based drug testing.

2.4. Cell viability assay

The 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4- 
sulfophenyl)2H tetrazolium (MTS, Promega, Madison, Wisconsin, USA) 
or Cell Counting Kit-8 (CCK8; HY-K0301 MedChemExpress) viability 
assay was performed as follows: cells were seeded in a 96-well plate 
(5 ×104 cells/well) and cultured for 24 h testing different drug con
centrations (untreated vs. celastrol [0.2–2 μM], mitotane [3–250 μM], 
CDDP [10–200 μM], and etoposide [3–100 μM]); for each drug, the 
range of increasing concentrations was selected to maximize the 
sigmoidal pattern of the dose-response curve. Substrate was added after 
drug incubation, according to the manufacturer’s instructions, including 
background subtraction using no-cell control wells, and the appropriate 
absorbance was recorded by iMark™ Microplate Absorbance Reader 
(Bio-Rad). Technical quadruplicates were performed for each drug 
condition, and the experiments were replicated at least twice. The half 
maximal inhibitory concentration at 24 h (IC5024) is a measure of the 
effectiveness of a molecule/drug in inhibiting a specific biological or 
biochemical function. In our analysis, this is the concentration of a single 
drug (celastrol, mitotane, etoposide, and CDDP), or combinations, 
resulting in a 50 % reduction in cell viability after 24 h of drug exposure. 
IC5024 values were calculated by evaluating the viability data using 
Sigmoidal Dose Response analysis with GraphPad software 8. Since 
IC5024 was generated by an algorithm that depends on the starting cell 
number and other experimental conditions, we maintained the drug- 
alone condition for every replicate in each experiment.

2.5. Apoptosis analysis

To measure apoptosis, H295R cells (1 ×106 cells/well) were seeded 
in 6-well plates in the absence of serum; after 24 h of incubation with the 
appropriate concentration of drug, cells were detached with Accutase 
(cat. #00–4555–56, Thermo Fisher Scientific, Waltham, Massachusetts, 
USA) and stained with propidium iodide (PI) and FITC-Annexin V 
(Invitrogen). FACS analysis was performed with BD FACS Celesta 
(Becton Dickinson Biosciences, Franklin Lakes, New Jersey, USA).
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2.6. Cell cycle analysis

H295R cells (1 ×106 cells/well) were seeded in 6-well plates in the 
absence of serum; after 24 h of incubation with the appropriate con
centration of celastrol, cells were detached with Accutase (Thermo 
Fisher Scientific) and fixed in 80 % ethanol for 30 min at room tem
perature (RT). Cells were further diluted and incubated for 30 min at RT 
with PI staining solution (PI 50 μg/ml, Tris-HCl pH 8 10 mM, MgCl2 
5 mM, and RNase 10 μg/ml). Cell cycle analysis was performed by flow 
cytometry (FACS) with a BD FACS Celesta (Becton Dickinson 
Biosciences).

2.7. RNA extraction

Total RNA was extracted from cell lines, either treated or untreated 
with celastrol, with PRImeZOL Reagent (cat. #AN1100, Canvax, Parque 
Tecnológico de Boecillo, Boecillo, Valladolid, Spain), following the 
manufacturer’s instructions. Genomic DNA contamination was removed 
by DNase I treatment (Promega, Madison, Wisconsin, USA). Total RNA 
was then quantified via NanoDrop (Thermo Fisher Scientific, Waltham, 
Massachusetts, USA) and stored at − 80 ◦C.

2.8. RNA sequencing

Libraries were generated from total RNA using the Illumina TruSeq 
Stranded Total RNA Library Prep Gold and NovaSeq 6000 System 
(Illumina), following the Illumina standard procedures and kits. The 
fastp tool with default settings was utilized for quality control and 
preprocessing of FASTQ files, in order to obtain clean data for down
stream analysis [31]. Subsequently, quantification of transcript expres
sions was generated by the Salmon algorithm (Ver 1.9.0, specific 
parameters: -l A -p 40 –validateMappings –seqBias –gcBias), which 
considers experimental attributes and biases, commonly observed in real 
RNAseq data, to perform inferences on transcript expressions [32]. Next, 
the filtered counts table was used as input to determine differential gene 
expression, performed using the program edgeR version 3.32.1 in R 
[33]. This procedure resulted in a gene list containing false discovery 
rate (FDR), p-value, and counts per million mapped reads (CPM). Genes 
with an absolute |log2FC| ≥1 (which corresponds to at least a 
100 %-fold change) and FDR < 0.05 were considered differentially 
expressed genes (DEGs). These DEGs were used for subsequent analysis.

2.9. cDNA synthesis and droplet digital PCR (ddPCR)

2 μg of total RNA were reverse-transcribed with random hexamer 
primers and MultiScribe Reverse transcriptase (High-Capacity cDNA 
Archive Kit, Applied Biosystems: Thermo Fisher Scientific), according to 
the manufacturer's instructions. Different primers were designed to 
evaluate genes of interest (HSD3β2, HSPA6, SEL1L3, AKR1B10, and 
HRPT1, see Supplementary Table 1) using Primer Express 2.0 (Thermo 
Fisher Scientific, Waltham, MA, USA). Primer efficiency was calculated 
for each transcript with RT–PCR (ABI Prism 7500 Sequence Detection 
System; Applied Biosystems) by using serial dilutions of cDNA of H295R. 
The specificity of each amplicon was evaluated by analyzing the 
respective melting curves. The ATF4 gene transcript was evaluated with 
an “assay on demand” probe, purchased from Thermo Fisher Scientific 
(Assay ID: Hs00909569_g1). Each sample was partitioned into ~20,000 
droplets by an automated droplet generator (QX200™ Droplet Gener
ator, Bio-Rad, Hercules, CA, USA), and each droplet was amplified by 
using ddPCR™ Supermix (for Probes or Evagreen) (Bio-Rad, Hercules, 
CA, USA), following the thermal cycling conditions suggested by the 
manufacturer. Custom primers were used at a final concentration of 
100 nM, while the ATF4 “assay on demand” was diluted following the 
manufacturer’s instructions. After the amplification, each sample was 
then loaded onto the QX200™ Droplet Reader (Bio-Rad, Hercules, CA, 
USA), and ddPCR data were analyzed with QX Manager™ analysis 

software (version 2.0, Bio-Rad, Hercules, CA, USA). Each sample was 
analyzed at least in biological duplicates for all celastrol’s concentra
tions in study. The target concentration in each sample was expressed 
and normalized as a percentage of target gene/HRPT1 (Gene Ratio); 
differential expression was evaluated relative to celastrol 0 µM (un
treated cell line) and expressed as log2 of fold change (log2(Gene 
Ratio[conc x]/Gene Ratio[0µM])). Statistical analysis was performed using 
unpaired t-Tests with a significance level of p < 0.05, comparing each 
celastrol concentration versus the untreated control.

2.10. Western blot and protein analysis

To isolate total protein content, cells were lysed on ice with RIPA 
buffer (Thermo Fisher Scientific, Waltham, Massachusetts, USA) sup
plemented with Halt™ Protease and Phosphatase Inhibitors Single-Use 
Cocktail (Thermo Fisher Scientific, Waltham, Massachusetts, USA), 
and cell debris was removed by centrifugation at 16,000 × g at 4 ◦C for 
10 min. Equal amounts of protein (70 µg) for each sample were loaded 
and analyzed through SDS-PAGE (Any kD™ Mini-PROTEAN® TGX™ 
Precast Protein Gels, Bio-Rad). Proteins were then transferred onto 
PVDF membranes (Trans-Blot Turbo Mini 0.2 µm PVDF Transfer Packs, 
Bio-Rad) using the Trans-Blot Turbo Transfer System and the protocol 
recommended by the producer, then blocked in EveryBlot Blocking 
Buffer (Bio-Rad) for 10 min and incubated overnight at 4 ◦C with pri
mary antibodies (1:1000 dilution in EveryBlot Blocking Buffer, Bio-Rad) 
against: ATF4 (Cell Signaling Technology (CST), #11815, Danvers, MA, 
USA), cleaved-PARP (CST, #5625), phospho-eIF2α (CST, #3398), BiP 
(CST, #3177), Vinculin (CST, #13901), HSPA6 (Santa-Cruz Biotech
nology, #sc-374589) and HSP70 (Santa-Cruz Biotechnology, #sc- 
32239). Anti-rabbit IgG/HRP (CST, #7074) and anti-mouse IgG/HRP 
(CST, #7076) were used as secondary antibodies (1:8000 dilution). An 
enhanced chemiluminescence method (Clarity ECL and Clarity Max ECL, 
Bio-Rad, Hercules, CA, USA) was used for protein-bound detection, and 
the images were acquired using the ChemiDoc™ system (Bio-Rad, 
Hercules, CA, USA).

2.11. Oxidized and total glutathione quantification

Cells were seeded into a white 96-well plate (5 ×104 cells/well) in 
DMEM F12 or DMEM F12/NAC 5 mM, and the following day were 
treated with increasing concentrations of celastrol. After 24 h of incu
bation, cells were lysed and analyzed for reduced glutathione (GSH) and 
oxidized glutathione (GSSG) concentrations with the GSH/GSSG-Glo 
Assay Kit (Cat. #V6611, Promega, Madison, Wisconsin, USA), 
following the manufacturer’s instructions. Luminescence values (re
ported as relative light units, RLU) from no-cell control wells were used 
to determine the background signal. For all the experimental wells, 
containing cells treated with test compounds, the average background 
luminescence was subtracted from each measured value to obtain the 
net RLU. The ratio of reduced glutathione (GSH) to oxidized glutathione 
(GSSG) was calculated separately for vehicle-control and treated cells, 
according to the manufacturer’s instructions.

3. Results

Celastrol is a quinone methide–containing pentacyclic triterpenoid 
with a rigid, highly hydrophobic structure derived from a friedelane- 
type backbone (Fig. 1). Its reactive quinone methide moiety plays a 
central role in its biological activity by enabling interactions with 
cellular proteins. The presence of a carboxylic acid group and conju
gated double bonds further contributes to its pharmacological effects. 
Celastrol is known for its broad-spectrum anticancer activity across 
various cancer cell lines [22,34]. To assess its potential cytotoxic effects 
in adrenocortical carcinoma, we performed a viability assay using the 
H295R cell model (Fig. 2A). Cells were treated with increasing con
centrations of the drug for 24 h. Celastrol exhibited an IC5024 value of 
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1.63 μM [95 % confidence interval: 1.29–2.06 μM], reducing cell 
viability in a concentration-dependent manner. We calculated the 
combination index (CI) to assess potential interactions between this 
compound and standard therapies by co-treating H295R cells with 
celastrol and either cisplatin (CDDP), etoposide, or mitotane. All the 
experiments were performed in at least biological duplicates, and the CIs 
calculated for each combination are shown in Fig. 2B. The results 
showed no significant synergy for celastrol/etoposide and celas
trol/mitotane combinations (CI 0.87 SEM ± 0.06 and CI 0.92 SEM ±
0.07, respectively). In contrast, a CI slightly over 1 was found for the 
celastrol/CDDP combination (CI 1.36 SEM ± 0.1), suggesting a possible 
antagonistic interaction under the experimental conditions tested.

To determine if celastrol-mediated cell death was associated with 
apoptosis in H295R cells, we performed FACS analysis with Annexin V 
and PI staining. The cell phenotypic/morphological changes, the cyto
fluorimetry graphs and related statistical analysis are shown in Sup
plementary Figure 1. The results of FACS analysis, expressed as 
percentages of total apoptotic, early apoptotic, late apoptotic, and 

necrotic cells, are summarized in Fig. 2C. Unlike necrotic cells, which 
showed no obvious fluctuations, we observed a dose-dependent increase 
in both early and late apoptotic cell populations following celastrol 
treatment. Apoptosis was also confirmed by increased expression of 
cleaved-PARP protein (Fig. 2D). We also conducted cell cycle analysis by 
FACS; however, no significant cell cycle arrest was observed 24 h after 
celastrol treatment (Supplementary Figure 2).

To evaluate celastrol’s activity on a more complex model, we tested 
its cytotoxicity on 3D spheroids generated from the H295R cell line. We 
treated cells either during the seeding process or after spheroid forma
tion. As shown in Fig. 3A, celastrol treatment was able to both prevent 
spheroid formation (in the figure indicated as “Treatment before 3D 
formation”) and destroy the structures fully generated (“Treatment after 
3D formation”). To better observe the global effect of the drug, we 
included in Supplementary Figure 3 representative fields for each 
experimental condition, acquired at lower magnification. Additionally, 
we evaluated the effect of celastrol on spheroids formed from single cells 
using SieveWell™ slides. This chip allowed us to obtain spheroids that 
were more homogeneous in size. As can be seen in Figs. 3B and 3C, we 
confirmed celastrol’s efficacy both in blocking spheroids’ growth at low 
concentrations and destroying existing spheroids. Untreated spheroids 
appeared translucent, while the administration of the drug, during their 
formation, destroyed their three-dimensional texture, making them 
more like cell aggregates. Furthermore, when celastrol was added to 
destroy the spheroids already formed, the cells still appeared compact, 
and the structures were no longer translucent, even if in some cases it 
was not able to disintegrate them due to their size.

To investigate, at the transcriptional level, the biological mecha
nisms affected by celastrol, we treated H295R cells for 24 h with 
increasing drug concentrations (0 μM, 0.5 μM and 1 μM) and performed 

Fig. 1. Celastrol. Structural formula and chemical/physical characteristics of 
the drug.

Fig. 2. Evaluation of celastrol’s cytotoxicity on H295R cell lines. A. Concentration–response curve showing drug-induced inhibition of cell viability of H295R cell 
model. H295R cells were cultured for 24 h (h), testing different celastrol concentrations, expressed as log[μM concentration]. The range of increasing concentrations 
was selected to maximize the sigmoidal pattern of the dose–response graph. Celastrol exhibited an IC5024 value of 1.63 μM [95 % confidence interval: 
1.29–2.06 μM], affecting cell viability in a concentration-dependent manner. Technical quadruplicates were performed for each drug concentration, and the ex
periments were replicated at least twice (n ≥ 8). B. Correlation index (CI) analysis. H295R cells were co-treated with celastrol and either cisplatin (CDDP), etoposide, 
or mitotane to evaluate the possible interaction between the drugs. All the experiments were performed in at least biological duplicates (n ≥ 8). Celastrol/CDDP CI 
1.36 SEM ±0.1; celastrol/etoposide CI 0.87 SEM ±0.06; celastrol/mitotane CI 0.92 SEM ±0.07. C. Apoptosis analysis. H295R cells were treated with celastrol 
(0–0.5–1–2 μM) for 24 h. Flow cytometry analysis with FITC-Annexin V/PI staining was performed to detect apoptosis. The results of the FACS analysis are expressed 
as percentages of total apoptotic, early apoptotic, late apoptotic and necrotic cells for each celastrol concentration. Statistical analysis described in Supplementary 
Figure 1. D. Western Blot analysis for the detection of apoptosis-related proteins. H295R cells were treated for 24 h with celastrol (0–1–2 μM). Protein lysates from 
each condition, in biological replicates (n = 2), were evaluated by decorating with Cleaved-PARP (49 kDa) or Vinculin (120 kDa) antibodies.
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RNAseq analysis. For each celastrol concentration, we identified the 
DEGs compared to untreated cells. As expected, the number of DEGs rose 
with increasing celastrol concentration; nevertheless, the number of 
DEGs identified was still small. At a concentration of 0.5 μM, only two 
genes were significantly deregulated: FOCAD and TRIM6-TRIM34 
(Supplementary Table 2), the former downmodulated (edgeR analysis: 
log2FC=-3.9; FDR corrected p.value=0.011) and the latter upmodulated 
(edgeR analysis: log2FC=5.68; FDR corrected p.value=0.038), respec
tively. None of these were significantly regulated at 1 μM. As shown in 
Fig. 4A, HSPA6 (edgeR analysis: log2FC=5.38; FDR corrected p.val
ue<<0.01), AKR1B10 (edgeR analysis: log2FC=2.62; FDR corrected p. 
value=0.001) and SEL1L3 (edgeR analysis: log2FC=2.44; FDR corrected 
p.value=0.001) genes resulted significantly upregulated by celastrol 
1 μM treatment, while HSD3B2 gene was the only transcript signifi
cantly downregulated (edgeR analysis: log2FC=-2.02; FDR corrected p. 

value=0.003). The regulatory pattern of these genes, at each drug 
concentration tested, is illustrated by the heatmap in Fig. 4B. To confirm 
these data, we replicated the experiments on H295R, in at least bio
logical duplicates, and we re-evaluated the transcriptional signature 
using ddPCR technology. The results are presented in Fig. 4C. The de
regulations observed for HSPA6 and AKR1B10 were consistent with the 
significant upregulation observed in the RNAseq analysis, which was 
mirrored by the ddPCR analysis (Fig. 4C; all unpaired t-Tests p.values 
<0.01). In contrast to the RNAseq analysis, for the other two genes, we 
obtained non-concordant results in ddPCR. In particular, the evaluation 
of SEL1L3 was non-significant, while that of HSD3B2 had a trend 
opposite to that identified in the RNAseq analysis (Fig. 4C; all 
log2FC<+2; all unpaired t-Tests p.value<<0.01).

Considering the biological function of the HSPA6 gene, a member of 
the HSP70 family, which encodes a protein chaperone with a pivotal role 

Fig. 3. Celastrol’s cytotoxicity on H295R 3D spheroids. A. Brightfield microscopy images (20X magnification) of H295R spheroids treated with celastrol 
(0–0.5–1–2 μM) before 3D structure formation (first line) or after 3D structures formation (second line). B. Brightfield microscopy images (4X magnification) of 
H295R spheroids generated from single cells on the Sievewell™ slides. Cells were treated with different concentrations of celastrol (0–0.05–0.1–0.2 μM) during the 
seeding process, and after 14 days of culture, microscopy images were taken to assess the growth of the spheroids. C. Brightfield microscopy images (20X and 4X 
magnification) of H295R spheroids generated from single cells on the Sievewell slides. After their formation (7 days of culture), the spheroids were treated with 
celastrol 2 μM, and after 7 days of incubation, microscopy images were taken to evaluate the spheroids’ celastrol-mediated disruption.
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in the protein quality control system and unfolded protein response 
(UPR) [35], we tested celastrol for its ability to induce ER stress. As 
shown in Fig. 5A, Western Blot analysis on H295R lysates showed a 
significant increase in HSPA6 protein at celastrol 1 μM, in accordance 
with RNAseq and ddPCR results. At the same concentration, we also 
observed an increase in ATF4 and BiP proteins compared to the un
treated cells. Given the increased ATF4 protein expression observed in 
the immunoblot analysis, we re-evaluated the ATF4 result also at the 
transcriptional level using ddPCR technology. As shown in Fig. 5B, 
ddPCR confirmed the RNAseq analysis, in which we did not find a sig
nificant increase in ATF4 transcripts (ddPCR analysis: log2(FC) 1 μM vs 
NT= 0.47; log2(FC) 2 μM vs NT= 0.45; p.value not significant for both; 
RNAseq analysis: log2(FC) 0.5 μM vs NT= -0.1384743; log2(FC) 1 μM vs 
NT= -0.4, FDR not significant for both). In parallel, we detected an in
crease in phosphorylated eIF2α protein for celastrol 1 μM treatment 
(Fig. 5C).

Subsequently, we investigated celastrol’s ability to induce oxidative 
stress by performing the GSH/GSSG-Glo assay (Promega). H295R cells 
were treated for 24 h with increasing concentrations of the drug alone or 
co-treated with N-acetylcysteine (NAC) 5 mM, a compound with known 
antioxidant properties [36]. We observed a significant decrease in the 
GSH/GSSG ratio with increasing celastrol concentration starting from 
celastrol 0.75 μM (Fig. 5D, orange line), indicating the induction of 
oxidative stress status. Instead, the GSH/GSSG ratio was almost stable in 
the presence of NAC (Fig. 5D, black line), which blocked celastrol’s 
pro-oxidative activity. We also confirmed these results by CCK8 viability 
assay (Fig. 5E), in which we observed a preservation of H295R cell 
viability by NAC co-treatment, preventing the cytotoxic effect of celas
trol. Furthermore, for both the GSH/GSSG ratio and cell survival assays, 
we compared the untreated samples for the conditions with and without 
NAC. We pooled all experimental data points from NAC-treated samples 
(black line) and compared them with NAC-untreated samples (orange 

line). To reduce bias from the effect of celastrol, we excluded from the 
NAC-untreated group any celastrol concentrations that showed a sig
nificant effect compared with the control (Fig. 5F; GSH/GSSG 
[0–0.50 μM] and Survival [0–0.25 μM]). We observed that NAC signif
icantly reduced the basal oxidative stress in H295R cells (GSH/GSSG 
ratio increased from 16.25 to 53.17; FC=3.27; unpaired t-Tests p.val
ue<<0.01), causing a significant boost in their proliferation (about 
+50 %, unpaired t-Tests p.value<<0.01). The protective effect of NAC 
on cells was also evident from microscopy observations. As shown in 
Fig. 5G, H295R cells co-treated with celastrol and NAC maintained 
morphological features even in the highest drug concentrations, 
whereas in the presence of celastrol alone, the morphological alterations 
were consistent with a clear cytotoxic effect.

4. Discussion

Mitotane, the only specific drug for ACC treatment, has limited ac
tivity and induces numerous side effects; therefore, mitotane treatment 
should be managed in specialized center, thus limiting its application, 
which is often questioned [13,37]. In the adjuvant setting, where 
treatment is given to prevent recurrence after complete tumor resection, 
our group recently demonstrated within the ADIUVO trial that 
mitotane-based therapy in patients with low-grade localized ACC does 
not provide a substantial benefit compared with less toxic surveillance 
strategies [38]. At the opposite end of the disease spectrum, in patients 
with advanced-stage ACC, therapeutic options remain largely unsatis
factory: mitotane has modest efficacy and conventional chemotherapy 
has already reached, or is close to reaching, its limits [39].

For this reason, it is necessary to intensify efforts to identify new 
active molecules against this orphan tumor. In this context, in this work, 
we focused on celastrol, a drug that has been shown to be effective 
against various tumors [40], often sparing the non-tumor tissue 

Fig. 4. Transcriptional analysis of differentially expressed genes. A. Volcano plot showing the differentially expressed genes at celastrol 1 μM compared to untreated 
(NT) H295R cells. HSPA6 (n = 4; log2FC=5.38; FDR p.value <<0.01), AKR1B10 (n = 4; log2FC=2.62; FDR p.value=0.001) and SEL1L3 (n = 4; log2FC=2.44; FDR p. 
value =0.001) genes resulted significantly upregulated, while HSD3B2 gene was the only transcript significantly downregulated (n = 4; log2FC=-2.02; FDR p.value 
=0.003). B. The heatmap shows the results of multivariate analysis using the untreated condition as “normalizer” to evaluate the tendency of gene expression across 
the experimental contrasts (0.5 µM/NT -> 1.0 µM/NT). C. ddPCR validation of the RNAseq transcriptional signature. ddPCR results were expressed as log2 of the fold 
change (log2[FC]= log2 [Gene Ratio[conc x] /Gene Ratio[0µM]). Unpaired t-Test analysis: ** indicates a p.value < 0.01; *** indicates a p.value < < 0.01.
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counterpart [26,41]. Our group had previously investigated its activity 
for counteracting lung cancer cells’ resistance to cisplatin [23]. The 
apoptotic mechanism of celastrol appears to vary depending on tumor 
cell type, involving processes such as cell cycle arrest, activation of 
molecular stress pathways, and increased oxidative stress [40]. How
ever, its efficacy has not yet been tested in ACC cell lines.

In this study, we demonstrated for the first time the ability of 
celastrol to induce apoptosis in the ACC H295R cell model. Notably, the 
effect of the compound was not limited to inhibiting monolayer cell 
growth. In fact, celastrol effectively prevented the formation of three- 
dimensional structures and disrupted fully developed spheroids, lead
ing to their regression to disorganized, necrotic-like cellular aggregates. 
Three-dimensional cell models have the potential to bridge the trans
lational gap between 2D cell-based assays and human responses. They 
more accurately mimic the pathophysiology of human tissues, including 
drug penetration limitations [42]. The ability of celastrol to destroy 

these 3D structures, observed in our experiments, may have important 
implications for future patient treatment, since medical therapy usually 
starts when the tumor is already formed and has a three-dimensional 
structure. These findings should be interpreted within the limits of an 
in vitro preclinical model. Although H295R does not recapitulate the full 
heterogeneity of advanced or metastatic ACC, it remains the most widely 
used ACC cell line and uniquely allows investigation of both monolayer 
cultures and spontaneous 3D growth.

We observed an additive effect when celastrol was combined with 
etoposide and mitotane, suggesting that their pathways were not strictly 
overlapping. To shed light on the molecular mechanism by which 
celastrol induces apoptosis, we therefore performed a transcriptomic 
analysis, in which we found very few differentially expressed genes. 
Celastrol may affect multiple molecular pathways without involving 
specific early targets. Among the few identified, the HSPA6 transcript 
was the most significantly upregulated, especially at the highest 

Fig. 5. Evaluation of endoplasmic reticulum stress and oxidative stress induction. A. Western blot analysis for the detection of endoplasmic reticulum stress-related 
proteins. H295R cells were treated for 24 h with celastrol (0–1 μM). Protein lysates from each condition, in biological triplicates (n = 3), were evaluated by 
decorating with HSPA6 (70 kDa), ATF4 (49 kDa), BiP (79 kDa), and Vinculin (120 kDa) antibodies. B. ATF4 transcript ddPCR quantification. ddPCR results were 
expressed as log2 of the fold change (n = 3; log2[FC]= log2 [Gene Ratio[conc x] /Gene Ratio[0µM]). C. Western Blot analysis for the detection of phosphorylated eIF2α 
protein. H295R cells were treated for 24 h with celastrol (0–1 μM). Protein lysates from each condition, in biological quadruplicates (n = 4), were evaluated by 
decorating with p-eIF2α (38 kDa) and Vinculin (120 kDa) antibodies. D. Evaluation of the oxidative stress status. H295R cells were treated for 24 h with increasing 
celastrol concentration alone or co-treated with NAC 5 mM. The graph shows the GSH/GSSG ratio (n = 3 for each condition). E. CCK8 cell viability assay on H295R 
cells treated for 24 h with increasing celastrol concentration alone or in combination with NAC 5 mM (n = 3 for each condition). F. Comparison of the nonsignificant 
experimental point in the GSH/GSSG assay and CCK8 cell viability assay for the conditions with or without NAC (n ≥ 3 for each condition). Unpaired t-Test analysis: 
* indicates a p.value < 0.05; ** indicates a p.value < 0.01; *** indicates a p.value < < 0.001. G. Protective effect of NAC treatment on cell morphology. Brightfield 
microscopy images (10X) magnification of H295R cells treated with celastrol alone or in combination with NAC 5 mM.
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celastrol concentration. Under physiological conditions, HSPA6 acts as a 
molecular chaperone that promotes proper protein folding and assembly 
[43]. Under stress conditions, HSPA6 is involved in the degradation of 
misfolded polypeptides, preventing or counteracting protein aggrega
tion, and protecting the cell from non-physiological damage [44]. This 
stress gene is activated in the presence of misfolded proteins and is 
involved in ER stress [45]. Interestingly, one of the main regulators of 
this pathway is ATF4, whose expression has recently been identified as a 
marker of poor prognosis for ACC [46]. Furthermore, our recent findings 
suggest that this molecular pathway may also play a key role in the 
pharmacological effect of mitotane [47]. However, any overlap between 
the two pathways does not explain the additive outcome observed when 
the two drugs are combined. To explore the extent of cross-talk between 
these mechanisms, we assessed whether a potential modulation of ATF4 
transcriptional activity had previously gone undetected. Both RNAseq 
analysis and the subsequent ddPCR experiments confirmed that celas
trol, unlike mitotane, did not transcriptionally activate ATF4. Therefore, 
its increase at the protein level must follow post-transcriptional events, 
which can be modulated by the UPR. The physiological mechanism of 
eIF2B supports this hypothesis. eIF2B is a critical enzyme for the 
mRNA-to-protein translation process in the cell, and its function is 
abolished by the phosphorylation of eIF2α, which causes the allosteric 
inhibition of eIF2B [48]. Reduction in the formation of complexes that 
mediate new protein synthesis triggers the Integrated Stress Response 
(ISR), which causes a global repression of translation initiation and a 
decrease in proteins synthesis. The overexpression of ATF4 is the hall
mark of the ISR [49]. This effect is mediated by a post-transcriptional 
regulatory mechanism involving an upstream inhibitory open reading 
frame (ORF) that overlaps with the ORF encoding ATF4. In physiological 
conditions, ATF4 translation is inhibited by this ORF, but when eIF2B is 
blocked by p-eIF2α, the inhibitory ORF is bypassed, allowing ATF4 
translation. This implies that upon eIF2α phosphorylation, the ATF4 
protein is upregulated [50]. This model aligns with our results and ex
plains why we observed no transcriptional regulation of ATF4, but an 
increased level of p-eIF2α in response to celastrol treatment. In addition, 
this molecular mechanism indirectly confirms our results on drug 
combinations. Indeed, although the ATF4 and endoplasmic reticulum 
stress pathway show a significant pharmacological role in ACC, the two 
drugs seem to activate it through different mechanisms. Mitotane pro
motes an early ATF4 transcription by triggering its molecular pathway, 
whereas celastrol increases ATF4 by a secondary translational pathway 
that involves the ISR and UPR. The combination of cellular stresses (ISR, 
UPR, and ER stress) ultimately results in increased oxidative stress [51]. 
This is consistent with our data, where the GSH/GSSG ratio was reduced 
by celastrol treatment, and the drug-induced apoptosis was counter
acted by the co-administration of NAC. H295R cells exhibited a partic
ularly elevated oxidative stress status, as pointed out by a low basal 
GSH/GSSG ratio, which was significantly improved by NAC even in 
untreated cells. Notably, a high baseline oxidative stress condition is 
frequently cited to justify the “selective” activity of celastrol on tumor 
cells [41,52,53]. From this perspective, adrenal tumor cells may be 
highly sensitive to celastrol precisely because of this basal over
production of ROS. Our results also support this hypothesis, highlighting 
an increase in cell proliferation due to the co-treatment with NAC, which 
reduced the oxidative stress of H295R cells. These results may also 
explain the data obtained from the pharmacological analysis of celastrol 
and platinum reported in this work. Unexpectedly, unlike what we 
found in our lung cancer study [23], our analysis of celastrol in com
bination with standard ACC therapies showed that celastrol antagonized 
platinum-based treatment. Together, these observations indicate that 
the interaction between celastrol and platinum compounds is 
context-dependent and may vary according to the molecular back
ground and stress-response wiring of different tumor types. A possible 
explanation for this mild antagonism could be a partial overlap between 
the two pharmacological pathways. In fact, both drugs have been 
associated with cell cycle arrest and increased ROS [54,55]. We did not 

identify significant variations in the H295R cell cycle caused by celastrol 
within 24 h (data not shown), and a block within this timeframe would 
not be consistent with the duplication time of H295R, which is at least 
two days [56]. On the contrary, the oxidative imbalance we observed 
was an early event, already visible even at low concentrations, and could 
justify the antagonism observed between the two drugs, which share this 
biological effect.

One drawback of our study is that we evaluated only one cell line, 
despite it being the primary reference for cellular studies on ACC. From 
another perspective, the H295R cell model is highly advantageous for 
studying ACC: it produces steroid hormones, responds to conventional 
therapy, and forms three-dimensional structures more physiologically 
similar to the tumor at diagnosis. In a previous publication, we assessed 
the effects of mitotane in this cell line under conditions minimizing 
confounding factors. This allowed us to compare the drugs’ mechanisms 
of action and underscored the key role of endoplasmic reticulum stress 
in the pharmacological treatment of ACC. Although celastrol currently 
has some side effects and is not ready for immediate use in ACC patients, 
studies of this type may suggest the evaluation of already approved 
drugs that share the same target.

5. Conclusion

The identification of effective active molecules to add to our thera
peutic armamentarium against this rare tumor represents a major 
challenge for future research on ACC. Based on our findings, celastrol 
may be considered with interest as a potent bioactive agent in the 
treatment of ACC. In this scenario, this study represents the first eval
uation of celastrol in ACC. Our results, although in vitro, are promising 
given that celastrol was also effective against more complex 3D struc
tures that more physiologically mimic the tumor condition. By defining 
the mechanism, we have highlighted that ER stress is a key target for 
ACC treatment; toward with both mitotane and celastrol converge, 
albeit through different mechanisms. This partial overlap suggests that 
ER stress induction may represent a promising target for the develop
ment of new therapeutic strategies for ACC patients.
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