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Abstract
Background  Multiple myeloma (MM) and chronic lymphocytic leukemia (CLL) are hematological malignancies 
with poor prognosis due to drug resistance, with no effective therapies. Drug resistance occurs from alterations in 
microenvironment and metabolism. Impaired mitochondrial metabolism underlies drug resistance in MM and CLL, 
and drugs targeting mitochondrial respiration show cytotoxicity and increase chemotherapy sensitivity. HIV protease 
inhibitors like nelfinavir show antitumor activity and resensitize drug-resistant cells to bortezomib and venetoclax. We 
evaluated effects of two HIV protease inhibitor precursors, BupM-NH2 and BnpM-NH2, on MM and CLL cells and their 
mechanism.

Methods  The cytotoxicity of the compounds was evaluated in MM (MM1S and RPMI-8226) and CLL (HG3) cell 
lines, peripheral blood mononuclear cells (PBMCs) and in patient-derived MM cells using MTS assays. Apoptosis 
was assessed by Annexin V staining and cell cycle analysis using flow cytometry. Western blotting was employed to 
assess protein expression to investigate the effects of the tested compounds on autophagy, endoplasmic reticulum 
stress, and respiratory chain function. Cellular metabolic activity was measured using Seahorse analyzer, whereas 
mitochondrial function and ROS generation were quantified via flow cytometry with MitoSOX and MitoTracker 
staining.

Results  BupM-NH2 and BnpM-NH2 at 50 µM decreased MM and CLL cell viability by 60% and 90%, while reducing 
PBMC viability by 40% and 50%. These compounds inhibited autophagy and mitochondrial respiration, reducing ATP 
production by 70% in MM, 30–60% in CLL, and 50% in PBMCs. BnpM-NH2 decreased the viability of cells from newly 
diagnosed multiple myeloma (NDMM) patients by 60% but showed a non-significant 15% reduction in relapsed/
refractory multiple myeloma (RRMM) patients, whereas BupM-NH2 had no significant impact. Both compounds 
induced stress in respiratory chain and mitochondria that may help resensitize drug-resistant MM and CLL.

Conclusions  BupM-NH2, and particularly BnpM-NH2, showed enhanced cytotoxicity against MM, CLL, and NDMM 
cells compared to PBMCs by inducing apoptosis through autophagy and mitochondrial respiration inhibition. While 
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Introduction
Neoplastic transformations caused by the accumula-
tion of mutations in oncogenes or tumor suppressors are 
accompanied by changes in cellular metabolism [1, 2]. 
This metabolic change guarantees the supply of nutri-
ents necessary to support anabolic pathways and tumor 
growth.

Many tumor types exhibit the Warburg effect, which 
is a metabolic reprogramming process characterized by 
a shift towards anaerobic glycolysis [3]. This metabolic 
change restricts oxidative phosphorylation (OXPHOS) 
and enables the synthesis of nucleotides, fatty acids, and 
antioxidants through intermediate products of glycolysis 
via the pentose phosphate pathway [4].

Recent studies have revealed that reprogramming of 
tumor cell metabolism is influenced not only by mutated 
oncogenic pathways, but also by the origin of the tissue 
and the environment in which the tumor develops [5–7]. 
Some tumors exhibit a preference for OXPHOS over gly-
colysis, utilizing fatty acids as an energy source via beta 
oxidation, and fueling the tricarboxylic acid (TCA) cycle 
through the catabolism of amino acids. B-cell hemato-
logical malignancies such as MM and chronic lympho-
cytic leukemia (CLL) rely on fatty acid metabolism and 
OXPHOS [8–11].

B cells undergo significant changes in cellular metabo-
lism upon activation, including an increase in glycolytic 
activity and TCA cycle, as well as mitochondrial respi-
ration, to meet the energetic and biosynthetic demands 
required for their function [12]. Both MM and CLL 
exhibit high consumption of glutamine and greatly ele-
vated OXPHOS activity compared to their pre-malignant 
counterparts [10, 13] (Fig. 1). Moreover, enhanced mito-
chondrial mass and OXPHOS play a significant role in 
the development of drug resistance in MM and CLL cells, 
ultimately accelerating the progression of hematological 
malignancies [14, 15]. Increased ATP production through 
OXPHOS confers resistance to therapies in tumor cells 
by: (1) enhancing drug efflux via ATP-binding cassette 
(ABC) transporters, (2) suppressing apoptosis through 
activation of survival pathways, such as mTOR, and (3) 
circumventing energy deficits in nutrient-deprived envi-
ronments by activating stress response pathways, includ-
ing autophagy, essential for generating building blocks for 
proliferation and repair [16, 17]. Autophagy alleviates the 
cytotoxic effects of proteasome inhibitors, such as Bort-
ezomib and Carfilzomib, by suppressing the unfolded 
protein response pathway (UPR), which is responsible for 

inducing apoptosis in tumor cells. Hematologic malig-
nancies, such as MM and CLL, show elevated production 
of immunoglobulin proteins, which activate the UPR. 
Proteasome inhibition with Bortezomib and Carfilzomib 
leads to immunoglobulin accumulation, creating stress 
within tumor cells that triggers UPR pathways to initi-
ate apoptosis. However, autophagy activation in resis-
tant tumor cells facilitates immunoglobulin degradation, 
counteracting proteotoxic stress induced by proteasome 
inhibitors and suppressing apoptosis [18, 19] (Fig. 1).

Relapse occurs in approximately 20% of MM patients 
[20] and in 5–10% of those with CLL [21]. In patients 
with MM or CLL who develop resistance to therapy, their 
prognosis is poor, and their life expectancy decreases to 
less than two years. However, inhibiting the mitochon-
drial respiratory chain has demonstrated cytotoxicity 
towards primary and drug-resistant MM and CLL cells 
and has rendered resistant tumor cells susceptible to 
therapies once again [22–27].

Therapies for MM patients include proteasome inhibi-
tors such as bortezomib and thalidomide analogs, cyto-
toxic medications (melphalan, cyclophosphamide, and 
doxorubicin), steroids, and radiotherapy [28, 29]. In con-
trast, patients with CLL are typically treated with nucleo-
side analogs, such as fludarabine, and alkylating agents, 
including cyclophosphamide, chlorambucil, and benda-
mustine, in combination with monoclonal antibodies tar-
geting CD20, such as rituximab or obinutuzumab [30].

HIV protease inhibitors have demonstrated antineo-
plastic properties in several types of tumors, includ-
ing leukemia, lung cancer, breast cancer, glioblastoma, 
MM, melanoma, and ovarian cancer [31–36]. These 
inhibitors exert their antitumor effects through various 
mechanisms, such as downregulation of Protein kinase B 
(AKT)/Signal Transducer and Activator of Transcription 
3 (STAT3)/Extracellular Regulated Kinase (ERK) signal-
ing [37–39], alteration of glucose metabolism, induction 
of endoplasmic reticulum stress via unfolded protein 
response (UPR) induction [40, 41], and anti-angiogenesis 
in vitro and in vivo [42, 43].

In addition, protease inhibitors can sensitize cells that 
develop resistance to various therapies. Clinical studies 
have assessed the antitumor efficacy of protease inhibi-
tors, such as nelfinavir, against MM and leukemic cells 
that are resistant to bortezomib, a proteasome inhibitor, 
or have developed multiple resistance to bortezomib, 
lenalidomide, and pomalidomide in patients with MM 
[40, 44, 45].

the cytotoxic effect in RRMM is less pronounced and nonsignificant, BupM-NH2 and BnpM-NH2 induces stress in 
respiratory chain and mitochondria, which may re-sensitize resistant tumor cells to treatments. Therefore these 
compounds may hold promise as novel therapeutic agents for MM and CLL treatment.
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Darunavir is an HIV protease inhibitor that has not 
demonstrated antitumor properties, unlike some of 
precursors of its analogues that have been found to 
be effective in inhibiting tumor progression. Previous 
research has shown that two compounds, RDD19 and 
RDD142, here named BupM-NH2 and BnpM-NH2, 

respectively, exhibit high toxicity in hepatocarcinoma 
cells (IC50 values of 57.05 and 67.96 µM) but are less toxic 
in hepatocytes (IC50 values greater than 150 µM). These 
compounds function by inhibiting proteasome activity 
and inducing apoptosis through the activation of the ER 
stress response pathway and autophagy [46].

Fig. 1  Schematic representation of the metabolic changes occurring in therapy-resistant MM and CLL cells. The metabolism of therapy-sensitive my-
eloma cells primarily relies on aerobic glycolysis, with a partial dependence on oxidative phosphorylation. When myeloma cells develop resistance to 
therapy, they undergo metabolic reprogramming, resulting in increased mitochondrial mass and enhanced OXPHOS. This metabolic pathway comprises 
two components: the electron transport chain (ETC) and chemiosmosis. Within the ETC, electrons move through protein complexes, and the released 
energy is harnessed in chemiosmosis to produce ATP. The ETC contains four complexes, I through IV, which use electrons from NADH and FADH₂ to 
drive proton translocation, creating a proton gradient. This gradient is utilized by ATP synthase (Complex V) to catalyze ADP conversion to ATP. OXPHOS 
metabolism is mainly supported by heightened glycolysis, which generates pyruvate, and increased glutamine uptake, which fuels the Krebs cycle to 
produce alpha-ketoglutarate. Additionally, fatty acids undergo beta-oxidation to produce acetyl-CoA. Enhanced OXPHOS increases ATP production and 
Krebs cycle activity, supporting generation of intermediate metabolites essential for epigenetic reprogramming and lipid/cholesterol synthesis. High glu-
cose uptake, metabolized through glycolysis is channeled into the pentose phosphate pathway, which supplies crucial intermediates necessary for the 
synthesis of nucleotides and glutathione (GSH). GSH is essential for maintaining REDOX balance and acts as an antioxidant to neutralize reactive oxygen 
species (ROS). These metabolic changes, which include increased synthesis of ATP, Krebs cycle intermediate metabolites, nucleotides and GSH, along with 
the activation of autophagy, strengthen and potentiate the pathways and mechanisms targeted by anticancer therapies, ultimately undermining their 
efficacy. ATP is crucial for the function of ATP-binding cassette (ABC) transporters, which expel chemotherapeutic agents from the cell, thereby reducing 
their intracellular concentration. The Krebs cycle facilitates the synthesis of glutamine via α-ketoglutarate (aKG) and the production of fatty acids and 
cholesterol via citrate, which can activate pro-tumor signaling pathways such as mTOR. Additionally, autophagy activation prevents immunoglobulin 
accumulation, which are naturally elevated in MM and CLL and increased by proteasome inhibitors. This reduction prevents apoptosis by mitigating the 
unfolded protein response (UPR) pathway. In the tumor microenvironment, drug-resistant tumor cells, under certain constrained conditions, maintain 
their mitochondrial metabolism by acquiring mitochondria from stromal and immune cells through nanotubes that establish intercellular connections 
(Created in https://BioRender.com)
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In the present study, we examined the antitumor efficacy 
of these two compounds in MM and CLL tumor lines, as 
well as their cytotoxic effects on patient-derived bortezo-
mib-lenalidomide-dexamethasone resistant MM cells.

Materials and methods
Key resources table

Reagent or resource Source Identifiers
Cell Lines and medium
MM1S ATCC Cat#: CRL-2974; 

RRID: CVCL_8792
RPMI-8226 ATCC Cat#: CCL-155; 

RRID: CVCL_0014
HG3 DSMZ Cat#: ACC 765; 

RRID: CVCL_Y547
Cell culture medium and 
reagents
RPMI-1640 Medium Thermo Fisher Scien-

tific (GIBCO)
Cat#: 11,875,093

Trypsin–EDTA Solution Thermo Fisher 
Scientific

Cat#: R001100

Dulbecco’s Phosphate 
Buffered Saline

Thermo Fisher 
Scientific

Cat#: 14,190,144

L–Glutamine Thermo Fisher 
Scientific

Cat#: 25,030,081

Penicillin-Streptomycin 
Solution

Thermo Fisher 
Scientific

Cat#: 15,140,130

Fetal Bovine Serum Thermo Fisher 
Scientific

Cat#: A3160502

Dulbecco’s Phosphate 
Buffered Saline

Thermo Fisher 
Scientific

Cat#: 14,190,144

DMSO Thermo Fisher 
Scientific

Cat#: 67–68-5

Lymphocyte Separation 
medium 1077

Sigma Aldrich-Merck Cat#: C-44,010

Assay kit
FITC annexin V-PI apoptosis 
detection kit I

BD Biosciences Cat#: 556,547

MitoTracker Red CMXRos Invitrogen Cat#: M46752
MitoSOX Green Mitochon-
drial Superoxide Indicators

Invitrogen Cat#: M36006

MTS AQueous CellTiter 96 Promega Cat#: G111A
Primary Antibodies
β-Actin (1:1000, 45 kDa) Cell Signaling 

Technology
Cat#: 4967; RRID: 
AB_330288

ATF4 (1:1000, 45 KDa) Proteintech Cat#: 10835-1-AP; 
RRID: AB_2058600

ATP5A1 (1:10000, 55 KDa) Proteintech #14676-1-AP; 
RRID: AB_2061761

Beclin-1 (1:1000, 60 KDa) Cell Signaling 
Technology

Cat#: 3738; RRID: 
AB_490837

Cleaved Caspase-3 (Asp175) 
(1:1000, 17/19 KDa)

Cell Signaling 
Technology

#9661; RRID: 
AB_2341188

Caspase-3 (1:1000, 17/19/35 
KDa)

Cell Signaling 
Technology

Cat#: 9665; RRID: 
AB_2069872

Phospho-eIF2α (Ser51) 
(1:1000,65 KDa)

Cell Signaling 
Technology

Cat#: 3398; RRID: 
AB_2096481

EIF2a (1:1000, 65 kDa) Abcam Cat#: ab181467

Reagent or resource Source Identifiers
LC3B (1:5000, 14/18 KDa) Proteintech Cat#: 14600-1-AP; 

RRID: AB_2137737
MTCO2 (1:6000, 26 KDa) Proteintech Cat#: 55070-

1-AP; RRID: 
AB_10859832

NDUFB8 (1:10000, 22 KDa) Proteintech Cat#: 14794-1-AP; 
RRID: AB_2150970

p21 (1:2000, 21 KDa) Proteintech Cat#: 10355-1-AP; 
RRID: AB_2077682

p62 (1:10000, 62 KDa) Proteintech Cat#: 18420-
1-AP; RRID: 
AB_10694431

SDHB (1:10000, 32 KDa) Proteintech Cat#: 10620-1-AP; 
RRID: AB_2285522

TOM20 (1:5000, 16 KDa) Proteintech Cat#: 11802-1-AP; 
RRID: AB_2207530

α-Tubulin (1:1000, 52 kDa) Cell Signaling 
Technology

Cat#: 3873; RRID: 
AB_1904178

UQCRC2 (1:6000, 48 KDa) Proteintech Cat#: 14742-1-AP; 
RRID: AB_2241442

XBP-1s (1:1000, 60 KDa) Cell Signaling 
Technology

Cat#: 12,782; RRID: 
AB_2687943

Secondary Antibodies
Anti-mouse IgG HRP-linked 
(1:3000)

Cell Signaling 
Technology

Cat#: 7076; RRID: 
AB_330924

Anti-rabbit IgG HRP-linked 
(1:3000)

Cell Signaling 
Technology

Cat#: 7074; RRID: 
AB_2099233

WB Reagents
Bio-Rad Protein Assay Dye 
Reagent Concentrate

Bio-Rad Laboratories Cat#: 500-0006

Clarity Western ECL 
Substrate

Bio-Rad Laboratories Cat#: 170–5061

Halt Phosphatase Inhibitor 
Cocktail

Thermo Fisher 
Scientific

Cat#: 1,861,277

Halt Protease Inhibitor 
Cocktail

Thermo Fisher 
Scientific

Cat#: 1,862,209

Pierce RIPA buffer Thermo Fisher 
Scientific

Cat#: 89,901

Seahorse kit and reagents
Seahorse XF Real-Time ATP 
Rate Assay Kit

Agilent Technologies Cat#: 103592-100

Seahorse XF Cell Mito Stress 
Test Kit

Agilent Technologies Cat#: 103015-100

Seahorse XFe96/XF Pro PDL 
Cell Culture Microplates

Agilent Technologies Cat#: 103799-100

Seahorse XF RPMI medium Agilent Technologies Cat#: 103576-100
Seahorse XF 1.0 M glucose 
solution

Agilent Technologies Cat#: 103577-100

Seahorse XF 100 mM pyru-
vate solution

Agilent Technologies Cat#: 103578-100

Seahorse XF 200 mM gluta-
mine solution

Agilent Technologies Cat#: 103579-100

Rotenone Sigma Aldrich-Merck Cat#: R8875
CD138+human cells 
isolation
AutoMACS ProSeparator MiltenyiBiotec Cat#:130-092-545
StraightFrom Whole Blood 
CD138 MicroBeads

MiltenyiBiotec Cat#:130-093-062
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Chemicals
(2R,3S) N-(3-Amino-2-hydroxy-4-phenyl-butyl)-N-iso-
butyl-4-methoxy-benzenesulfonamide (BupM-NH2 alias 
RDD19) and (2R,3S) N-(3-Amino-2-hydroxy-4-phe-
nyl-butyl)-N-benzyl-4-methoxy-benzenesulfonamide 
(BnpM-NH2 alias RDD142) were synthesized, purified, 
and finally characterized by NMR, according to the pre-
viously reported general procedure [46, 47].

Cell cultures and culture conditions
MM1S, RPMI-8226, and HG3 cells were cultured in 
complete RPMI 1640 medium supplemented with 
10% heat-inactivated fetal bovine serum (FBS), 100 U/
mL penicillin, 100  mg/mL streptomycin, and 2 mM of 
glutamine.

PBMCs were isolated from healthy (n = 5) heparinized 
blood by density gradient centrifugation over Lympho-
cyte Separation Medium 1077, according to manufactur-
er’s instructions, and were used as non-pathological cells.

PBMCs were washed twice with sterile PBS and cell 
viability was assessed by the trypan blue exclusion assay. 
PBMCs were cultured at density of 1 × 106 cells/ml in 
complete RPMI 1640 medium. All cells were cultured 
at 37  °C in humidified atmosphere containing 5% CO2 
humidified atmosphere and cell cultures were routinely 
screened for mycoplasma contamination.

All the compounds were solubilized in DMSO as 100 
mM stock solutions and stored at − 20  °C until use. The 
working solutions were freshly prepared and diluted in 
cell culture medium. The final concentration of DMSO 
was always within the limit of 0.8% (v/v), which did not 
affect cell growth.

Experiments were carried out at 70% cell confluence 
and performed in at least three independent biological 
replicates.

Isolation of CD138+ cells from patient samples
All human samples used in this study were obtained from 
participants enrolled in a clinical study (n.34/2019/PO), 
which was approved by the independent Ethics Com-
mittee of Policlinico Catania 1. All procedures adhered 
to the ethical standards of the responsible committee on 
human experimentation, both institutional and national, 
and conformed to the Helsinki Declaration of 1975, as 
revised in 2024. Informed consent for data processing 
was obtained from all participants.

CD138+ MM cells were isolated from patient samples 
using the Miltenyi MACSQuant Separator, according to 
the manufacturer’s protocol. Briefly, 2 mL of bone mar-
row samples from patients were collected in 15 mL tubes 
and magnetically labeled with StraightFrom Whole Blood 
CD138 MicroBeads (MiltenyiBiotec). The “posselwb” 
program was utilized for the separation of CD138+ cells 
on the autoMACS Pro Separator (Miltenyi Biotec). The 

purity of the isolated CD138 + cells was evaluated by flow 
cytometry.

Multiple myeloma cells were isolated from three 
patients at the onset of the disease (NDMM) and five 
patients exhibiting resistance to bortezomib, lenalido-
mide, and dexamethasone (RRMM). These cells served 
as biological replicates to evaluate the impact of BupM-
NH2 and BnpM-NH2 on apoptosis and mitochondrial 
ROS production. For each experimental setup, we con-
ducted technical triplicates for each patient cell line 
under all experimental conditions.

Observation of morphological changes
MM1S, RPMI-8226 and HG3 cells were seeded into 
24-well plates (1.5 × 105 cells per well) and cultured over-
night, while PBMCs were seeded at concentration of 
1 × 106 cells/ml per well. They were treated for 24 h, 48 h 
and 72  h with different concentrations of BupM-NH2 
and BnpM-NH2 (10 µM, 30 µM, 50 µM), using untreated 
cells and cells treated with DMSO as negative controls. 
Cellular morphology was observed at inverted optical 
microscope (Axio Vert A1, Zeiss).

Cell viability assay
Cell viability under synthetic molecules treatment was 
analyzed by an MTS assay: 3 × 104 cancer cells and 1 × 105 
PBMCs were plated in 96-well plates in 100 µL of stan-
dard medium and incubated at 37  °C and 5% CO2. The 
day after 50 µL of medium supplemented with differ-
ent concentrations of BupM-NH2 and BnpM-NH2 (10 
µM, 30 µM, 50 µM) were added to the wells. As a nega-
tive control, cells were treated with DMSO at the high-
est concentration used in the treatments. 24 h, 48 h and 
72 h after treatment, 20 µL of MTS AQueous CellTiter 96 
was added to the culture media and after 2 h of incuba-
tion at 37 °C the absorbance at 490 nm with a reference 
wavelength of 550  nm was recorded by using VICTOR 
Nivo Multimode Microplate Reader (PerkinElmer, Life 
and Analytical Sciences). The quantity of formazan pro-
duced, as measured by absorbance at 490 nm, is directly 
proportional to the number of living cells in culture. The 
viability of cells treated with increasing concentrations of 
drugs was tested relative to the viability of the same cells 
treated with DMSO and IC50 values.

IC50 values were determined by plotting inhibitor con-
centration logarithm on the x-axis against normalized 
response on the y-axis, followed by nonlinear regression 
(log(inhibitor) vs. normalized response-Variable slope) 
using GraphPad Prism 10 statistics software (GraphPad, 
La Jolla, CA, USA). The normalized response was calcu-
lated by converting MTS absorbance to inhibition per-
centage, ranging from 0% (signal from untreated control 
without inhibitor) to 100% (maximum inhibition). The 
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equation for this model is: Y = 100/(1 + 10^(X-LogIC50)). 
Experiments were performed in triplicates.

Western blotting analysis
MM1S, RPMI-8226 and HG3 cells were seeded in a 
100  mm dish at 2.5 × 106 cells per dish and treated for 
48 h at the concentrations of 10 µM, 30 µM, and 50 µM 
of BupM-NH2 and BnpM-NH2; then they were collected 
and lysed for 30 min in ice-cold Pierce RIPA buffer, sup-
plemented with a mixture of 1% Phosphatase Inhibitor 
Cocktail and 1% Protease Inhibitor Cocktail. All the sam-
ples were also sonicated for 30  min at 37% power with 
the BANDELIN Sonorex DT sonicator (Bandelin, Berlin, 
Germany) and then centrifuged at 13,000 rpm for 10 min 
at 4 °C to remove insoluble cell debris.

Protein content was quantified using the Bio-Rad Pro-
tein Assay Dye Reagent, based on the Bradford method. 
Aliquots, containing 30  µg of proteins from each lysate 
cell, were separated by SDS polyacrylamide gel electro-
phoresis and transferred to a polyvinylidene difluoride 
membrane using a Trans Blot Turbo Transfer System.

The membranes (Bio-Rad Laboratories, Hercules, CA, 
USA) were blocked for 1 h at room temperature with 5% 
nonfat milk in TPBS (PBS with 0.1% Tween 20) and then 
probed overnight with the primary antibodies.

The membranes were then washed three times with 
wash buffer (TPBS), incubated with a corresponding 
horseradish peroxidase-conjugated secondary antibody, 
and the signals were developed using the enhanced che-
miluminescence kit (Clarity™ Western ECL Substrate, 
Bio‐RadLaboratories Inc.). The chemiluminescent signal 
was detected by using the chemiluminescence system 
ChemiDoc Imaging System XRS+ (Bio‐Rad, Hercules, 
California, USA) with the ImageLab software and quan-
tified by densitometric analysis of the bands using the 
ImageJ Lab 4.1 software (Bio‐Rad, Hercules, California, 
USA) on independent replicates.

FACS analysis
1.Cell cycle analysis and apoptosis assay

Cell cycle determination and apoptosis analysis were 
performed as described below. 5 × 105 MM1S, RPMI-
8226 and HG3 cells and 3 × 106 PBMCs were seeded in 
a six-well plate and treated with 30 µM BupM-NH2 and 
BnpM-NH2. Cells treated with DMSO represented nega-
tive controls.

After 48  h of treatment, cells were harvested, washed 
twice with cold PBS, and resuspended in Binding Buf-
fer at a concentration of 1 × 106 cells/ml (FITC Annexin 
V Apoptosis Detection Kit I, BD Pharmigen, Franklin 
Lakes, NJ, USA). Then, 100 µL of the cell suspensions 
were mixed with 5 µL of Annexin V-FITC and 5 µL of 
propidium iodide (PI) and incubated for 15 min at room 
temperature in the dark. Then, 400 µL of Binding Buffer 

was added to each tube and the analysis was carried out 
by flow cytometry instrument FACS (Navios, Beckman 
Coulter, IN, USA) with the Kaluza 2.1 analysis software 
(Beckman Coulter). A total of 104 events for each sample 
were acquired and analyzed, obtaining the detection of 
live, early apoptotic, apoptotic, and necrotic cells.

The remaining cells were fixed in 70% ethanol, for at 
least 2 h at 4 °C, and stained with 50 µg/ml PI containing 
10 µg/ml RNase A for 30 min at room temperature. Fluo-
rescence cell analysis was performed with by using FACS 
(Navios, Beckman Coulter, IN, USA) and cell cycle dis-
tribution was analyzed in the form of percentage of cells 
in the G0/G1, S, and G2/M phases by Kaluza 2.1 analysis 
software (Beckman Coulter).

Three independent experiments were carried out for 
each assay.

2.Mitochondrial Analysis
MM1S, RPMI-8226 and HG3 mitochondrial mass and 

mitochondrial ROS levels under BupM-NH2 and BnpM-
NH2 treatment were analyzed.

MitoTracker Red, a red-fluorescent mitochondrial stain 
which appears to localize to mitochondria regardless of 
mitochondrial membrane potential, was used to examine 
changes in mitochondrial mass following the manufac-
turer’s instructions. Instead, MitoSOX Green mitochon-
drial superoxide indicator, a novel green-fluorogenic dye 
specifically targeted to mitochondria in live cells, was 
used to detect mitochondrial ROS, especially superoxide, 
following the manufacturer’s instructions [48].

Briefly, MM1S, RPMI-8226 and HG3 cells were seeded 
in a 6-well plates at a density of 5 × 105 cells per well, 
and after 24 h were treated with 30 µM BupM-NH2 and 
BnpM-NH2. As a positive control, cells were treated 
with 5 µM rotenone. Cells treated with DMSO repre-
sented negative controls. The day after, the medium was 
removed and prewarmed (37 °C) staining solution con-
taining 500 nM MitoTracker probe and 1 µM MitoSOX 
probe was added. After 30 min of incubation at 37 °C 
in the dark, cells were washed with PBS and analyzed 
by FACS (Navios, Beckman Coulter, IN, USA) with the 
Kaluza 2.1 analysis software (Beckman Coulter) [49]. 
MitoSOX Green has excitation and emission peaks at 
488 and 510 nm, respectively, whereas MitoTracker Red 
has excitation and emission peaks at 579 and 599 nm, 
respectively.

Metabolic profiling by seahorse assays
Oxygen consumption rate (OCR) and extracellular 
acidification rate (ECAR) of MM1S, RPMI-8226, HG3 
and PBMCs under 30 µM BupM-NH2 and BnpM-NH2 
treatments conditions were measured with the Seahorse 
Extracellular Flux XF Pro Analyzer (Agilent, Santa Clara, 
CA, USA). Seahorse XF Real-Time ATP Rate Assay Kit 
and Seahorse XF Cell Mito Stress Test Kit protocols 
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(Agilent) were performed with the XF Pro analyzer, 
according to the manufacturer’s instructions. Briefly 
5 × 105 MM1S, RPMI-8226 and HG3 cells and 3 × 106 
PBMCs were seeded in a six-well plate and treated with 

30 µM BupM-NH2 and BnpM-NH2 and cultured for 
24 h. Cells treated with DMSO function as negative con-
trols, enabling the detection of effects on basal metabo-
lism mediated by the vehicle in which BupM-NH2 and 

Fig. 2 (See legend on next page.)
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BnpM-NH2 are dissolved. This facilitates the differentia-
tion and precise determination of the activity of BupM-
NH2 and BnpM-NH2 on glycolysis and OXPHOS in the 
analyzed cells. The next day cells were harvested, washed 
twice with cold XF-RPMI, and resuspended in XF RPMI 
medium supplemented with 1 mM pyruvate, 2 mM glu-
tamine, 10 mM glucose according to the protocols. Then 
cells were counted and seeded in Seahorse XF PDL 
coated plates at a density of 3 × 104 per well for cancer 
cells and 2 × 105 for PBMCs. Cell cultures were allowed 
to equilibrate for 1 h at 37 °C in a no-CO2 incubator and 
Seahorse XF Pro analysis was performed at 37 °C simul-
taneously measuring OCR (pmole O2/min) and ECAR 
(mpH/min). All the parameters were normalized on cell 
number.

XF ATP Rate Assay measures OXPHOS and glycolysis’s 
contribution to ATP production. OCR and ECAR were 
measured before and after sequential injection of 1.5 µM 
oligomycin and 0.5 µM rotenone/antimycin A.

XF Cell Mitochondrial Stress assay was performed to 
assess coupling of respiratory chain, maximal and non-
mitochondrial oxygen consumption. OCR was ana-
lyzed under basal condition and after the injection into 
each well sequentially of 1.5 µM oligomycin, 1.5 µM 
carbonylcyanide-4(trifluoromethoxy)phenylhydrazone 
(FCCP), and a mixture 0.5 µM rotenone/antimycin A. 
The response to the minimal dose of oligomycin and 
FCCP, generating the maximal effect, accounts for non-
phosphorylating mitochondrial respiration and maximal 
FCCP-uncoupled respiration, respectively. The response 
to the rotenone and antimycin A mixture accounts for 
non-mitochondrial oxygen consumption. Data were 
obtained from three independent experiments, where 
each sample was performed with at least 8 technical rep-
licates. All data were assessed with XF Wave Software 
(Seahorse Bioscience, Agilent).

Statistical analysis
Statistical analysis was performed using GraphPad Prism 
(GraphPad Software, Inc., San Diego, CA, USA). Data 
were reported as mean ± standard deviation (SD) of, at 
least, three independent experiments performed in trip-
licate and were compared by an unpaired Student’s t-test 
or ANOVA for multiple comparisons. For both One-
Way ANOVA and Two-Way ANOVA, Tukey’s post-hoc 

multiple comparisons were applied as recommended by 
Prism. According to the p-value, differences were consid-
ered statistically significant when the value of *P < 0.05.

Results
The compounds BupM-NH2 and BnpM-NH2 inhibit the 
proliferation of MM (MM1S and RPMI-8226) and CLL (HG3) 
cell lines
We conducted a 48-hour MTS assay to evaluate the 
impact of compounds BupM-NH2 and BnpM-NH2 
on the viability of human MM and CLL cell lines and 
PBMCs obtained from healthy subjects. Both compounds 
significantly reduced the viability of MM1S and RPMI-
8226 MM cells, as well as HG3 CLLs, in a dose-depen-
dent manner (30 and 50 µM), although their effect on 
PBMCs was milder (Fig. 2A). BnpM-NH2 is more effec-
tive, with IC50 values of 13.36, 19.45, and 14.25 µM in 
MM1S, RPMI-8226, and HG3, respectively, while BupM-
NH2 had higher IC50 values in all three cell lines: 41.75, 
55.9, and 35.79 µM in MM1S, RPMI-8226, and HG3, 
respectively. The toxicity of BupM-NH2 and BnpM-NH2 
compounds was reduced in PBMCs, with IC50 values of 
54.37 and 41.16 µM, respectively (Fig. 2B).

To determine whether the compounds exhibited cyto-
static or cytotoxic properties, we conducted a 72-hour 
growth curve experiment. While BupM-NH2 exhibited 
a cytostatic effect at both concentrations, BnpM-NH2 
inhibited cell growth at 30 µM and was cytotoxic at 50 
µM (Fig. 2C-D).

Cell cycle analysis showed that both compounds at 
a concentration of 30 µM, halted tumor cells in the G1 
phase, decreasing the number of cells in the S phase (in 
Supplementary Fig. 1 A). BnpM-NH2 had the most sig-
nificant effect on blocking tumor cells in the G1 phase, 
as it triggered the upregulation of p21, a mediator that 
promotes the arrest of cells in the G1 phase, particularly 
in MM1S and RPMI-8226 MM cells (Supplementary 
Fig. 1B).

Unlike the results observed in hepatocarcinoma cells 
[46], BnpM-NH2 exhibited significantly greater antitu-
mor effectiveness against MM and CLL cells than BupM-
NH2, accompanied by lower toxicity in PBMCs.

(See figure on previous page.)
Fig. 2  Cytotoxicity of protease inhibitors BupM-NH2 and BnpM-NH2 in MM and leukemia cell lines. Cell viability assays (MTS) were performed with MM 
cell lines (MM1S, RPMI-8226), chronic lymphocytic leukemia cell line (HG3), and primary human PBMCs (A) and dose‒response curves were obtained to 
calculate the IC50 values for the drugs in all cell lines (B). Cells were treated with increasing concentrations (10, 30 and 50µM) of BupM-NH2 and BnpM-NH2 
for 48 h. Data represent the mean ± SD of at least three replicates. (C) Effect of BupM-NH2 and BnpM-NH2 on proliferation of MM1S, RPMI-8226 and HG3 
was determined by counting viable cells. The cells were seeded and exposed to BupM-NH2 and BnpM-NH2 (10, 30 and 50µM) for 24, 48 and 72 h then 
collected and counted. DMSO treated cells served as control. The cells number was plotted against time to determine the cell growth curve. All assays 
were repeated in three independent experiments. (D) Light microscopy images showing the morphology of the cells after treatment with BupM-NH2 and 
BnpM-NH2 (30 µM) for 48 h. Statistical analysis was performed using one-way analysis of variance (ANOVA). P values were determined by one-way ANOVA 
with Tukey’s post analysis Differences were considered significant when P ≤ 0.05. All data are represented as mean ± SEM
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Fig. 3 (See legend on next page.)
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 BupM-NH2 and BnpM-NH2 induce apoptosis in MM and CLL 
cancer cells
We subsequently assessed whether the cytotoxicity of 
the compounds resulted from necrosis or apoptosis by 
performing an annexin V assay. Both compounds, at a 
concentration of 30µM, increased the proportion of MM 
and leukemia cells undergoing pre-apoptosis and apopto-
sis (Fig. 3A). Notably, BnpM-NH2 proved more effective 
in inducing apoptosis in all tumor cell lines, surpassing 
even Saquinavir (30µM), another HIV protease inhibitor 
known for its anti-tumoral activity (Supplementary Fig. 
2 A).

BnpM-NH2 modestly increases cleaved caspase-3 
expression at higher concentrations (30 and 50µM) 
after 48 h in MM1s (Δ0.313 ± 5.0, p = 0.999; Δ7.137 ± 5.0, 
p = 0.776) and HG3s (Δ1.085 ± 2.3, p = 0.998; Δ3.626 ± 2.3, 
p = 0.711), though difference was not statistically signifi-
cance. This enhancement is less pronounced in RPMIs 
(Δ0.259 ± 0.44, p = 0.998; Δ0.654 ± 0.44, p = 0.748), where 
total caspase-3 expression increases (Fig.  3B). Never-
theless, BnpM-NH2 demonstrates reduced efficacy in 
cleaved caspase-3 activation compared with bortezomib. 
These disparities may be attributed to the distinct mech-
anisms of action of each compound.

BupM-NH2 and BnpM-NH2 suppress UPR pathway and 
autophagic flux
Since several HIV protease inhibitors exert their anti-
tumor effects by inducing endoplasmic reticulum (ER) 
stress and ultimately triggering UPR-mediated apopto-
sis [50, 51] we evaluated the effect of BupM-NH2 and 
BnpM-NH2 on the expression and activation of key 
components of the UPR pathway, including activating 
transcription factor 4 (ATF4), the spliced form of X-box 
binding protein 1 (XBP1s), as well as the phosphoryla-
tion of eukaryotic translation initiation factor 2 alpha 
(eIF2α). Unexpectedly, control cells treated with DMSO 
showed higher ATF4 and XBP1s expression than cells 
treated with BupM-NH2 and BnpM-NH2 (30 µM) for 48 
h. Compared to DMSO controls, BupM-NH2 and BnpM-
NH2 significantly reduced ATF4 expression in three cell 
lines: MM1S (Δ0.563 ± 0.08, p = 0.0015; Δ0.578 ± 0.08, 
p = 0.0013), RPMI (Δ0.683 ± 0.12, p = 0.0043; Δ0.719 ± 
0.12, p = 0.0033), and HG3 (Δ0.783 ± 0.045, p = 0.0001; 
Δ0.891 ± 0.045, p = 0.0001). Treatment also decreased 
XBP1s levels in MM1S (Δ0.522 ± 0.12, p = 0.0157; Δ0.408 
± 0.12, p = 0.0442), RPMI (Δ0.425 ± 0.08, p = 0.0047; 

Δ0.396 ± 0.08, p = 0.0066), and HG3 (Δ0.492 ± 0.06, p = 
0.0009; Δ0.369 ± 0.06, p = 0.0040) (Fig. 4A). The elevated 
levels of UPR stress markers in DMSO treated cells may 
be due to intrinsically high protein turnover and unfolded 
protein stress in these tumor cells expressing elevated 
immunoglobulin. Nevertheless, the upregulation of the 
UPR signaling pathway was independent of DMSO treat-
ment, as this pathway remained upregulated in untreated 
cells (Supplementary Fig. 2B). Moreover, treatment with 
saquinavir affected autophagy differently than the com-
pounds we tested, as it triggered the expression of ATF4 
and the phosphorylation of eIF2α, both of which indicate 
the activation of the UPR pathway (Supplementary Fig. 
2 C).

HIV protease inhibitors also regulate autophagy and 
proteasomal activities [40, 41, 52, 53]. Previous stud-
ies have shown that BupM-NH2 and BnpM-NH2 acti-
vate autophagy and inhibit the proteasome, resulting 
in the accumulation of ubiquitinated proteins and ER 
stress-induced apoptosis [46]. However, in hematological 
tumors, BupM-NH2 and BnpM-NH2 affect autophagy 
differently, as they increase the lipidated form of micro-
tubule-associated protein light chain 3 (LC3B) and the 
expression of P62, which is degraded via autophagy. In 
comparison to DMSO-treated control cells, BupM-NH2 
and BnpM-NH2 significantly elevated LC3B expression 
as follows: (Δ1.780 ± 0.055, p < 0.0001; Δ2.939 ± 0.055, 
p < 0.0001) in MM1S; (Δ0.824 ± 0.40, p = 0.1873; Δ3.166 
± 0.040, p < 0.0006) in RPMI; (Δ2.254 ± 0.75, p = 0.0557; 
Δ4.277 ± 0.075, p < 0.0032) in HG3. Additionally, BupM-
NH2 and BnpM-NH2 increased p62 levels as follows: 
(Δ2.439 ± 0.70, p = 0.0317; Δ2.549 ± 0.70, p < 0.0264) 
in MM1S; (Δ0.891 ± 0.35, p = 0.1001; Δ1.504 ± 0.35, p 
< 0.0128) in RPMI; (Δ0.891 ± 0.25, p = 0.0303; Δ0.996 ± 
0.25, p < 0.0189). The expression of Beclin1 (BECN1), a 
marker of autophagy activation, remained unchanged in 
samples treated with BupM-NH2, whereas it increased 
in MM1S and RPMI-8226 treated with BnpM-NH2 (Fig. 
4B). The increase in lipidated LC3B and P62 suggests 
that autophagic flux (the fusion of autophagosome with 
lysosome) was blocked by treatment with BupM-NH2 
and BnpM-NH2. Preliminary data further indicated that 
BupM-NH2 and BnpM-NH2 activate the mTOR pathway. 
The upregulation of mTOR is linked to the suppression 
of autophagy. This effect may represent a response to the 
alterations in autophagy or mitochondrial metabolism 
induced by BupM-NH2 and BnpM-NH2 (Supplementary 

(See figure on previous page.)
Fig. 3  Precursors of Darunavir analogues, BupM-NH2 and BnpM-NH2, induce apoptosis in MM and CLL cells independently of caspase-3 activation. (A) 
Apoptosis rates in MM (MM1S and RPMI-8226) and CLL (HG3) cells treated with BupM-NH2 and BnpM-NH2 (30µM) for 48 h were determined using An-
nexin V/FITC-PI flow cytometry. Representative flow cytometry images and bar graphs of apoptotic cell rates are shown. Average values per treatment 
were calculated from three independent experiments and presented as mean ± SD. (B) Expression of cleaved and total caspase 3 in MM and CLL cells, 
treated with BupM-NH2 and BnpM-NH2 (10,30 and 50 µM) and Bortezomib (2,5 and 5 nM) for 48 h, was analyzed by WB. The ratio of cleaved-caspase-3/
caspase-3 intensities, normalized to actin, was statistically analyzed and represented as mean ± SD from three independent experiments in bar graph. P 
values were determined by one-way ANOVA with Tukey’s post analysis Differences were considered significant when P ≤ 0.05
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Fig. 3 A). Saquinavir, in contrast, enhances the expres-
sion of Beclin1 while exerting a modest influence on the 
expression of p62 and lipidated LC3, which may suggest 
an augmentation in autophagy (Supplementary Fig. 2 C).

Moreover, the reduction in ER stress, inhibition 
of autophagy, and mild activation of cleaved CAS-3 
dependent apoptosis indicates that the cytotoxicity of 
BupM-NH2 and BnpM-NH2 is mediated by alternative 
mechanisms.

BupM-NH2 and BnpM-NH2 trigger apoptosis in MM 
and leukemia cells by decreasing the activity of the 
mitochondrial respiratory system
Mitochondria are vital components of cellular energy 
metabolism and the regulation of apoptosis, and they 
play a key role in activating the integrated cytosolic 
response to stress and promoting cell survival and fit-
ness. As nelfinavir, an HIV protease inhibitor, has been 
shown to induce caspase-independent cell death and 

Fig. 4  BupM-NH2 and BnpM-NH2 inhibit autophagy without activating the ER stress response. (A) WB analysis of XBP1s, ATF4, p-eIF2α, and eIF2α expres-
sion in MM1S, RPMI-8226, and HG3 cells treated with BupM-NH2 and BnpM-NH2 (30 µM) for 48 h was performed. The intensity of XBP1s and ATF4, and 
the ratio of p-EIF2α/eIF2α intensity normalized to actin were quantified and plotted as bar graphs. The results are presented as mean ± SD of at least three 
replicates. (B) Beclin1, p62, and LC3b expression in MM and CLL cells treated with BupM-NH2 and BnpM-NH2 (30 µM) for 48 h was analyzed by WB. The bar 
graph quantitatively represents autophagy proteins normalized to actin. Data are presented as mean ± SD from a minimum of three replicates. P values 
were determined by one-way ANOVA with Tukey’s post analysis Differences were considered significant when P ≤ 0.05
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cell cycle arrest by disrupting respiratory chain function 
and increasing free radical production [54], we sought to 
determine whether BupM-NH2 and BnpM-NH2 could 
also act by impairing the respiratory chain.

Analysis of mitochondrial respiration performed by 
Seahorse revealed that cells treated with BupM-NH2 
and BnpM-NH2 exhibited a reduced OCR (Δ69.38 ± 2.09 
p < 0,0001; Δ72.19 ± 2.09, p < 0,0001 MM1S; Δ97.07 ± 3.89 
p < 0,0001; Δ83.44 ± 3.89, p < 0,0001 RPMI; Δ15.36 ± 1.97 
p < 0,0001; Δ37.17 ± 1.97, p < 0,0001 HG3; Δ33.56 ± 2.15 
p < 0,0001; Δ33.12 ± 2.40, p < 0,0001 PBMC) compared 
to untreated cells, whereas ECAR was higher in treated 
cells than in untreated cells (Δ28,56 ± 1.65 p < 0,0001; 
Δ12,43 ± 1.65, p < 0,0001 MM1S; Δ28,96 ± 1.61 p < 0,0001; 
Δ27,10 ± 1.61, p < 0,0001 RPMI; Δ8.196 ± 1.14 p < 0,0001; 
Δ2.305 ± 1.14, p = 0,1465 HG3; Δ4.11 ± 2.15 p < 0,0005; 
Δ1.72 ± 2.40, p = 0,1561 PBMC) (Fig.  5). MM cells pos-
sess a higher OCR than CLL cells, indicating that their 
energy metabolism relies heavily on OXPHOS. Follow-
ing a decrease in mitochondrial respiration, MM cells 
activated a compensatory mechanism by increasing 
ATP production via glycolysis. However, this increase 
in glycolysis did not occur in BnpM-NH2 -treated HG3 
cells. PBMCs exhibit OXPHOS-dependent metabolism. 
Although treatment with BupM-NH2 and BnpM-NH2 
reduced ATP production via OXPHOS by approximately 
half, this effect was less pronounced than that observed 
in MM and CLL cell lines, where ATP production via 
OXPHOS was reduced by approximately 3–4 times 
(Fig. 5).

To assess the effects of these compounds on the mito-
chondrial ability to respond to stress or increased energy 
demands, we utilized the MitoStress Test on Seahorse 
to measure spare respiratory capacity (SRC). The results 
showed that treatment with BupM-NH2 and BnpM-NH2 
led to a significant reduction in maximal mitochondrial 
respiration and impaired SRC (Supplementary Fig.  4), 
rendering cells unable to meet their energy requirements.

Subsequently, we sought to establish whether the 
modifications in mitochondrial metabolism caused by 
BupM-NH2 and BnpM-NH2 were associated with dys-
function of various respiratory chain complexes. To this 
end, we assessed the expression levels of specific sub-
units within each complex of the electron transport 
chain (ETC). Our investigation focused on the NADH 
dehydrogenase [ubiquinone] 1 beta subcomplex subunit 
8 (NDUFB8) associated with complex I, the succinate 
dehydrogenase [ubiquinone] iron-sulfur subunit (SDHB) 
of complex II, the cytochrome b-c1 complex subunit 2 
(UQCRC2) of complex III, the cytochrome c oxidase sub-
unit 2 (MTCO2) of complex IV, and the ATP synthase F1 
alpha subunit (ATP5F1A) of complex V. We found that 
BupM-NH2 and BnpM-NH2 decreased the expression 
of MTCO2 in complex IV of MM cells (Fig. 6A), whereas 

BnpM-NH2 inhibited the expression of SDHB in complex 
II, particularly in leukemia cells, but also slightly in MM 
cells (Fig. 6A). These changes in mitochondrial metabo-
lism were linked to an increase in both the expression 
and phosphorylation of AMPK, an energy sensor (Sup-
plementary Fig. 3 A). However, treatment with saquinavir 
did not affect the expression of MTCO2, confirming that 
its mechanism of action differs from that of BupM-NH2 
and BnpM-NH2 (Supplementary Fig. 2D), even though it 
impacts mitochondrial energy metabolism and induces 
both the expression and activation of AMPK (Supple-
mentary Fig. 3B).

To assess the potential association between respira-
tory chain defects and alterations in ROS generation, 
Mitosox was used to quantify mitochondrial superoxide 
anion production by measuring changes in the fluores-
cence intensity distribution (% of Max) and mean fluo-
rescence intensity (MFI) across the cell population. The 
median MFI signal in the treated population was com-
pared with that of the DMSO-treated control to quan-
tify the signal change through fold-change analysis. % of 
max was used to qualitatively detect changes in Mitosox 
signaling distribution between treated and control cell 
populations. Analyses showed that neither BupM-NH2 
nor BnpM-NH2 significantly influenced superoxide 
anion production after 24  h of treatment, with no shift 
in signal distribution (% of Max) or intensity (MFI fold 
change) between the treated and control populations 
(Fig. 6B). Treatment of MM1S and RPMI-8226 cells with 
BupM-NH2 or BnpM-NH2 did not affect superoxide 
anion production after 24  h (Fig.  6B), with no variation 
in the percentage of Max or MFI fold changes. BnpM-
NH2 slightly increased free radical production in HG3 
leukemic cells, although the difference was not statisti-
cally significant, as shown by the %of Max histogram and 
MitoSox MFI ratio bar graph compared to the DMSO 
control. Rotenone, an ETC complex I inhibitor used as a 
control, significantly reduced ROS production in MM1S 
cells, but not in RPMI-8226 cells, and slightly increased 
superoxide anion production in HG3 cells, although not 
significantly, as shown in the MFI fold change bar graph. 
This aligns with literature reporting that rotenone can 
either increase or inhibit ROS production, depending on 
the cell line (Fig. 6B).

Mitochondrial mass analysis using MitoTracker sug-
gested that BnpM-NH2 might increase mitochondrial 
mass, although this increase was not statistically signifi-
cant. BnpM-NH2 induced a not statistically significant 
(p > 0.05) increase in the MitoTracker MFI in MM1S, 
RPMI-8226, and HG3 cells, with a negligible increase in 
MM1S cells (Fig.  6B). Rotenone increased MitoTracker 
fluorescence in HG3 cells, as shown by the curve shift 
and MFI fold-change but had no effect on MM1S and 
RPMI-8226 cells. BupM-NH2 induced a marginal, 



Page 13 of 21Mecca et al. Cancer Cell International           (2026) 26:44 

insignificant decrease in MitoTracker MFI in all the three 
cell lines (Fig. 6B).

These findings suggest that inhibition of mitochondrial 
respiration and reduction in ETC complex II and IV pro-
tein expression, induced by BupM-NH2 and particularly 
BnpM-NH2, does not result in increased ROS production 
at the mitochondrial level. However, BnpM-NH2, which 
exhibits greater toxicity and causes more substantial 
mitochondrial respiration suppression, may induce an 

increase in mitochondrial biogenesis to compensate for 
the energy deficit, as evidenced by the increase in Mito-
Tracker fluorescence, albeit not statistically significant.

Patient-derived MM cells exhibit sensitivity to BnpM-NH2
We subsequently evaluated the toxicity of the com-
pounds on MM cells obtained from patients at disease 
onset (NDMM) and after acquiring resistance to bort-
ezomib, lenalidomide and dexamethasone (RRMM) 

Fig. 5  BupM-NH2 and BnpM-NH2 inhibits mitochondrial respiration. Metabolic flux analysis, measuring OCR and ECAR to calculate ATP production from 
OXPHOS and glycolysis, was conducted using Seahorse XFe96 on MM1S, RPMI-8226, and HG3 cells treated with BupM-NH2 and BnpM-NH2 (30 µM) 
for 24 h. The graph shows three basal respiration/acidification points and changes after oligomycin and antimycin A (AA)/rotenone (Rot) addition. ATP 
production rates for MM and CLL cells in response to BupM-NH2 and BnpM-NH2 treatment (30 µM) are calculated using OCR and ECAR and plotted in 
bar graph. Each column represents mean ± SEM of three independent Seahorse experiments with four replicate wells per experiment for each cell line. P 
values were determined by one-way ANOVA with Tukey’s post analysis. Differences were considered statistically significant when P ≤ 0.05
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(Supplementary Fig.  5). Given limited yield of CD138+ 
cells, a flow cytometry–based mitochondrial marker 
was prioritized to minimize input while enabling time-
resolved analyses; MitoTracker Red CMXRos was 
therefore used as an initial proxy pending orthogonal 

validation. Because MitoTracker Red CMXRos is mem-
brane potential–dependent, increased fluorescence can 
reflect changes in mitochondrial membrane potential 
(Δψm) as well as mitochondrial content; thus, increases 

Fig. 6  The HIV protease inhibitors and BnpM-NH2 affect the respiratory chain function altering the the expression of complex II and IV proteins. (A) WB 
analysis of NDUFB8, SDHB, UQCRC2, MTCO2, ATP5A1, and Actin expression in MM1S, RPMI-8226, and HG3 cells treated with BupM-NH2 and BnpM-NH2 
(30 µM) for 48 h was performed. The intensity of NDUFB8, SDHB, UQCRC2, MTCO2, ATP5A1, and Actin intensity normalized to actin were quantified and 
plotted as bar graphs. The results are presented as mean ± SD of at least three replicates. (B) ROS production and mitochondrial mass in MM and CLL 
cells treated with BupM-NH2 and BnpM-NH2 (30 µM) for 24 h were assessed using mitosox and mitotracker assays. FACS analysis was employed to detect 
median fluorescent intensity (MFI), which was reported on a bar graph. Data, presented as mean ± SD, were obtained from at least three independent 
experiments. Significant differences (P ≤ 0.05) were determined by one-way ANOVA with Tukey’s post analysis
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should be interpreted as indicative rather than definitive 
for mass expansion.

Group comparisons are based on a small ex vivo cohort 
(NDMM n = 3; RRMM n = 5) at a single dose and time-
point, without a priori power. Despite this limitation, 
BnpM-NH2 showed greater activity in NDMM at 30 µM 
and 48  h, whereas RRMM effects were modest and not 
statistically significant. Indeed, in NDMM, BnpM-NH2 
reduced viability by 60% (D60.39 ± 12.55, p < 0.0001) and 
increased apoptosis by 40% at 48  h (D-38.92 ± 12.55, 
p = 0.0092) (Fig.  6A), consistent with MM OXPHOS 
reliance. In RRMM cells, cell viability decreased by 
approximately 15% (D16.42 ± 8.8, p = 0.121), though 
not statistically significant, and was mainly linked to 
increased necrotic population (data not statistically sig-
nificant) (Fig. 7A).

In our subsequent analysis, we evaluated the effects 
of two HIV protease inhibitors on mitochondrial func-
tion by quantifying ROS production using MitoSOX and 
mitochondrial mass using MitoTracker. In NDMM cells 
treated with BupM-NH2 and BnpM-NH2, ROS produc-
tion increased at 6 and 24 h post-treatment, although the 
difference was not statistically significant (Fig.  7B). This 
oxidative stress was accompanied by increased Mito-
Tracker Red signal (a Δψm-dependent proxy) in BnpM-
NH2 treated cells (Δ1.24 ± 0.093, p = 0.088), consistent 
with but not definitive for increased mitochondrial con-
tent (Fig. 7B).

In RRMM cells, BupM-NH2 and BnpM-NH2 signifi-
cantly elevated ROS production at 3 h, showing an almost 
tenfold increase (Δ9.32 ± 0.97, p = 0.0047; Δ8.09 ± 0.81, 
p = 0.041), but did not significantly affect ROS production 
at 6 and 24 h post-treatment. Both treatments increased 
the mitochondrial mass, as shown by the MFI intensity 
(Δ0.57 ± 0.19, p = 0.042; Δ0.38 ± 0.19, p = 0.16) potentially 
due to stress in the respiratory chain function (Fig. 7B).

Thus, in a stromal-free ex vivo assay, NDMM CD138+ 
cells showed greater sensitivity to BnpM-NH2 than 
RRMM; confirmation in microenvironment-inclusive 
systems is a next step.

The reduced cytotoxicity of BnpM-NH2 in drug-
resistant MM cells may be attributed to elevated mito-
chondrial activity and enhanced anti-stress response, 
characteristics of resistant MM cells. The increase in ROS 
after 3 h of treatment with BupM-NH2 and BnpM-NH2 
indicates these drugs impact mitochondrial function 
in RRMM cells, and their toxicity might be augmented 
when combined with therapies targeting the anti-stress 
response pathway. Preliminary data on the bortezomib-
resistant MM cell line (OPM2-R) showed these HIV pro-
tease inhibitors increased cell death by approximately 
10–15% more than bortezomib treatment. Further-
more, BnpM-NH2 significantly elevated ROS produc-
tion at 24 h, which could be mitigated by the upregulated 

anti-stress response pathway in drug-resistant MM cells 
(Supplementary Fig. 6) [55].

Consequently, BnpM-NH2 has emerged as a promising 
novel treatment for MM, warranting investigation in pre-
clinical studies. It holds substantial potential to enhance 
the efficacy of existing clinical therapies for MM through 
synergistic interactions.

Discussion
Our work reveals a contrasting mechanism in MM and 
CLL of BupM-NH2 and BnpM-NH2, previously stud-
ied in liver cancer where they induced autophagy. We 
showed that BupM-NH2 and BnpM-NH2 exert their 
anti-tumor effects by simultaneously disrupting two criti-
cal cellular processes: mitochondrial energy production 
and autophagy-mediated recycling. This dual-inhibition 
mechanism provides a multi-pronged attack on cancer 
cell survival, targeting specific mitochondrial respiratory 
chain complexes.

Mitochondrial metabolism is linked to MM progres-
sion and CLL transformation, providing greater resis-
tance to cancer therapies by bolstering mechanisms 
targeted by first line cancer treatments. Studies have sug-
gested that inhibiting mitochondrial respiration through 
complex I and II inhibitors or uncoupling agents could 
effectively treat hematologic disorders and sensitize 
drug-resistant tumors to therapy [15, 22].

In this study, we investigated and analyzed the anti-
tumor properties of two precursors, BupM-NH2 and 
BnpM-NH2, of the HIV protease inhibitor darunavir 
analogs (44). Darunavir, the latest protease inhibitor 
(PI) to receive FDA approval, is recognized for its robust 
genetic barrier and its efficacy, particularly in combat-
ing multidrug-resistant strains of HIV. Several darunavir 
analogs with improved safety profiles and other pharma-
cological properties have been synthesized to develop 
more effective HIV treatments, specifically to overcome 
drug resistance. In this context, we synthesized BupM-
NH2 and BnpM-NH2. Although Darunavir has been 
shown to have no antitumor effects, its simplified analogs 
have been shown to disrupt various oncogene-activated 
pathways (56) such as nelfinavir. Darunavir and nelfina-
vir share a hydroxyethyleneamine core but differ in their 
side substituents, as well as the internal pendants within 
the core. The two precursors of darunavir analogs have a 
free amino group in the hydroxyethyleneamine core that 
could be probably fundamental for antitumor properties 
as known for similar compounds [55]. Consequently, we 
evaluated whether BupM-NH2 and BnpM-NH2 exhibit 
antitumor properties. BupM-NH2 and BnpM-NH2 were 
found to be toxic mainly to MM and CLL cells but had a 
lesser impact on normal PBMC.

The mechanism of action of these compounds dif-
fered from previous findings in hepatocarcinoma cells. 
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BnpM-NH2 showed higher cytotoxicity against hemato-
logical malignancies than BupM-NH2, which was more 
effective against hepatocarcinoma. Their cytotoxicity 
occurred through respiratory chain inhibition, reducing 
complex IV protein expression in MM cells and complex 
II in CLL cells. BupM-NH2 and BnpM-NH2 induce an 

energetic deficit by disrupting mitochondrial respira-
tion. While energy depletion typically triggers autophagy 
to generate metabolites through degradation of cellular 
components, autophagy inhibition by these compounds 
worsens the energetic deficit and impairs proteostasis. 
This severe energy shortage and reduced ATP supply may 

Fig. 7  Patient-derived MM cells exhibit sensitivity to BnpM-NH2 treatment. (A) Flow cytometric analysis of Annexin V/PI staining on MM samples from 
two patient cohorts: newly diagnosed multiple myeloma (NDMM) and relapsed/refractory multiple myeloma (RRMM). Apoptosis quantification was 
performed on pooled data from three NDMM and five RRMM patient samples, following treatment with BupM-NH2 and BnpM-NH2 (30µM) for 48 h. (B) 
Mitochondrial ROS (MitoSOX) and mitochondrial mass (MitoTracker) were measured in NDMM and RRMM cells at the indicated time points following 
treatment. Data are presented as mean ± SD from independent biological replicates (n = 3 NDMM, n = 5 RRMM), each analyzed in technical triplicate. Exact 
P-values are reported in the graphs; statistical significance was assessed using one-way ANOVA followed by Tukey’s post-hoc test Statistical significance 
was considered at P ≤ 0.05
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impair ER stress response, leading to apoptosis via Cas-
pase 3 activation (Fig. 8).

It is noteworthy that the toxicity of these two drugs 
is lower in normal PBMC cells than in tumor cells, 
which may make them a viable therapeutic option to be 
explored in future preclinical models. However, PBMCs, 
which comprise a heterogeneous mix of immune cells 
primarily enriched in T and B lymphocytes after Ficoll 
separation, are primary cells that may be more suscep-
tible to the absence of environmental stimuli in vitro. 

This could affect their drug response, potentially leading 
to outcomes that differ from those in vivo. Nevertheless, 
the heterogeneity and naive state of PBMCs may render 
them more vulnerable to cell death than stable cell lines, 
which are selected for survival and proliferation capabili-
ties following genetic modifications that confer increased 
resistance to apoptosis.

Analyses of patient-derived MM cells have demon-
strated that BnpM-NH2 significantly diminishes the 
viability of therapy-sensitive MM (NDMM) by inducing 

Fig. 8  Schematic representation of the mechanisms of BnpM-NH2 cytotoxicity on tumor cell. BnpM-NH2 inhibits mitochondrial respiration, thereby 
inducing energetic stress, which subsequently activates autophagy and could lead to mitochondrial biogenesis, as compensatory effect. Additionally, 
BnpM-NH2 inhibits autophagy, potentially by blocking autophagosome-lysosome fusion. The inhibition of autophagy exacerbates energetic stress, lead-
ing to apoptosis in tumor cells that are sensitive to therapy. Conversely, in therapy-resistant cells, a high mitochondrial mass can counteract the energetic 
stress induced by BnpM-NH2, thereby diminishing its cytotoxicity
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apoptosis. Concurrently, it exhibited some, albeit limited 
and not statistically significant, efficacy in reducing the 
viability of bortezomib-lenalidomide-dexamethasone-
resistant MM cells (RRMM). The diminished effective-
ness of BnpM-NH2 in resistant MM may be attributed 
to the elevated mitochondrial mass, characterized by ele-
vated ubiquinone complex I levels, which enables these 
cells to counteract or neutralize the impact of mitochon-
drial respiration inhibition. This, in turn, prevents the 
energetic stress that typically induces apoptosis. Anyway, 
further validation with a larger sample of MM cells from 
patients who developed resistance is needed.

However it is noteworthy that preliminary data indi-
cate that these protease inhibitors disrupt mitochondrial 
function and elevate ROS production of in bortezomib-
resistant multiple myeloma (MM) cell lines (OOPM2-
R), despite exhibiting low toxicity. This increase in ROS 
levels and related damage could be counteracted by 
enhanced anti-stress mechanisms in therapy-resistant 
MM cells. These observations are encouraging because 
they imply that BupM-NH2 and BnpM-NH2 could 
potentially function alongside existing first-line treat-
ments or new investigational drugs targeting altered cel-
lular pathways in resistant MM cells.

Cancer cells, such as MM and leukemia cells, can 
acquire drugs resistance by enhancing mitochondrial 
metabolism through modifications to their internal 
metabolism, or by exchanging mitochondria [56, 57]. 
Consequently, inhibiting the mitochondrial respiration of 
tumor cells with specific agents has been demonstrated 
to re-sensitize them to antitumor therapies.

In this regard, BupM-NH2 and BnpM-NH2 may prove 
to be viable therapeutic options for the treatment of pri-
mary blood cancers and relapses, as well as for use in 
combination with existing therapies in clinical practice. A 
key contribution of our work is the demonstration that 
BnpM-NH2 is effective against multiple myeloma cells 
taken directly from patients, including those resistant 
to standard therapies like bortezomib. This suggests a 
potential clinical application for overcoming drug resis-
tance, a major challenge in treating multiple myeloma. 
The general strategy of repurposing HIV protease inhibi-
tors for cancer treatment is not new. Other inhibitors, 
such as nelfinavir and ritonavir, have been extensively 
studied for their anti-tumor properties in various can-
cers, including multiple myeloma. Inhibition of complex 
I and II activity has been found to increase the sensitivity 
of MM cells to venetoclax [22], an inhibitor of the anti-
apoptotic protein BCL2, and to re-sensitize CLL cells 
that are resistant to venetoclax [58].

Given the pivotal role of mitochondria in carcinogen-
esis and drug resistance, various therapeutic strategies 
have been devised to target their function. These strate-
gies primarily aim to inhibit OXPHOS, mitochondrial 

metabolism, mitochondrial fission, and apoptosis-
related signaling pathways in cancer cells. Molecules 
that inhibit ETC complexes I (e.g., metformin, MS-L6, 
and IACS-010759), II (e.g., lonidamine), III (e.g., Anti-
mycin A, ME-344), and V (e.g., Bafilomycin A1) have 
demonstrated efficacy in preclinical studies [59]. How-
ever, clinical investigations have identified dose-limiting 
toxicities, such as metabolic acidosis and neurotoxicity, 
resulting in the discontinuation of numerous trials due 
to narrow therapeutic windows [60]. Another approach 
involves molecules such as CPI-163, which target Krebs 
cycle enzyme complexes such as pyruvate dehydrogenase 
(PDH) and alpha-ketoglutarate dehydrogenase (KGDH) 
[61], or compounds such as 968 and CB-839, which 
inhibit enzymes such as glutaminase that provide acetyl-
CoA to the Krebs cycle from glutamine degradation [62]. 
Inhibiting these pathways reduces the levels of metabolic 
intermediates essential for epigenetic modifications and 
macromolecule synthesis necessary for tumor growth, 
while also decreasing NADH and FADH2 production, 
thereby affecting ETC activity and ATP production. ETC 
inhibitors also decelerate the Krebs cycle and metabolite 
synthesis. To date, clinical trials evaluating metformin 
and CPI-163 have yielded controversial results. While 
metformin has exhibited promising preclinical outcomes, 
clinical trials have produced mixed data, with some stud-
ies reporting efficacy in various tumors, whereas others 
have shown no significant antitumor effects [63–66]. 
CPI-613 has demonstrated a significant therapeutic index 
with promising Phase I and II results in pancreatic can-
cer and acute myeloid leukemia (NCT01835041) [67, 68]. 
However, CPI-613 Phase III clinical trials for relapsed/
refractory acute myeloid leukemia or metastatic pancre-
atic adenocarcinoma (NCT03504410 and NCT03504423) 
did not demonstrate any benefit in overall survival.

In comparison to metformin and CPI-613, BupM-
NH2 and BnpM-NH2 exhibited a different mechanism, 
primarily acting on complexes II and IV and influenc-
ing autophagy [69, 70]. Therefore, it is essential to assess 
the antitumor efficacy of these compounds in vivo and 
to determine their toxicities. Indeed, the study’s limita-
tions, inherent in its exclusive in vitro design, stem from 
its inability to replicate the intricate dynamics of a liv-
ing organism, including metabolic processes, immune 
responses, and the interplay between various organ sys-
tems. This limitation prevents accurate evaluation of the 
effects of drugs on the microenvironment, stromal cells, 
and immune system cells, as well as their potential non-
specific toxicity and side effects, which may impede their 
practical application. Additionally, the in vitro model 
does not allow for the evaluation of drug absorption, dis-
tribution, metabolism, and excretion, which could result 
in discrepancies between in vitro and in vivo findings.
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Future in vivo studies will be crucial to clarify the 
effects of the two drugs on the immune system and 
stromal cells, particularly regarding the activation and 
exhaustion of CD8 cytotoxic T lymphocytes, as well as 
the immunosuppressive functions of regulatory T cells 
(Treg) and myeloid-derived suppressor cells (MDSC), 
and the protumor function of stromal cells. Addition-
ally, given the inhibitory activity of these compounds 
on the respiratory chain, it would be beneficial to deter-
mine their cardio- and neurotoxicity-related side effects 
of these compounds in preclinical models. An additional 
potential limitation is the necessity for higher concen-
trations of the compounds BupM-NH2 and BnpM-NH2 
to achieve antitumor efficacy in vitro, in comparison to 
other protease inhibitors such as nelfinavir, which have 
exhibited antitumor properties at low concentrations, 
comparable to those present in human plasma (3–7 µM).

Nevertheless, it is conceivable that BupM-NH2 and 
BnpM-NH2 possess superior bioavailability and toler-
ability in vivo, which may render them more effective 
at higher concentrations than those of other protease 
inhibitors. Therefore, determining the maximum toler-
ated dose, side effects, and bioavailability of these com-
pounds in animal models will be essential to establish 
whether the concentrations of BupM-NH2 and BnpM-
NH2, tested in vitro as antitumor agents, are achievable 
and tolerable. In humans, when darunavir is adminis-
tered orally in conjunction with ritonavir at daily dos-
ages of 800 mg and 100 mg, respectively, it achieves an 
average maximum plasma concentration (Cmax) of 15 
µM within 2–3 h, with some individuals experiencing 
peaks nearing 20 µM [71]. Consequently, if BupM-NH2 
and BnpM-NH2 exhibit pharmacokinetics and pharma-
codynamics analogous to those of darunavir, they would 
attain concentrations below 30 µM, a level demonstrated 
to exert cytotoxic effects on tumor cells. However, the 
current inability to predict the in vivo metabolism of 
these two compounds poses challenges to understanding 
how biotransformation might influence their bioavail-
ability, activity, and overall pharmacokinetic and pharma-
codynamic profiles.

In summary, the two compounds exhibited promis-
ing antitumor efficacy in blood cancers by modulating 
distinct mechanisms compared with other HIV prote-
ase inhibitors. Therefore, it is crucial to conduct fur-
ther preclinical research on the impact of altering these 
mechanisms mediated by BupM-NH2 and BnpM-NH2 
on tumor progression and the development of resistance 
to anticancer treatments while simultaneously assessing 
potential cardiac and neurological toxicity.
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