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ABSTRACT 

 

Bortezomib is an anti-cancer agent that induces ER stress by inhibiting proteasomal degradation.  

However, the effects of bortezomib appear to be dependent on its concentration and cellular 

context.  Since ER stress is closely related to type 2 diabetes, the authors examined the effects 

of bortezomib on palmitic acid (PA)-induced ER stress in C2C12 murine myotubes.  At low 

concentrations (<20 nM), bortezomib protected myotubes from PA (750 M)-induced ER stress 

and inflammation.  Either tunicamycin or thapsigargin-induced ER stress was also reduced by 

bortezomib.  In addition, reduced glucose uptake and Akt phosphorylation induced by PA were 

prevented by co-treating bortezomib (10 nM) both in the presence or absence of insulin.  These 

protective effects of bortezomib were found to be associated with reduced JNK phosphorylation.  

Furthermore, bortezomib induced AMPK phosphorylation, and the protective effects of 

bortezomib were diminished by AMPK knockdown, suggesting that AMPK activation underlies 

the effects of bortezomib.  The in vivo administration of bortezomib at nontoxic levels (at 50 or 

200 g/kg, i.p.) twice weekly for 5 weeks to ob/ob mice improved insulin resistance, increased 

AMPK phosphorylation, reduced ER stress marker levels, and JNK inhibition in skeletal muscle.  

The study shows bortezomib reduces ER stress, inflammation, and insulin resistance in vitro and 

in vivo, and suggests bortezomib has novel applications for the treatment of metabolic disorders.       

 

Key words; bortezomib, ER stress, AMPK, myotube, insulin resistance 
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1. Introduction 

 

Bortezomib is an anti-cancer agent that is widely used to treat relapsed/refractory mantle 

lymphoma and multiple myeloma [1, 2].  It acts as a reversible proteasomal inhibitor 

specifically targeting 26S proteasome complex [3], and its efficacy relies on the induction of 

apoptotic cell death by inhibiting IκB degradation, causing NF-κB inactivation and induction of 

the JNK pathway [4].  Of the many cell types, myeloma cells appear to be especially sensitive 

to bortezomib, presumably because these cells rely heavily on the secretory pathway of 

endoplasmic reticulum (ER), which is sensitive to proteasomal inhibition [5].  Besides its anti-

cancer effects, bortezomib has been proposed for the treatment of non-neoplastic diseases, such 

as, hypertension, arthritis, colitis, asthma, osteoporosis, and ischemia-reperfusion injury [6].  

Furthermore, bortezomib has been reported to induce ER stress, to activate unfolded protein 

response (UPR), and trigger apoptosis and autophagy in several cancer cells [7, 8].  

ER serves as a major signal transduction organelle that integrates cellular responses to stress 

[9].  Under ER stress, cellular defensive mechanisms called UPR are induced to reduce protein 

synthesis, degrade misfolded proteins, and to restore ER folding capacities.  The three main 

mediators involved in UPR are double-stranded RNA-activated protein kinase (PKR)-like ER 

kinase (PERK), activating transcription factor 6 (ATF6), and inositol-requiring enzyme-1 (IRE-

1), and all three of these proteins are negatively regulated by chaperone GRP78/BIP in the 

unstressed normal state [10].  Notably, chronic ER stress may result in impaired Ca
2+

 and redox 

homeostasis and inflammation, leading to insulin resistance and type 2 diabetes mellitus [11].  

Accordingly, type 2 diabetic patients and various animal models of type 2 diabetes have elevated 

levels of key ER stress markers in pancreas, liver, adipose tissue, and skeletal muscle [10, 12].  
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Several reports suggest that proteasome inhibition can be protective or apoptotic depending 

on cell type and inhibitor dosage, and usually switching from a protective to an apoptotic effect 

exhibits dose dependency [13].  In addition, rapidly proliferating tumor cells are liable to 

proteasome inhibition-mediated apoptosis, whereas proteasomal inhibitors have been observed to 

protect various differentiated and quiescent cells from apoptosis [14, 15].  Examples include the 

protection of endothelial cells from TNF-induced inflammation by the proteasomal inhibitors 

MG132 and MG262 [1], and the inhibition of titanium particle-induced inflammation in 

RAW264.7 cells by bortezomib [16].  However, the underlying mechanisms responsible for the 

protective effects of proteasomal inhibitors are largely unknown, though it is known that some 

act by inducing mechanisms other than proteasome inhibition.  

Based on reports that bortezomib exerts anti-inflammatory effects in several cell types and 

also induces ER stress, we investigated its effects on palmitic acid (PA)-induced ER stress and 

inflammation.  We also extended the study to an examination of the effects of bortezomib on 

tunicamycin and thapsigargin-stimulated ER stress.  To this end, we utilized C2C12 murine 

myotubes which are largely responsible for glucose consumption, and ob/ob mice to assess the in 

vivo effects of bortezomib. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

5 

 

2. Materials and Methods 

 

2.1.  Chemicals   

Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), Dulbecco’s 

phosphate buffered saline (D-PBS), horse serum, penicillin, and streptomycin were obtained 

from GIBCO (Grand Island, NY).  Bortezomib was from LC laboratories (Woburn, MA).  

Thapsigargin, tunicamycin and palmitic acid were from Sigma Chemical (St. Louis, MO).  

Antibodies were obtained as follows: Bip/GRP78, ATF6, ATF3, TRB3, CHOP, Akt, pAkt 

(Ser473), pIRS-1 (Tyr632), ERK, pERK, Glut4 and LKB1 from Santa Cruz Biotechnology 

(Santa Cruz, CA); AMPK, pAMPK, ACC, pACC, JNK, and pJNK from Cell Signaling 

Technology (Danvers, MA); pIRS-1 (Ser307) from Bioworld (Minneapolis, MN) and -actin 

from Sigma-Aldrich (St. Louis, MO).  Oligonucleotide primers were from Bioneer Co. LTD 

(Daejeon, Korea), and TNF- and IL-6 ELISA kits from BD Biosciences (San Diego, CA).  

Protein G Plus-Agarose was from Santa Cruz Biotechnology, and RIPA buffer was from Sigma-

Aldrich (St. Louis, MO).  All other reagents were from Sigma Chemical (St. Louis, MO) unless 

indicated otherwise. 

 

2.2.  Animals   

Male ob/ob mice (5 weeks old) were purchased from the Korean Research Institute of 

Bioscience and Biotechnology (Ochang, Korea).  Animals were acclimated for one week and 

maintained under constant conditions (20 ± 2°C and humidity 40-60% under a 12 hr light/dark 

cycle).  For experiments, mice were divided into three groups (n=10 per group): Group 1 (the 
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control group) animals were treated with PBS, Group 2 with bortezomib (50 g/kg), and Group 3 

with bortezomib (200 g/kg) by intraperitoneal (i.p) injection twice a week for 5 weeks.  Body 

weights, food intake and blood glucose were measured weekly at the same time every week 

(between 10:00 and 11:00 AM) for 5 weeks.  Food intake was determined by measuring the 

difference between the preweighed original amount of food and the weight of the food left in 

each cage (n=5 in each cage).  Blood glucose concentrations were determined in tail vein using 

Allmedicus Gluco Dr. Plus (Seoul) in fed state.  All animal procedures were performed in 

accordance with the Guide for the Care and Use of Laboratory Animals published by the US 

National Institute of Health (NIH Publication No. 8523, revised 2011) and approved by the 

Animal Care and Use Committee of Gachon University. 

 

2.3.  Cell culture  

Mouse C2C12 myoblasts were obtained from the American Type Culture Collection (ATCC, 

Rockville, MD).  Cells were grown in DMEM containing 10% heat-inactivated FBS, penicillin 

(100 units/ml), and streptomycin sulfate (100 µg/ml) in a humidified 5% CO2 atmosphere at 

37C.  When cells reached confluence, the medium was replaced with differentiation medium 

containing DMEM and 2% horse serum, which was changed every other day.  After four days 

of incubation, differentiated C2C12 myotubes were pre-treated with indicated concentrations of 

bortezomib for 1 hr, and then PA (750 M) was exposed for additional 12 hr (for qPCR) and 24 

hr (for western blotting, ELISA and glucose uptake) in the presence or absence of bortezomib.  

For PA treatment, PA was conjugated with fatty acid-free BSA as described by Chavez et al. [17].  

Briefly, PA was completely dissolved in 100% ethanol and then diluted in DMEM containing 2% 

fatty acid-free BSA.  The control treatment was prepared by adding the same amount of ethanol 
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to BSA-DMEM solution.  For tunicamycin or thapsigargin treatment, tunicamycin (1 g/ml in 

DMSO, final 0.1% DMSO) or thapsigargin (2 M in DMSO) was administered to cells for 4 hr 

in the presence or absence of 10 nM bortezomib.  All solutions were filtered, aliquoted, and 

stored at -20
o
C prior to use. 

 

2.4.  Cell viability assay  

Cell viability was determined using MTT assay.  Differentiated C2C12 myotubes in 12- 

well plates were incubated with various concentrations of bortezomib for 1 hr and then exposed 

to PA (750 M) for 24 hr.  MTT solution (100 µl/well, 5 mg/ml in PBS) was added and cells 

were incubated for 3 hr.  The medium was then replaced with 300 l/well of DMSO, plates 

were shaken for 20 min, and optical densities (OD) were measured at 570 nm using a microplate 

reader (Perkin Elmer VictorX4, Waltham, MA). 

 

2.5. Western blot analysis   

Cells or excised tissues were harvested in PRO-PREP™ protein extraction solution (Intron 

Biotechnology, Korea) and incubated for 30 min at 4°C.  Cell debris was removed by 

microcentrifugation, and supernatants containing proteins were collected.  Protein 

concentrations were determined using Bio-Rad protein assay reagent, according to the 

manufacturer's instructions.  Then, proteins (30 µg) were separated by 10% SDS-

polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to PVDF membranes.  Blots 

were incubated with blocking solution (4% BSA) for 1 hr and then incubated overnight with 

primary antibodies against GRP78, ATF6, ATF3, TRB3, Glut4, p-IRS-1 (Ser307), pIRS-1 

(Tyr632), ERK, pERK(Thr202/Tyr204), JNK, pJNK (Thr183/Tyr185), Akt, and p-Akt (Ser473).  
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After washing with Tween 20/Tris-buffered saline (T-TBS), blots were incubated with 

horseradish peroxidase-conjugated secondary antibody (1:1000) for 1 hr at room temperature.  

Membranes were then washed three times with T-TBS and protein bands were detected using an 

enhanced chemiluminescence kit (Amersham Life Science, Buckinghamshire, UK). 

 
2.6.  RNA Preparation and Real-time PCR   

Total RNAs from C2C12 cells or excised tissues were isolated using Easy Blue® kits (Intron 

Biotechnology, Korea).  One µg of RNA per sample was reverse-transcribed using ReverTra 

Ace qPCR RT master mix (Toyobo, Japan).  Quantitative real-time PCR (qPCR) was performed 

by incorporating SYBR green (Toyobo, Japan).  The mouse primers used were as follows; 

GRP78: 5′- CTGGACTGAATGTCATGAGGATCA-3′ (F) and 5′- CTC TTA TCC AGG CCA 

TAT GCA ATA G-3′ (R), ATF3: 5′-AAC TGG CTT CCT GTG CAC TT-3′ (F) and 5′-TGA GGC 

CAG CTA GGT CAT CT-3′ (R), CHOP: 5′- CCA CCA CAC CTG AAA GCA GAA-3′ (F) and 

5′-GGT GCC CCC AAT TTC ATC T-3′ (R), TRB3: 5′-TCT CCT CCG CAA GGA ACC T-3′ (F) 

and 5′-TCT CAA CCA GGG ATG CAA GAG-3′ (R), IL-6: 5′-TCT AAT TCA CTT CAA CCA 

AGA GG-3′ (F) and 5′-TGG TCC TTA GCC ACT CCT TC-3′ (R), TNF-: 5′-CAT GCA CCA 

CCA TCA AGG ACT-3′ (F) and 5′- GAG GCA ACC TGA CCA CTC TC-3′ (R), and GAPDH: 

5′-CTC AAC TAC ATG GTC TAC ATG TTC CA-3′ (F) and 5′-CCA TTC TCG GCC TTG ACT 

GT-3′ (R).  The mRNA levels were determined using a Roche Light cycler 2.0 (Roche Bio Inc., 

Switzerland), and results were normalized versus GAPDH. 

 

2.7.  AMPK knockdown by siRNA transfection   

C2C12 cells were seeded in tissue culture plates (1x10
5
 cells/well) and differentiated for 24 
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hr in differentiation medium containing DMEM and 2% horse serum.  AMPK siRNA targeting 

2 subunit (20 nM, Santa Cruz Biotechnology, Santa Cruz, CA) or negative control siRNA were 

transfected using Lipofectamine
TM 

RNAiMAX (Invitrogen, Madison, WI) in Opti-MEM medium 

according to the manufacturer’s instructions.  Cells were then incubated for 24 hr and media 

were replaced with differentiation medium.  After 48 hr incubation, the differentiated C2C12 

cells were treated with the indicated concentrations of bortezomib for 1 hr, followed by 24 hr 

treatment with PA (750 M).  Extents of AMPK knockdown were determined by Western 

blotting. 

 

2.8.  The 2-NBDG glucose uptake assay 

This assay was performed as previously described [18].  Cells (1x10
4
 cells/well) were 

seeded in 96-well, clear bottomed, black plates (BD Bioscience, Bedford, MA) and induced to 

undergo differentiation.  Briefly, after 4 days of differentiation, differentiated C2C12 myotubes 

were pre-treated with 10 nM bortezomib for 1 hr, and then PA (750 M) was exposed for 24 hr. 

Cells were changed with serum free/low glucose DMEM containing 20 M 2-NBDG (2-(N-(7-

nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose) (Cayman Chemicals, Arbor, MI) in the 

absence or presence of 1 g/ml insulin for 30 min.  After washing with PBS, cells were lysed 

with 70 l of 0.1 M potassium phosphate (pH 10.0) containing 1% Triton X-100 for 10 min in 

the dark.  DMSO was added to lysates, which were then homogenized by vigorous shaking.  

Fluorescence was measured using a microplate reader at an excitation wavelength of 480 nm and 

an emission wavelength of 540 nm (Perkin Elmer VictorX4, Waltham, MA). 

 

2.9. ELISA for TNF- and IL-6  
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 Levels of TNF-α and IL-6 in culture media were measured using commercially available 

ELISA kits (BD Biosciences, San Diego, CA). 

 

2.10. Immunoprecipitation of LKB1 

Treated cells were lysed in the RIPA buffer, and then, protein (0.5 mg) from cell lysate was 

immunoprecipitated using rabbit anti-LKB1 antibody (1:100) with prewashed protein G Plus-

Agarose overnight.  Protein complex were centrifuged at 3,000 rpm for 3 min at 4°C, and the 

pellets were washed three times with 10 volumes of ice-cold RIPA buffer.  The final pellet was 

added with SDS sample buffer, heated for 5 min at 95
o
C.  After SDS-PAGE and membrane 

transferring, the membranes were probed with rabbit pAMPK antibody.  Separately, the amount 

of LKB1 in immunoprecipitates was determined by reprobing of the same blot with anti-LKB1 

antibody.  

 

2.11. Cytosolic, nuclear and membrane extractions 

A subcellular proteome extraction kit (Calbiochem, Inc. San Diego, CA) was used to 

extract cytosolic and membrane/organelle fractions of differentiated C2C12 cells.  Briefly, cells 

were incubated with various concentrations of bortezomib for 1 hr, exposed to PA (750 M) for 

20 hr, washed twice with PBS, resuspended in 150 μl of ice-cold Extraction I containing 0.75 μl 

of protease inhibitor mixture, and then incubated for 10 min at 4 °C with gentle agitation.  The 

suspensions obtained were centrifuged at 1000×g for 10 min at 4°C.  Supernatants were 

referred to as cytosolic fraction.  Pellets were resuspended in 150 μl of ice-cold Extraction II 

(for membrane fractions) containing 0.75 μl of protease inhibitor mixture, and incubated for 30 

min at 4°C.  Mixtures were then centrifuged at 6000×g at 4 °C, and the supernatants obtained 
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were referred to as membrane fraction.  Remaining pellets were re-suspended in ice-cold 

Extraction buffer IIII with 0.75 μl of protease inhibitor mixture and incubate for 10 min at 4
o
C 

under gentle agitation.  Mixtures were then centrifuged at 8800×g at 4 °C and supernatants 

were transferred to the tube as a nuclear fraction.   

   

2.12. Immunofluorescence   

Treated cells were washed twice with PBS, fixed for 20 min in 4% paraformaldehyde, 

washed three times in PBS.  Cells were then blocked in 4% normal goat serum containing  

0.3% Triton X-100 in PBS for 60 min, which was removed by aspiration before incubating them 

with a rabbit monoclonal anti-Glut-4 antibody (diluted at 2 μg/ml in BSA buffer) for overnight at 

4
o
C.  The cells were then washed three times with PBS, and TRITC-conjugated goat anti-rabbit 

IgG antibody (Sigma Chemical, St. Louis, MO) at 5 μg/ml in PBS for 60 min at room 

temperature.  After rinses with PBS twice, cells were counterstained with 4', 6-diamidino-2-

phenylindole (DAPI) in mounting medium (Vector Laboratories, Burlingame, CA).  Cover slips 

were mounted on microscope slides and images were obtained using an Olympus LG-PS2 

microscope (Tokyo).  

 

2.13. Oral glucose tolerance testing (OGTT) and insulin tolerance testing (ITT)   

OGTT and ITT were conducted after 5 weeks of bortezomib treatment.  For OGTT, mice 

were fasted for 16 hr (from 5:00 PM to 9:00 AM, only water was supplied for all mice) prior to 

testing and then given an oral injection of D-glucose (2 g/kg).  Blood glucose was measured by 

tail bleeds at the indicated time points for up to 120 min after glucose administration.  After 3 

days, ITT was done similarly, except the mice were fasted for only 4 hr (from 9:00 AM to 1:00 
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PM, only water was supplied for all mice) and 0.75 IU/kg insulin (Sigma Chemical, St. Louis, 

MO) was administered by i.p. injection.  Bloods samples were taken from tail veins at the 

indicated times for up to 120 min after insulin administration, and blood glucose levels were 

measure using an Allmedicus Gluco Dr. Plus (Seoul).  The area under the curve (AUC) for 

glucose was calculated for the OGTT or ITT using software OriginPro 6.1 (Origin, Northampton, 

MA) 

 

2.14. Tissue preparation and analysis   

After ITT, mice were sacrificed, and tissues, including subcutaneous, visceral, and 

reproductive fats were removed, rinsed with phosphate buffered saline (PBS), and weighed.  

For RNA and protein extraction, tissues were frozen rapidly, and stored in liquid nitrogen until 

required.  

 

2.15. Statistical analysis   

The significances of differences versus respective controls were determined using the 

Student’s t-test for paired experiments or two-way ANOVA.  Results are presented as the means 

± SD of three separate experiments, and p values of < 0.05 were considered statistically 

significant.  
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3. Results 

 

3.1. Effects of bortezomib on ER stress and inflammation in C2C12 myotubes 

 

To evaluate the effects of bortezomib on ER stress and inflammation, we treated C2C12 

myotubes with various concentrations of bortezomib (1-100 nM), and examined its effects on the 

expression of ER stress markers and proinflammatory cytokines.  As shown in Figs. 1A and B, 

bortezomib had little effect on the expressions of ER stress markers at concentrations up to 20 

nM, but significantly increased ATF6, ATF3, GRP78, CHOP, and TRB3 mRNA and protein 

levels at higher concentrations.  Likewise, proinflammatory cytokine productions by 

bortezomib were concentration dependent and showed marked induction from 50 nM (Fig. 1C).  

Bortezomib did not exhibit any cytotoxicity at the concentrations used in the present study (1-

100 nM) (Fig. 1D).  

 

3.2. Low dose bortezomib protected C2C12 myotubes from PA-induced ER stress and   

inflammation 

 

As was expected, C2C12 myotubes exposed to PA (750 M) displayed increased ER stress 

marker levels (ATF6, ATF3, GRP78, CHOP, TRB3) as compared with cells exposed to BSA 

alone (Figs. 2A and B).  To examine the effects of bortezomib on PA-induced ER stress, we 

added bortezomib at concentrations of < 20 nM, at which it did not induce ER stress.  In 

contrast to PA treatment alone, co-incubation of cells with PA and bortezomib (0.1-20 nM) 

concentration-dependently reduced the expressions of ER stress markers induced by PA (Figs. 
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2A and B), suggesting that bortezomib prevented PA-induced ER stress.  In addition, PA 

induced inflammatory responses in myotubes, as determined by TNF- and IL-6 production, and 

this increase was partially prevented by co-treatment with bortezomib (Fig. 2C) (TNF-: 

maximum reduction of 38.0  4.0% by ELISA and maximum mRNA reduction of 29.2  0.97%; 

IL-6: maximum reduction of 69.0  10.0% by ELISA and maximum mRNA reduction of 85.4  

0.70%).  Furthermore, these protective effects of bortezomib from PA-induced ER stress and 

inflammation was not attributed to the increased cell viability since bortezomib’s concentrations 

used in the present study had little effect on cell viability (results not shown). 

To confirm the protective effect of bortezomib on ER stress, we induced ER stress with 

either tunicamycin or thapsigargin, two well-known inducers of ER stress.  Both tunicamycin (1 

g/ml) and thapsigargin (2 M) increased the mRNA levels of ER stress markers, but these 

increases were lessened by bortezomib (10 nM) co-treatment (Figs. 3A and B), indicating that 

low dose bortezomib protects against ER stress regardless of the stress-inducing agent used.  

 

3.3. Low dose bortezomib protected C2C12 myotubes from PA-induced insulin resistance 

 

Given the associations between ER stress, inflammation and insulin resistance, we next 

examined the effects of bortezomib on Akt phosphorylation in C2C12 cells.  PA treatment 

reduced both basal and insulin-stimulated Akt phosphorylation, which was reversed by co-

treating bortezomib (10 nM) (Fig. 4A).  Correspondingly, glucose uptake was increased by 49.1 

 1.36% in the presence of insulin (1 g/ml), and this increased glucose uptakes were reduced by 

PA (35.6  5.85% reduction).  Bortezomib (10 nM) co-treatment completely prevented PA-
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mediated reduction of glucose uptakes (Fig. 4B), which was further confirmed by increased 

Glut4 translocation to plasma membrane in the presence of bortezomib, as indicated by western 

blot (Fig. 4C) and by TRITC-conjugated Glut4 (indicated by white arrows) (Fig. 4D).  On the 

other hand, bortezomib (10 nM) had little effect on insulin-stimulated glucose uptake when 

administered alone, and showed similar effects regardless of insulin presence.  Cytochalasin B 

(CB, 10 M), an inhibitor of glucose transport almost completely inhibited glucose uptake, 

validating the assay condition. 

To access the mechanisms responsible for the protective effect of bortezomib against PA-

induced ER stress, we examined the JNK pathway.  PA treatment induced JNK phosphorylation, 

whereas co-treatment of myotubes with PA plus bortezomib decreased JNK phosphorylation, in 

parallel with reduced IRS-1 serine (307) phosphorylation, suggesting that the inhibition of JNK 

phosphorylation is involved in the suppressive action of bortezomib.  In parallel, PA-reduced 

tyrosine phosphorylation of IRS-1 was recovered by bortezomib both in the presence or absence 

of insulin.  ERK phosphorylation was unaffected by either PA alone or bortezomib co-treatment 

(Fig. 4E). 

 

3.4. Involvement of AMPK activation in the effects of bortezomib in C2C12 myotubes 

 

AMPK activation is a key protective mechanism against PA-induced insulin resistance in 

myotubes.  Here, to elucidate the role played by AMPK in the protective effects of bortezomib, 

we measured AMPK phosphorylation after incubation with PA in the presence or absence of 

bortezomib.  Incubation with PA alone decreased AMPK and ACC phosphorylation, but this 

was not observed after co-incubation with PA and bortezomib (Fig. 5A), which suggested that 
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AMPK activation may contribute to the protective effect of bortezomib against PA-induced ER 

stress.  Since AMPK phosphorylation is known to be induced by LKB1, we further examined 

the interaction between AMPK and LKB1 by coimmunoprecipitation.  Indeed, the association 

between LKB1 and AMPK, and thus AMPK phosphorylation was enhanced in the presence of 

bortezomib (Fig. 5B).  AICAR (AC) was used as a positive control for LKB1 and AMPK 

interaction.  

Confirmation of AMPK involvement was supported by an AMPK knockdown experiment.  

Transfection of C2C12 myotubes with AMPK siRNA reduced the expression of AMPK by 68.7 

 7.4% (Fig. 5C), and increases in the phosphorylations of AMPK by bortezomib was abolished 

by AMPK knockdown (Fig. 5D).  Consistently, AMPK knockdown prevented bortezomib 

inhibition of the PA-induced expressions of ER stress markers (Figs. 5E) and inflammatory 

response markers (Fig. 5F), and the PA-induced suppression of insulin-stimulated glucose uptake 

(Fig. 5G).  These findings suggest that AMPK activation is a critical participant in the 

mechanism responsible for the protective effects of bortezomib against PA-induced ER stress, 

inflammation, and insulin signaling.  On the other hand, increased JNK phosphorylation by PA 

was unaffected by AMPK knockdown (Fig. 5D), suggesting that inhibition of JNK activation by 

bortezomib is an independent mechanisms from AMPK phosphorylation.   

 

3.5. In vivo effects of bortezomib in ob/ob mice 

 

To examine the in vivo effects of bortezomib, we intraperitoneally administered bortezomib 

(50 or 200 g/kg) to ob/ob mice twice weekly for 5 weeks.  As shown in Fig. 6A, bortezomib 

lowered blood glucose levels as compared with vehicle controls (a comparison of AUCs showed 
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27.9  9.8% inhibition by bortezomib at 200 g/kg) and in parallel improved glucose intolerance 

as determined by OGTT and ITT; based on AUC calculations of OGTT and ITT curves, 18.8  

5.7% and 23.1  7.1% inhibitions, respectively, were obtained at a bortezomib concentration of 

200 g/kg.  In parallel with the reduction of glucose levels, there was a significant decrease in 

proinflammatory cytokines both in plasma and skeletal muscles (Fig. 6B and C), which 

suggested bortezomib improves insulin sensitivity in ob/ob mice.  On the other hand, plasma 

adiponectin was unchanged after bortezomib treatment (results not shown).  At 200 g/kg of 

bortezomib, reduced body weights and fat weights were observed without affecting food intake 

rate (results not shown), which may be due to either direct effects on adipose tissue or indirect 

effects via crosstalk between skeletal muscle and adipose tissue.  

When we examined the effects of bortezomib on ER stress in skeletal muscle, we found 

that the levels of ER stress markers were significantly reduced in bortezomib-treated animals as 

compared with vehicle controls (Fig. 6D).  Furthermore, after bortezomib administration, 

increased phosphorylations of AMPK and Akt, and decreased JNK phosphorylation were 

observed in skeletal muscle (Fig. 6E).   Taken together, these results indicate bortezomib 

protects against PA-induced ER stress, inflammation, and insulin resistance in murine myotubes 

by inhibiting JNK and activating AMPK, and suggest that the therapeutic applications of 

bortezomib could be further extended.  

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

18 

 

4. Discussion 

 

Bortezomib is a known inducer of ER stress and of tumor cell apoptosis [5, 7, 8].  The 

present study shows that bortezomib at low concentrations protects murine skeletal muscle cells 

from PA-induced ER stress, inflammation, and insulin resistance, and improves insulin resistance 

in ob/ob mice.  AMPK activation by bortezomib appears to be a key component of the 

mechanism underlying the protective action of bortezomib.  A proposed model of the 

mechanism responsible for the effects of bortezomib is presented in Fig. 7.    

The ubiquitin-proteasome system plays a central role in many cellular functions, such as, 

the cell cycle, apoptosis, cell adhesion, inflammatory processes, angiogenesis, and immune 

response, and proteasomal dysfunction contributes to the development of disease states [19].  

For these reasons, proteasome inhibitors have been applied to numerous clinical therapies, 

especially for the treatment of various malignant diseases.  Bortezomib, which is perhaps the 

best known proteasomal inhibitor, exerts broad anti-tumor activities, and has been approved as a 

cytostatic drug for the treatment of multiple myeloma based on favorable clinical trial results [2].  

On the other hand, recent reports indicate proteasome inhibitors have diverse effects on 

nonmalignant cells, and that their effects depend on cell type and dosage.  For example, 

proteasome inhibition sensitizes hepatocellular carcinoma cells, but not human hepatocytes [15].  

In addition, biphasic dosage effects have been reported for proteasome inhibitors in different 

cells, including astrocytes and endothelial cells, whereby they afford protection at low doses and 

induce apoptosis at high doses [20, 21].  

Bortezomib and other proteasome inhibitors have anti-inflammatory effects attributable to 

the attenuation of NF-κB activation.  NF-κB is sequestered in cytoplasm as a complex by its 
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inhibitor IκB under resting conditions, and is activated by IκB release by 26S proteasome-

mediated IκB degradation upon stimulation.  Thus, proteasome inhibition stabilizes IκB, and 

thus, reduces its release from NF-κB [22].  However, several authors have suggested the varied 

effects of bortezomib in non-cancerous cells are independent of NF-κB inhibition.  For example, 

the anti-inflammatory effects of bortezomib in endothelial cells are mediated by anti-oxidant 

effects and not by NF-κB inhibition [23], and the protective effects of bortezomib against lung 

and skin fibrosis appear to be mediated by increased PPAR abundance and activity [24].  

However, the mechanisms responsible for the protective effects of proteasome inhibition by 

bortezomib are largely unknown.    

Lipotoxicity induced by high concentrations of circulating saturated fatty acids is a key 

mechanism of insulin resistance development, and of these fatty acids, PA is the most prevalent.  

PA impairs insulin signaling through numerous mechanisms including ER stress and oxidative 

stress in a cell type dependent manner [25], and this effect of PA appears to be mediated by its 

metabolites because non-metabolizable methylpalmitate has been reported not to induce ER 

stress [26, 27].  In hypothalamic neurons, PA was found to induce ER stress via a JNK 

dependent pathway [28], whereas in skeletal muscle, ER stress may be caused by differential 

lipid composition and localization by PA [29].  Although it has been reported that PA-induced 

insulin resistance is independent of ER stress in skeletal muscle cells, we observed PA induced 

ER stress and insulin resistance and that both were alleviated by bortezomib at low doses.  

Reasons for discrepancies between these studies remain unclear.  

Close link between inflammation and insulin resistance has been confirmed in many 

studies.  Of note, the levels of proinflammatory cytokines (TNF-, IL-1, and IL-6) increased in 

type 2 diabetes, and among those, IL-6 strongly correlates with insulin resistance and type 2 
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diabetes [30, 31].  Accordingly, our results showed that bortezomib attenuated palmitate-

induced inflammation in C2C12 cells by decreasing the production of proinflammatory 

cytokines.  Similar to our findings, oleate reduced palmitate-induced production of 

proinflammatory cytokines in C2C12 cells, in association with improved insulin resistance [32].  

Different from conventional thoughts on IL-6 as a proinflammatory cytokine, recent studies 

suggested that IL-6, acting as a major myokine, may have beneficial effects in the metabolic 

context [33, 34], which deserves further research to clarify on the role of IL-6 in metabolic 

disorders.     

In the present study, bortezomib up to 100 nM did not induce cytotoxicity as determined by 

MTT assay, but a previous study reported that bortezomib inhibited C2C12 cell growth in the 

concentration range 1-40 nM [35].  Differences in the sensitivities of C2C12 cells to bortezomib 

may due to differences in differentiation state (myoblast vs. myotube).  In the present study, 

bortezomib had little effect on C2C12 myotube viability, and at low concentrations (<20 nM), 

reduced PA-induced ER stress in C2C12 cells via novel mechanisms, i.e. AMPK activation.  

AMPK is an AMP-activated protein kinase and acts as a cellular energy sensor.  Its activation 

induces catabolic pathways and the generation of ATP under conditions of hypoxia and nutrient 

deprivation [36].  AMPK has also been reported to be involved in the prevention of PA-induced 

JNK phosphorylation and ER stress [28].  In the present study, bortezomib increased AMPK 

and Akt phosphorylation, but and led to a reduction in JNK activation.  Since AMPK 

knockdown was found to abolish the protective effects of bortezomib, AMPK appears to be a key 

mediator of its action.  Consistent with previous reports [23], bortezomib also reduced PA-

induced ROS production (results not shown), which might also have contributed to its 

amelioration of ER stress and insulin resistance.  Like bortezomib, oleate and PPAR/ agonists 
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have been reported to prevent PA-induced ER stress, inflammation, and insulin resistance via 

AMPK activation [37, 38].  These results with those of the present study suggest that AMPK 

activation is a critical requirement for protection from the lipotoxic effects of PA.  

AMPK activation by bortezomib has been previously reported in different cell types.  In 

cultured pancreatic and colorectal cancer cells, bortezomib (100 nM) induced AMPK 

phosphorylation, whereas AMPK inhibition or knockdown suppressed bortezomib-induced 

autophagy and had an anti-apoptotic effect on cancer cells [39].  Bortezomib has also been 

reported to induce AMPK activation in Sertoli cells and interfere with the normal development of 

germ cells [40].  Thus, the consequences of AMPK activation by bortezomib appear to depend 

on cell type, the cellular environment, and bortezomib concentration.  However, how 

bortezomib induces AMPK phosphorylation at the molecular level remains to be elucidated, and 

the mechanism involved may not be related to proteasome inhibition. 

To examine the validity of our in vitro observations in vivo, we examined the effects of 

bortezomib in ob/ob mice, which are known to exhibit elevated levels of key markers of ER 

stress.  Bortezomib administration (200 g/kg, twice a week) for five weeks reduced the 

expressions of ER stress markers and increased AMPK phosphorylation in skeletal muscles.  

Furthermore, bortezomib increased insulin sensitivity and lowered plasma glucose levels, which 

suggests bortezomib reduced ER stress and acted to restore insulin sensitivity.  These findings 

indicate bortezomib should be examined for possible use as an anti-diabetics after the dosage 

range is clearly defined with respect to protection against ER stress and insulin resistance.   
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5. Conclusion 

 

Contrary to the original hypothesis that bortezomib acts as an ER stress inducer, our study 

indicates that bortezomib at low concentrations reduces ER stress and insulin resistance.  

AMPK activation is a possible mechanism underlying the protective effects of bortezomib 

against PA-induced ER stress, but other pathways might also participate, and this deserves 

further investigation.  The mitigation of ER stress is a topic of considerable therapeutic 

significance in the context of metabolic disorders.  In this regard, we suggest further studies be 

undertaken to resolve the side effects associated with bortezomib and to establish its clinical 

relevance with respect to the treatment of metabolic disorders. 
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Figure legends 

 

Fig. 1.  Effects of bortezomib on ER stress and inflammation.  Differentiated C2C12 myotubes 

were exposed to different concentrations of bortezomib (B: 1-100 nM) for 12 hr (for qPCR) and 

24 hr (for western blotting and ELISA) and the expression levels of ER stress markers were then 

determined by western blotting (A) and qPCR (B).  Levels of proinflammatory cytokines were 

determined by ELISA and qPCR (C).  Cell viabilities were determined by MTT assay (D).  

Results are expressed as means ± SD of three experiments in triplicates. 
 
*P<0.05 vs. non-

treated controls. 

 

Fig. 2.  Cytoprotective effects of bortezomib on PA-induced ER stress and inflammation.  

Differentiated C2C12 myotubes were exposed to low concentrations of bortezomib (0.1-20 nM) 

for 1 hr and then to PA (750 M) in the presence of bortezomib for 12 hr (for qPCR) and 24 hr 

(for western blotting and ELISA).  The expression levels of ER stress markers were determined 

by western blotting (A) and qPCR (B).  Levels of proinflammatory cytokines were determined 

by ELISA and qPCR (C).  Results are expressed as the means ± SD of three experiments 

performed in triplicate. 
 
#P<0.05 vs. non-treated controls, *P<0.05 vs. PA alone. 

 

Fig. 3.  Cytoprotective effects of bortezomib on tunicamycin or thapsigargin-induced ER stress.  

Differentiated C2C12 myotubes were exposed to 10 nM bortezomib for 1 hr, and then to 

tunicamycin (1 g/ml; A) or thapsigargin (2 M; B) for 4 hr in the presence of bortezomib.  The 

expression levels of ER stress markers were determined by qPCR.  Results are expressed as the 
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means ± SD of three experiments performed in triplicate. 
 
#P<0.05 vs. non-treated controls 

(0.1% DMSO), *P<0.05 vs. tunicamycin alone or thapsigargin alone. 

 

Fig. 4.  Mechanisms believed to underlie the effects of bortezomib.  Differentiated C2C12 

myotubes were exposed to bortezomib (10 nM) for 1 hr, and then to PA (750 M) for 24 hr, 

followed by incubation with or without insulin (1 g/ml) for 30 min.  Akt phosphorylation (A) 

and glucose uptake (B) were determined by western blotting and by 2-NBDG, respectively.  

Glut4 translocation to plasma membrane was detected by western blot (C), and by 

immunofluorescence (D).  The merged images obtained from overlaying the TRITC-conjugated 

Glut4 (red) with the nucleus staining by DAPI (blue) were presented, and white arrows indicate 

Glut4 translocation.  Western blot analysis was done to measure the effects of bortezomib on 

the activations of JNK, ERK and pIRS1 (E). #P<0.05 vs. non-treated controls, *P<0.05 vs. PA 

alone, P<0.05 vs. (-) insulin control. 

  

Fig. 5.  Effects of AMPK knockdown on the effect of bortezomib on PA-induced ER stress and 

inflammation.  Differentiated C2C12 myotubes were exposed to bortezomib (10 nM) for 1 hr, 

and then to PA (750 M) for 24 hr.  Western blot analysis was done to measure the effects of 

bortezomib on the activations of AMPK (A).  Interaction between LKB1 and pAMPK was 

determined by co-immunoprecipitation using rabbit LKB1 antibody (B).  AICAR (AC, 1 mM) 

was used for positive control.  AMPK knockdown was carried out by transfection of 

differentiated C2C12 myotubes with negative control siRNA or AMPK siRNA (20 nM) (C).  

After transfection, cells were treated with bortezomib (10 nM) for 1 hr and then with PA (750 
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M) for 24 hr.  The effects of AMPK siRNA on JNK phosphorylation (D) and the protein levels 

of ER stress markers (E) were determined by western blotting.  Levels of TNF- and IL-6 

proteins in culture media were determined by ELISA and the mRNA levels of these 

proinflammatory cytokines were determined by qPCR (F).  Glucose uptakes were measured in 

the presence of 1 g/ml insulin to examine the effect of AMPK siRNA on the effects of 

bortezomib (G).  Results are expressed as the means ± SD of three experiments performed in 

triplicate. 
 
#P<0.05 vs. non-treated controls, *P<0.05 vs. PA alone, P<0.05 vs. control siRNA. 

 

Fig. 6.  In vivo effects of bortezomib in ob/ob mice.  Bortezomib (50 or 200 g/kg) was orally 

administrated to ob/ob mice twice a week for 5 weeks, and plasma glucose concentrations were 

measured weekly (A).  At the end of the experiment, oral glucose tolerance and insulin 

tolerance testing were conducted (A).  Tissues and plasma were obtained, and the plasma levels 

of proinflammatory cytokines (B and C) were measured.  The expression levels of ER stress 

markers in skeletal muscles were measured by western blotting (D), as were the extents of the 

phosphorylations of AMPK, JNK and Akt (E).  *P<0.05 vs. vehicle group. 

  

Fig. 7.  Proposed model of the mechanism responsible for the protective effects of bortezomib 

on PA-induced ER stress, inflammation, and insulin resistance in C2C12 myotubes.  
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Highlights 

 

• The protective mechanism of bortezomib from palmitic acid-induced damage is proposed. 

• Bortezomib reduces palmitic acid-induced ER stress in murine myotubes. 

• Bortezomib reduces palmitic acid-induced inflammation in murine myotubes. 

• Bortezomib improves palmitic acid-induced insulin resistance in murine myotubes. 

• AMPK activation is a key mechanism of the protective action of bortezomib. 


