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Bortezomib-Induced Muscle Toxicity in Multiple Myeloma
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Abstract

Multiple myeloma (MM) accounts for ~13% of all hematologic
malignancies. Bortezomib treatment is effective in MM, but can be
complicated with neurological side effects. We describe a patient
with symptomatic MM who had a reversible metabolic myopathy as-
sociated with bortezomib administration and pathologically charac-
terized by excessive storage of lipid droplets together with
mitochondrial abnormalities. In a single-center prospective study,
14 out of 24 patients with symptomatic MM were treated with borte-
zomib and, among these, 7 developed muscular signs and/or symp-
toms. The myopathy was characterized by a proximal muscle
weakness involving lower limbs and was an early complication.
Complete resolution of muscle weakness occurred after treatment
discontinuation. Conversely, none of the patients who received a
treatment without bortezomib developed muscular symptoms.
Experimental studies demonstrate that in primary human myoblasts
bortezomib at low concentrations leads to excessive storage of lipid
droplets together with structural mitochondrial abnormalities, reca-
pitulating the pathologic findings observed in patient’s muscle. Our
data suggest that patients treated with bortezomib should be moni-
tored for muscular signs and/or symptoms and muscle weakness
should alert the clinician to the possibility of myopathy.
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Bortezomib-induced metabolic myopathy is a potentially reversible
entity with important implications for management and treatment of
patients with MM.
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INTRODUCTION

Multiple myeloma (MM) is a malignant plasma cell dis-
order, characterized by bone marrow infiltration, production
of a monoclonal protein, and induction of osteolysis (1, 2).
The natural history of MM has profoundly changed with the
introduction of novel drugs including thalidomide, lenalido-
mide, pomalidomide, and proteasome inhibitors (3). These
treatments are complicated with various side effects poten-
tially leading to early discontinuation of therapy. Therefore,
the recognition and the management of potential toxic effects
are crucial to provide an optimal therapeutic strategy and im-
prove long-term outcomes (1, 2). The main known adverse
effects associated with novel therapies include venous throm-
boembolism, myelosuppression, peripheral neuropathy, and
gastrointestinal symptoms (4). Recent case reports raised the
possibility of cardiac impairment due to bortezomib adminis-
tration (5-7). However, there is no evidence of skeletal muscle
toxicity induced by this drug. On the basis of the observation
of a patient with symptomatic MM who developed muscle
weakness after bortezomib treatment, we sought to undertake
a prospective clinical study of a cohort of MM patients treated
with systemic chemotherapy and an experimental study to
evaluate the muscle toxicity of bortezomib in primary human
muscle cell cultures.

MATERIALS AND METHODS
Case Report

A 65-year-old woman without any significant past med-
ical history was diagnosed with MM, Durie-Salmon stage II
and International Staging System stage II in March 2010 and
was treated with bortezomib between September and
December 2010 after discontinuation of prednisolone and tha-
lidomide treatment due to side effects. Bortezomib was ad-
ministered at 1.3 mg/m” on days 1, 4, 8, 11 of every 21-day
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FIGURE 1. Morphological changes in skeletal muscle of a patient treated with bortezomib. Light microscopy of muscle biopsy
cryosections. Hematoxylin and eosin stain shows fiber size variability (A) and modified Gomori trichrome reveals microvacuoles
in muscle fibers (B). Lipid droplets are increased within muscle fibers on Sudan black stain (C). Sudan black staining of a control

muscle biopsy (D). Scale bars: 50 um.

cycle. A few days after completing the third cycle, she referred
a progressive proximal weakness of lower limbs. On clinical
examination the patient squatted and rose from the floor with
difficulty and weakness of the thigh flexors (grade 4/5 on the
MRC scale) was present. Serum CK and nerve conduction
studies were normal; needle electromyography recorded a
myogenic pattern. A muscle biopsy of vastus lateralis, per-
formed after informed consent, documented increased varia-
tion in fiber diameter with atrophic fibers belonged to both
type 1 and 2 (Fig. 1A). Lipid droplets, detected with Sudan
black (SB) staining and visible as microvacuoles on modified
Gomori trichrome, were prominently increased within several
muscle fibers (Fig. 1B-D; Supplementary Data Fig. S1). Nei-
ther necrotic nor regenerating muscle fibers were observed.
All other histochemical staining including NADH-TR, COX,
and SDH were normal. Ultrastructural examination confirmed
the excessive storage of lipid droplets together with mitochon-
drial abnormalities consisting of swelling and cristae loss, and
accumulation of normal-looking glycogen (Fig. 2A-C).
Organic acid and acylcarnitine profiles, free and total carni-
tine, and enzymatic activities of the respiratory chain com-
plexes were normal. Bortezomib was discontinued and other
myeloma treatments were considered. Muscle weakness sig-
nificantly improved in the following months and resolved

based on data at last neurological follow-up in April 2013. The
patient died due to disease progression on December 2014.

Patients

Between December 2010 and March 2012, 24 consecu-
tive patients with symptomatic MM were prospectively evalu-
ated at the Hematology Section of our Institution. In all
patients demographic data, medical history, weight and height,
Eastern Cooperative Oncology Group (ECOG) and Karnofsky
performance status, diabetes mellitus, hypertension, and other
significant co-morbidity were registered before starting treat-
ment; MM characteristics (staging ISS and D&S, complete
blood count, serum protein electrophoresis and immunofixa-
tion, creatinine, calcium, lactate dehydrogenase (LDH), B2-
microglobulin serum levels, albumin, Bence Jones protein,
plasma cell infiltration in the bone marrow) were recorded and
skeleton X-ray was performed. Congo red staining of abdomi-
nal fat was assessed to detect amyloid deposits. Patients were
treated according to International Myeloma Working Group
(IMWG) guidelines and drugs dosage adjustments were made
according to European Myeloma Network (EMN) recommen-
dation. For each treatment line, data regarding the adminis-
tered chemotherapy drugs were collected including specific
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FIGURE 2. Ultrastructural changes in skeletal muscle of a patient treated with bortezomib. Transmission electron micrographs of
skeletal muscle biopsy. (A) Low-magnification image (obtained as photo collage of 4 distinct micrographs) of a myofiber: Large
amount of lipid droplets [L] and some glycogen clusters (asterisks) occurs among the microfibrils. N: Myonucleus. Scale bar:
5um. (B, €) Mitochondria showing empty matrix and short or absent cristae (arrows) and normal mitochondria (arrowheads)
are present in the same myofibers. Lipid droplets [L] and scattered electron dense glycogen granules occur in the sarcoplasm.
Note the well-preserved sarcoplasmic reticulum (open arrows) and nuclear envelope (thin arrows). N, myonucleus.

Scale bars: 1T um.

start and stop date for each drug given, number of cycles, cu-
mulative dose, schedule modification during treatment and
side effects. The response rates were measured using the
IMWG criteria.

From April 2011 to April 2013 continuous neurological
examination was performed in all patients by the same neurol-
ogist at baseline and every 2 cycles up to finishing the treat-
ment. Peripheral neuropathy was graded according to the
National Cancer Institute Common Terminology Criteria for
Adverse Events (NCI CTCAE), v.2.0. Serum CK was deter-
mined in 12 patients. The institutional ethical committee
approved the protocol and all monitored patients signed an in-
formed consent.

Tissue Cultures

Primary cultures of normal human muscle were estab-
lished as routinely performed in our laboratory (8). For differ-
entiation into myotubes, myoblasts were grown at confluence
and then shifted to medium without grown factors for 8 days.
Experiments were done on 3 culture sets which were estab-
lished from satellite cells derived from a portion of diagnostic
vastus lateralis muscle biopsy of 3 different patients who ulti-
mately were considered free of muscle diseases.

Cytotoxicity Assay

The cytotoxic effects of bortezomib on primary human
myoblasts and myotubes were evaluated at different doses and
drug exposure times. Cells were seeded in flat bottom 96-well
plates at a density of 8 x 10% cells/well. Four wells for each
treatment condition were seeded. Twenty-four hours after
myoblasts seeding and, for myotubes, after 8 days of differen-

tiation, the medium was changed and replaced by medium
containing bortezomib at the final concentrations of 5, 10, 20,
and 50nM. After 24, 48, and 72 hours myoblasts were rinsed
with PBS and stained with Trypan-blue. Two digital images
were acquired for each well using a 40x objective (AxioCam
HRc, Zeiss) and viable and nonviable cells were counted.
After incubation, myotubes were harvested, stained with Try-
pan blue, and living and dead cells were counted under the
hemocytomer chamber.

Sudan Black Staining

The histochemical staining was performed on primary
myoblasts grown on coverslips and incubated with bortezomib
at the final concentration of 5nM for 3, 5, 7, and 9 days, and
of 10 and 20 nM for 24 and 72 hours. Sudan black staining was
also carried out on myotubes treated with bortezomib at the fi-
nal dose of 5nM for 5 and 7 days, and of 10 and 20 nM for 24
and 72 hours. The slides were incubated in a saturated Sudan
black solution for 30 minutes at RT, washed twice with dis-
tilled water and mounted in a gelatin medium. Untreated cells
were used as control.

Determination of Mitochondrial Membrane
Potential Using JC-1 Staining

After treatment with bortezomib at the final concentra-
tion of 5nM for 3, 5, 7, and 9 days, and of 10 and 20 nM for 24
and 72 hours, myoblasts were incubated in growth medium
containing JC-1 (Molecular Probes) at the final concentration
of 10 u myoblastsminutes at 37°C, 5% CO,. Nuclei were
counterstained with Hoechst 33342 dye (Molecular Probes)
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TABLE 1. Baseline Characteristics of Multiple Myeloma Patients

Patient Age Gender M-component ISS D&S Amyloidosis Line therapy Treatment Comorbidity
1 72 M A 3 3A No 1 MPT No
2 60 M IgGk 2 2A No 1 VTD No
3 80 M 1gGk 2 2B No 2 VD No
4 80 M IgGk 2 3A No 1 MP Yes
5 82 M IgGk 2 3A No 2 VD No
6 63 F K 3 3A No 1 MPV No
7 47 M IgGk 2 3A Yes 1 VD No
8 75 F IgAA 3 3B No 1 MPV No
9 57 M 1gGk 2 2A No 1 MPV No
10 78 F IgAk 3 3B No 2 VD No
11 70 M IgAA 2 3B No 1 MPT Yes
12 60 F K 3 3B No 1 VD No
13 81 F I1gGA 2 3A No 1 MPT No
14 68 F 1gGk 2 3A No 1 MPT No
15 80 M IgGk 3 3A No 1 MPR No
16 66 M 1gGig 1 2A No 1 MPT No
17 61 M IgGk 3 3B No 1 VD Yes
18 51 M IgGk 3 2B No 1 VD Yes
19 75 F IgGk 2 2A No 1 MPT Yes
20 61 F A 1 2A No 1 MPT No
21 62 F K 3 3B No 1 VD No
22 62 M IgGk 3 2A No 2 VD Yes
23 71 M IgGk 2 3A No 1 MPT No
24 59 M IgDA 1 3A No 1 VTD Yes

F: Female; M: Male; MPT: Melphalan, prednisone, thalidomide; VTD: Bortezomib, thalidomide, dexamethasone; VD: Bortezomib, dexamethasone; MP: Melphalan, prednisone;

MPV: Melphalan, prednisone, bortezomib; MPR: Melphalan, prednisone, lenalidomide.

and samples were analyzed under Axiolab microscope (Zeiss).
Untreated cells were used as control.

JC-1 (5,5,6,6'-tetrachlorol,1’,3,3'-tetracthylbenzimida-
zolyl carbocyanine) is a nontoxic fluorescence probe that
accumulates selectively in mitochondria in a potential-
dependent manner, a process accompanied by a fluorescence
emission shift from green to red. Mitochondrial membrane de-
polarization is indicated by a decrease in the red/green fluores-
cence intensity ratio.

Transmission Electron Microscopy

Ultrastructural examination was performed on myo-
blasts incubated with 5 nM bortezomib for 3, 5, 7, and 9 days.
The cells were fixed with glutaraldehyde and embedded in
epoxy resin as previously described (9). Mitochondrial area
and extension of cristae were evaluated as detailed in
Costanzo et al (10).

Immunoblot

Immunoblot analysis was performed on muscle tissues
and on myoblasts that have been previously incubated with
bortezomib at the final concentration of 5nM for 3, 5, 7, and 9
days, and of 10 and 20 nM for 24 and 72 hours as detailed else-
where (11). Briefly, myoblasts and 20-pum-thick frozen muscle
sections were homogenized in RIPA buffer. Aliquots
corresponding to 20 pg of total proteins were loaded on 10%T

polyacrylamide gel and transferred to a nitrocellulose mem-
brane. For immunoblotting, membranes were pre-hybridized
with either 5% BSA, 0.05% Tween 20 in TBS (immunoblot
for BiP) or with 10% nonfat dried milk in TBS (immunoblot
for p62 and LC3) for 1 hour at RT and then incubated with the
specific antibody diluted in either 5% BSA, 0.05% Tween 20
(BiP, Cell Signalling, dilution 1:1000) or in 5% nonfat dried
milk in TBS (p62, BD Transduction Laboratories, dilution
1:1000; LC3, Cell Signalling, dilution 1:200) overnight at
4°C. Bands were visualized with the ECL Advance Western
Blotting Detection Kit (Amersham Pharmacia Biotech). Pro-
tein loading was confirmed by immunoblot with actin anti-
body (Sigma—Aldrich).

RT-PCR for X-Box-Binding Protein-1 Splicing
After incubation with bortezomib at the final concentra-
tion of 5nM for 7 days, and 10 and 20 nM for 24 and 72 hours
primary myoblasts were washed with PBS and lysed in TRIzol
reagent (Invitrogen). Total RNA was isolated according to
modified Chomczynski method. Concentration and purity of
RNA were determined with a NanoDrop ND-2000c spectro-
photometer (Thermo Scientific). For cDNA synthesis 1 pg of
total RNA was used with oligo(dT) primer and Avian Myelo-
blastosis Virus (AMV) reverse transcriptase (all from EURx).
PCR was performed using OneTaq 2 x Master Mix
(NEB). Products of PCR amplification were analyzed by
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TABLE 2. Patients Treated With Bortezomib

Patient

Other side

CK

Follow-up
after treatment

Muscle
impairment

Treatment

effects

No

Yes

No

No

Bortezomib 1.3 mg/mq day 1, 4, 8, 11; DMS 20 mg day 1,4,8,11; Thal 100 mg/day (6 cycles)

Bortezomib 1 mg/mq day 1, 8, 15, 22; DMS 20 mg day 1, 15 (9 cycles)

Constipation
No

No
Yes

No

No

No

Yes

Bortezomib 1 mg/mq day 1, 8, 15, 22; DMS 20 mg day 1, 8, 15, 22 (8 cycles)

Constipation

Yes

No

No

Bortezomib 1,3mq/mq day 1, 8, 22, 29; Melphalan 10 mg/mq day 1-4; Prednisone 75 mq day 1-4; (6 cycles)

Bortezomib 1.3 mg/mq day 1, 4, 8, 11; DMS 20 mg day 1, 4, 8, 11 (3 cycles)

Renal failure, hypertension

No

No

Neutropenia

Yes

Yes

Yes

Bortezomib 1 mg/mq days 1, 8, 22, 29; Melphalan 9 mg/mq days 1-4; Prednisone 50 mg/die

days 1-4 (9 cycles)
Bortezomib 1 mq/mq day 1, 8, 22, 29; Melphalan 8 mg/mq day 1-4; Prednisone 75 mq day 1-4 (9 cycles)

Bortezomib 0.7 mg/mq day 1, 8, 15, 22; DMS 20 mg day 1, 8, 15, 22 (9 cycles)

No

Yes

No

No

Peripheral neuropathy

No

No

Yes

10

grade 1, constipation

Fever
No

Yes

No

Yes

Yes

Bortezomib 1 mg/mq day 1, 8, 15, 22; DMS 20 mg day 1, 8, 15, 22 (8 cycles)

12
17
18

Yes

No

Bortezomib 1.3 mg/mq day 1, 4, 8, 11; DMS 20 mg day 1, 4, 8, 11 (4 cycles)

Fever, cytomegalovirus

Yes

No

Yes

Bortezomib 1 mg/mq days 1, 4, 8, 11; DMS 20 mg days 1, 4, 8, 11 (4 cycles)

infection, clostridium sepsis

Constipation

No

No
No

No

Yes

Bortezomib 1,3 mg/mq days 1, 8, 11, 22; DMS 20 mg days 1, 8, 11, 22 (8 cycles)
Bortezomib 1 mg/mq day 1, 8, 15, 22; DMS10mg day 1, 8, 15, 22 (6 cycles)

21

No

No

22

Fever

No

Yes

Yes

Bortezomib 1 mg/mq days 1, 4, 8, 11; DMS 20 mg days 1, 4, 8, 11, Thal 100 mg/die (6 cycles)

DMS: Dexamethasone; Thal: Thalidomide.

24

electrophoresis in ethidium bromide stained 2% agarose gel,
visualized under UV light and photographed using Alphaim-
ager Mini (ProteinSimple). X-box-binding protein-1 (XBP1)
mRNA is alternatively spliced to a product that differs in
26 bp from unspliced sequence (NCBI Reference Sequence:
NM_001079539). The primers: XBP1 forward 5'-CCT TGT
AGT TGA GAA CCA GG-3' and XBP1 reversed—5'-GGG
GCT TGG TAT ATA TGT GG-3' allow for detection both
unspliced and spliced XBP1.

Statistical Analysis

Statistical significance was determined by one-way
analysis of variance. A level of statistical significance of at
least 0.05 was adopted.

RESULTS

Patients

Patient demographics and disease characteristics of the
24 patients are listed in Table 1. Fourteen of 24 patients (58%)
received at least 3 cycles of bortezomib and 7 of the 14 pa-
tients (50%) receiving bortezomib treatment experienced mus-
cle weakness (Table 2). In the 7 patients muscle weakness was
symmetrical and involved proximal lower limb muscles, in
particular thigh flexor muscles; in 6 of them muscular symp-
toms appeared within the first 2 cycles and in 1 patient within
the first 4 cycles. At follow-up evaluation during treatment,
the weakness has not worsened and remained confined to the
lower limbs in all patients. Three of the 7 patients had a
follow-up after treatment, resolution of muscle weakness oc-
curred after bortezomib was discontinued. None of the re-
maining 10 patients (42%) who received a treatment without
bortezomib developed muscular signs and/or symptoms. One
of the 14 patients receiving bortezomib treatment developed a
sensory polyneuropathy of grade 1, clinically characterized by
paresthesias in the distal lower limbs and distally reduced vi-
bratory sensation up to the knees. Serum CK, available in
twelve patients of which 7 received bortezomib, was normal.

Bortezomib Exerts Cytotoxic Effects in Primary
Human Myoblasts

Bortezomib reduced survival of human myoblasts
grown in vitro. These effects were time- and dose-dependent
and were observed after 24 hours of treatment starting at
10nM concentrations, which are within the range inducing
cytotoxic effects in human tumor cells (Fig. 3A). Primary hu-
man myotubes displayed a decreased survival after 72 hours
of treatment with 20 and 50 nM concentrations of bortezo-
mib. No statistically significant difference in myotubes’ sur-
vival was reported for the other times and doses of treatment
(Supplementary Data Fig. S2).

Bortezomib at Low Concentrations (5 nM)
Leads to Lipid Accumulation Associated With
Mitochondrial Impairment

SB staining, which detects neutral lipids and complex
lipids and lipoproteins as well, revealed a remarkable and
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FIGURE 3. Cytotoxicity and biological effects of bortezomib in primary human myoblasts. (A) Cytotoxic/cytostatic effect of
bortezomib on primary human myoblasts. Primary human myoblasts were exposed for 24, 48, or 72 hours to the indicated
concentrations of bortezomib. The cytostatic/cytotoxic effects were evaluated with Trypan blue staining. The number of vital
cells are expressed as percentage of cells in respect to untreated control (mean =+ SD); *p < 0.05 vs untreated control; **p < 0.01
vs untreated control. (B) Sudan black staining on primary human myoblasts shows a prominent increasing in lipid accumulation
after 7 and 9 days of treatment with 5 nM bortezomib. Scale bars: 50 um. Transmission electron micrograph of human myoblasts
in vitro. (C). Cells treated with 5nM bortezomib for 9 days (a, b) show accumulation of lipid droplets [L], vacuoles [V], and
residual bodies (arrow); moreover, some mitochondria appear as swollen with clear matrix and blurred cristae (asterisks), while
normal mitochondria [m] are characterized by a few cristae. N: Nucleus. Control cells show mitochondria [m] with well-
developed cristae both at 3 (c) and 9 (d) days of culture; only a few vacuoles and residual bodies (arrow) occur after 9 days.
Scale bars: 2um (a); 0.5um (b-d). (D) Fluorescence microscopy analysis after JC-1 staining revealed a red (polarized
mitochondria) to green (depolarized mitochondria) shift in JC-1 fluorescence emission in primary human myoblasts that have
been treated with 5nM of bortezomib. Mitochondria depolarization is remarkable after 7 and 9 days of treatment. Scale bars:
50 um. (E) Western blot analysis documented no changes in the expression levels of BiP in skeletal muscle of a patient treated
with bortezomib [P] as compared with 3 different control subjects (C1, C2, and C3) and in primary human myoblasts treated
with bortezomib at 5nM after 3, 5, 7, and 9 days as compared with untreated controls. Muscle biopsy of a patient affected by
dermatomyositis (DM), polymyositis (PM), and sporadic inclusion body myositis (sIBM) were used as positive control of
increased BiP expression as the result of ER stress. Immunoblot analysis revealed similar expression levels of p62 and LC3I/LC3Il in
primary human myoblasts treated with bortezomib at 5nM for 3, 5, 7, and 9 days and untreated controls. (F) RT-PCR failed to
detect the unconventional splicing of the XBP1 in muscle of patient [P] and of 4 different control subjects (C1, C2, C3, and C4).
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FIGURE 4. Mitochondrial area and extension of cristae in primary human myoblasts. Mean = SE values (n =40) of mitochondrial
area and inner/outer membrane ratio (estimating the extension of cristae independently of mitochondrial size) in human
myoblasts treated with 5 nM bortezomib for 3 and 9 days as well as in the respective controls (CTR). Mitochondrial cristae length
significantly decreases in myoblasts treated with bortezomib for 9 days (asterisk); no difference has been found for mitochondrial

area.

increasing accumulation of lipids within the myoblasts starting
at 7 days of incubation with bortezomib at 5 nM concentration.
Lipid droplets increased in a time-dependent manner involv-
ing most of myoblasts after 9 days of treatment (Fig. 3B).
Ultrastructural analysis documented some lipid globules in a
very few bortezomib-treated muscle cells at 72 hours. At 9
days of treatment lipids were detected in the form of droplets
of variable size, not membrane-bound and randomly distrib-
uted in the cytoplasm (Fig. 3C). In addition, several mitochon-
dria with structural abnormalities including swelling and loss
of cristae were observed at 7 and 9 days of incubation
(Fig. 3C), while morphologically undamaged mitochondria
showed a significant decrease in the inner membrane length
(Fig. 4). JC-1 staining, performed to evaluate whether bortezo-
mib could affect the mitochondrial membrane potential, re-
vealed a red (polarized mitochondria) to green (depolarized

mitochondria) shift in the fluorescence emission in primary
human myoblasts incubated with 5 nM of bortezomib for 3, 5,
7, and 9 days. At days 7 and 9 the red fluorescence was barely
detectable, suggesting that nearly all mitochondria were depo-
larized (Fig. 3D).

Proteasome inhibition by bortezomib has been associ-
ated with the modulation of several biological events includ-
ing the endoplasmic reticulum (ER) stress and the autophagy.
Therefore, we determined the levels of BiP and XBP1 mRNA
for ER stress, and of the LC3 and p62, proteins for autophagy.
Similar expression levels of BiP and the absence of the uncon-
ventional splicing of the XBP1 were observed both in muscle
of patient and of control subjects and in primary human myo-
blasts incubated with bortezomib at 5nM after 3, 5, 7, and 9
days (Figs. 3E-F, 5D; Supplementary Data Fig. S3). Immuno-
blot analysis documented no changes in p62 and LC3I/LC3II
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FIGURE 5. Biological effects of bortezomib at high concentrations in primary human myoblasts. (A) Sudan black staining on
primary human myoblasts after 24 and 72 hours of treatment with bortezomib at 10 and 20 nM concentrations did not reveal
lipid accumulation. A remarkable cytosolic vacuolization was visible after 72 hours incubation with 20 nM bortezomib (arrows).
Scale bars: 50 um. (B) Fluorescence microscopy analysis after JC-1 staining documented a red (polarized mitochondria) to green
(depolarized mitochondria) shift in JC-1 fluorescence emission in primary human myoblasts treated with 10 and 20nM of



expression in primary human myoblasts incubated with borte-
zomib at 5nM for 3, 5, 7, and 9 days (Fig. 3E; Supplementary
Data Fig. S3).

SB staining of myotubes treated with bortezomib at
5nM after 5 and 7 days revealed no changes in lipid content
(Supplementary Data Fig. S4).

Bortezomib at High Concentrations
(10 and 20 nM) Induces ER Stress and
Affects Autophagy Function

Examination of the primary human myoblasts by light
microscopy showed that a 72-hour incubation with bortezomib
leads to a prominent cytosolic vacuolization, especially at the
highest 20 nM concentration (Fig. 5A). After 24- and 72-hour
incubations with 10 and 20 nM bortezomib, SB staining docu-
mented no excess content of lipids in the cytoplasm of myo-
blasts and myotubes (Fig. 5SA; Supplementary Data Fig. S4).
In human myoblasts incubated for 24 hours with bortezomib at
10 and 20nM concentrations a remarkable red fluorescence
emission of JC-1 was observed without any difference as com-
pared with the untreated cells suggesting that bortezomib does
not affect mitochondrial membrane potential at these concen-
trations and duration of treatment (Fig. 5B). However, after
72 hours of incubation a decrease of red fluorescence was ob-
served after 10 and 20nM of bortezomib as compared with
untreated cells and was accompanied by the increase of the
green fluorescence in the cytoplasm (Fig. 5B).

Incubation of muscle cells with 20 nM of bortezomib for
72 hours led to increased expression of BiP (Fig. 5C; Supple-
mentary Data Fig. S3). In addition, myoblasts incubated with
20nM bortezomib for 24 and 72 hours presented the uncon-
ventional splicing of XBP1 (Fig. 5D). In immunoblot analysis,
the amount of LC3II was increased in primary human myo-
blasts following a 24- and 72-hour exposure to 20 nM bortezo-
mib (Fig. 5C; Supplementary Data Fig. S3); accompanied by a
progressive increase in the expression levels of p62 (Fig. 5C;
Supplementary Data Fig. S3).

DISCUSSION

Several lines of evidence suggest that muscle disorder in
our patient was induced by bortezomib. First, muscle weak-
ness developed while the patient was treated with therapeutic
doses of bortezomib. Second, other possible causes for myopa-
thy were ruled out and no other drugs with a probable myo-
toxic effect, except for steroid, were administered at that time.
Last, the withdrawal of bortezomib was followed by a

complete resolution of symptoms. It is unlikely that the muscle
toxicity was glucorticoid-induced given that the patient after
bortezomib discontinuation was switched to other myeloma
treatments containing corticosteroids. In addition histopatho-
logical features of muscle biopsy did not point to iatrogenic
steroid myopathy that is usually characterized by selective at-
rophy of type 2 fast-twitch fibers, mainly type 2B, without
lipid accumulation within muscle fibers.

Although there are no studies in which is reported a tox-
icity of the drug on skeletal muscle tissue, our clinical obser-
vation strongly suggests that bortezomib treatment can affect
muscle function. To address this issue, we evaluated the
frequency and characteristics of muscle involvement in 24
consecutive patients with symptomatic MM treated at Hema-
tology Section of our Institution by a single-center prospective
study conducted between December 2010 and March 2012. In
our study, 14 out of 24 patients (58%) with symptomatic MM
were treated with bortezomib and, among these, 7 (50%) de-
veloped muscular signs and/or symptoms. In all 7 patients the
myopathy was characterized by a proximal muscle weakness
involving lower limbs and was an early complication when it
occurred, usually within the first 2 cycles of therapy. Com-
plete resolution of muscle weakness occurred after treatment
discontinuation in patients with longer follow-up indicating
the potential reversibility of the myopathy. Conversely, none
of the 10 patients who received a treatment without bortezo-
mib developed muscular symptoms.

The mechanism of muscle injury associated with borte-
zomib remains to be elucidated. In our patient a metabolic my-
opathy consisting of lipid accumulation within muscle fibers
was documented. The presence of mitochondrial abnormali-
ties at ultrastructural level suggests that lipid deposits in
muscle can be secondary to mitochondrial dysfunction; the ab-
sence of abnormalities in the organic acid and acylcarnitine
profiles as well as in the free and total carnitine levels rules
out other causes of lipid storage myopathy. Clearly it is a
shortcoming that we have no muscle biopsy data beyond the
index patient, but we considered no ethical and correct to per-
form muscle biopsy in the other patients because preliminary
data suggested the potential reversibility of the symptoms, as
it was later confirmed by our clinical study.

We then investigated the direct effect of bortezomib on
primary human myoblasts. Our study demonstrated that hu-
man muscle cells exhibited a dose- and time-dependent
decrease in cell viability only in response to relative high con-
centrations of bortezomib (10 and 20 nM). Bortezomib used at
5nM, which is the range of plasma concentration following
administration of 1.3 mg/m2 in patients (12, 13), did not

FIGURE 5. Continued

bortezomib for 72 hours. No detectable mitochondria depolarization was observed after 24 hours of incubation with bortezomib
at 10 and 20 nM concentration. Scale bars: 50 um. (C€) Western blot analysis in primary human myoblasts reported an increased
expression levels of BiP after 72 hours of treatment with bortezomib 20 nM concentration and the increased amount of LC3lII
following incubation with bortezomib at 20nM for 24 and 72 hours. A progressive increase in p62 protein expression was
observed after the exposure to 10 and 20 nM of bortezomib for 24 and 72 hours. (D) RT-PCR detected the unconventional
splicing form of XBP1 (sXBP1) as consequence of treatment with bortezomib at 20 nM concentration for 24 and 72 hours.
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induce cytotoxic effects, but led to excessive storage of lipid
droplets together with structural mitochondrial abnormalities
in primary human myoblasts, recapitulating the pathologic
findings that have been observed in muscle of our patient.
Although an effect of bortezomib on mitochondria has been
previously described (14-6), the intracellular accumulation of
lipids as a pathological feature of drug treatment is reported in
the present study for the first time. It is noteworthy that
patients with bortezomib-induced peripheral neuropathy have
alterations in expression profile of genes that might have an
involvement in mitochondrial changes and in particular the en-
zyme coding gene CPT/C which is involved in lipid metabo-
lism and consequently in the formation of lipid droplets (17).
The complex relationship between lipid accumulation and mi-
tochondrial dysfunction is well documented in literature; alter-
ations in number and/or structure of mitochondria may lead to
lipid storage, but it has also been observed that excessive lipid
droplets may cause mitochondrial abnormalities (18). We re-
ported that after 72 hours of treatment with bortezomib many
myoblasts displayed loss of mitochondrial potential whereas
only some lipid droplets in a very few cells were visible at ul-
trastructural level. Although it is not possible to establish un-
ambiguously if the increase in the lipid content causes or is
due to mitochondrial dysfunction, our findings could suggest
that lipid accumulation is secondary to a defect in mitochon-
drial function.

One of the molecular mechanisms at the basis of the
therapeutic efficacy of bortezomib is the induction of ER
stress as a consequence of the inhibition of the 26S proteasome
activity (19, 20). In the present study we found that bortezo-
mib induces ER-stress in primary human myoblasts only at
higher concentrations (10 or 20nM), as demonstrated by the
upregulation of BiP protein and the alternative splicing of
XBP-1, but not at 5nM concentration where the abnormal ac-
cumulation of lipids and mitochondrial damage were already
observed. Our findings suggest that the effects on mitochon-
drial morphology and function as well as on lipid storage are
not the consequence of ER stress.

In the literature contrasting findings have been reported
on the effect of bortezomib on the autophagic flux. A stimula-
tory action has been documented in some papers whereas
others studies described the blockage of the autophagic func-
tion (21-7). The increased expression of p62 and of LC3II, 2
protein markers for detecting the autophagic flux, and the mor-
phologic features of extensive cytosolic vacuolization clearly
documented that high concentrations of bortezomib affects the
catabolic process of autophagy in primary human myoblasts.

Lastly, we evaluated the cytotoxic effect of bortezomib
on primary human myotubes. Our study demonstrated that
myotubes are less susceptible to bortezomib than myoblasts,
showing a decrease in cell viability only after 72 hours of
treatment with high concentrations of drug (20 and 50 nM).
Moreover, myotubes treated with bortezomib did not display
changes in lipid content.

In conclusion, clinicians should be aware of the existence
of bortezomib-induced metabolic myopathy, a potentially re-
versible entity with important implications for management
and treatment of patients with MM. Patients treated with borte-
zomib should be carefully monitored by a neurologist for

10

muscular signs and/or symptoms and muscle weakness should
alert the clinician to the possibility of myopathy.
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