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Abstract  

Background: This study aimed to investigate the possible apoptotic role of bortezomib (BMZ) on pancreatic islets of 

streptozotocin (STZ)-induced diabetic rats. 

Methods: Sprague-Dawley rats were divided into groups that were administered BMZ alone or in combination with STZ. To 

evaluate the effect of BMZ on the development of diabetes, blood glucose levels were measured regularly in the animals. Islet cell 

viability was determined by staining the islets with fluorescein diacetate and propidium iodide. Expression of the Bcl-2 and bax 

genes was determined in islet cells by quantitative real-time polymerase chain reaction. 

Results: Administering STZ-induced hyperglycemia in the rats reduced the viability of islet cells and the bcl-2/bax ratio. In the 

group administered BMZ alone, the bcl-2/bax gene expression rate in islets increased significantly compared to the control 

group. BMZ co-administered with STZ significantly increased islet cell viability and the bcl-2/bax ratio compared to the diabetic 

group. 

Conclusions: This study demonstrates that BMZ may protect pancreatic islet cells from apoptosis by increasing islet viability and 

upregulating the bcl-2/bax gene expression ratio, even though it failed to protect against the destructive effect of STZ. 
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I N T R O D U C T I O N  
 

Type 1 diabetes is an autoimmune disease characterized 

by selective and progressive destruction of insulin-

secreting beta cells of the pancreas.1 The nuclear factor 

kappa B (NF-κB) signaling pathway plays a role in the 

development of diabetes.2,3 NF-κB is a transcriptional 

factor that transcriptionally activates the genes required 

for important biological processes, such as cell 

proliferation, apoptosis, survival, and inflammation.4,5 

 

Most studies that have shown the role of NF-κB activation 

in pancreatic beta cell death indicate that NF-κB has a 

predominant pro-apoptotic function.2,6 However, 

activation of NF-κB is generally considered to be anti-

apoptotic and pro-oncogenic in many tumor types. 

Therefore, blocking NF-κB activation is a successful target 

therapy for cancer treatment.4,5 Blocking NF-κB activation 

directly with chemical inhibitors or transgenic animal 

models results in resistance to STZ-induced development 

of diabetes, decreased inflammation, and increased 

survival of islet grafts in transplantation experiments.6,7 

Bortezomib (BMZ) is a proteasome inhibitor approved by 

the Food and Drug Administration for use in the 

treatment of multiple myeloma and mantle cell 

lymphoma. BMZ is a potent inhibitor of the NF-κB 

pathway.8 It inhibits the activation of NF-κB by blocking 

the proteasomal degradation of IκB and inducing 

apoptosis in many tumor cell types in preclinical 

studies.8,9 However, the exact mechanism of how BMZ 

affects pancreatic islet cell apoptosis remains unclear. A 

recent study showed that BMZ regulates the immune 

system in autoimmune diabetes and reported that 

administering BMZ to pre-diabetic non-obese mice 

prevents the development of diabetes in 80% of the 

mice, while it did not show any therapeutic effect when 

administered alone to overtly diabetic mice.10 In addition, 

BMZ reduced islet rejection in another study where BMZ 

was systemically administered to STZ-induced diabetic 

mice before islet transplantation.6 In both studies, it was 

suggested that BMZ prevented the development of 

diabetes due to its anti-inflammatory properties, but the 

apoptotic process in the islets has not been investigated. 

Other proteasome inhibitors induce apoptosis in mouse 

and rat beta insulinoma cell lines,11,12 but the 

proteasome inhibitors containing MG-132, celastrol and 

epoxomicin, lactacystin, and N-Acetyl-Leu-Leu-Nle-CHO 

(ALLN) have quite contradictory results such as reducing, 

increasing, or no effect on rat islet viability.11,13,14 The 

purpose of this study was to investigate the apoptotic 
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effects of BMZ on rat pancreatic islet cells in STZ-induced 

diabetes using in vivo and in vitro experiments. 

 

M E T H O D S  
 

Ethical approval 

All procedures were conducted following the accepted 

principles for the care and use of laboratory animals and 

were approved by the Local Ethical Committee of 

Laboratory Animals at Diskapi YB Education and 

Research Hospital, Ankara, Turkey (Protocol no: 2016/05). 

 

Animals 

Female Sprague-Dawley rats (average weight, 200–250 g; 

age, 4–6 months old) were used to investigate the effect 

of BMZ on the development of type 1 diabetes. All 

animals were housed in a special pathogen-free and 

temperature-controlled room (21 ± 2 °C) with a 12 h 

light/12 h dark cycle. The rats were fed a standard 

pelleted diet and water ad libitum. All animal 

experiments were performed following the Guide for the 

Care and Use of Laboratory Animals (NIH Publications 

No. 80–23) and approved (2016/05) by the Ethical 

Committee of Laboratory Animals at YB Teaching and 

Research Hospital, Ankara, Turkey. 

 

STZ-induced diabetic rat model 

The STZ-induced diabetes rat model was used to 

determine the apoptotic effect of BZM on pancreatic 

islets. The rats were randomly selected and divided into 

four groups: 1) Control, 2) STZ group, 3) BZM group, and 

4) STZ + BZM group (n = 10). Diabetes was induced in the 

rats by a single intraperitoneal injection of STZ (Sigma-

Aldrich, St. Louis, MO, USA) at a dose of 45 mg/kg in 

freshly prepared citrate buffer (50 mM sodium citrate, 

pH 4.5).15 The control group was administered citrate 

buffer alone. BMZ (0.2 mg/kg, Milenium Pharmaceutical, 

Cambridge, MA, USA) was injected intraperitoneally 3 

times (days 1, 4, and 8) in all related groups as described 

previously.16 The first BMZ dose was administered to the 

STZ+BZM group 2 h before the STZ injection (day 1). 

Then, the other two BMZ doses were injected as in the 

BZM group (days 4 and 8). All rats were anesthetized by 

intraperitoneal injection of a mixture of ketamine and 

xylazine on day 10, and the pancreas was removed. 

 

Blood glucose levels and body weight were measured 

before the drugs were administered and every other day 

after the injections. Blood glucose levels were detected in 

the tail vein blood of all rats using the Accu-check blood 

glucose meter (Bayer Corp., Whippany, NJ, USA). Rats 

with blood glucose levels > 250 mg/dL were defined as 

diabetic. 

 

Isolation and purity of the islets 

The islets were isolated as described previously.17 Briefly, 

the pancreas was inflated by injecting 7 ml of cold 

collagenase type V solution (1 mg/ml) into the bile ducts 

of the rats. The pancreas was removed, and the islets were 

separated by Ficoll density centrifugation. After isolation, 

the islets were hand-picked under a stereomicroscope. 

The number and purity of the islets were determined by 

counting after diphenylthionarbazon (DTZ; Sigma-Aldrich) 

staining in which islets were dyed scarlet at 37 °C for 10 

min. After adding 50 mM BMZ to the culture medium of 

the BZM and STZ + BZM groups, all islets were cultured 

at 37 °C in humidified air and 5% CO2 in RPMI-1649 

medium supplemented with 1% L-glutamine, 10% heat-

inactivated fetal bovine serum (Sigma-Aldrich), and a 1% 

antibiotic mixture (100 units/mL of penicillin and 100 

𝜇g/mL of streptomycin; GIBCO, Grand Island, NY, USA) 

overnight in 25 cm2 flasks. 

 

Islet viability 

The viability of 3–5 islets collected from each rat was 

analyzed by dual fluorescent staining consisting of 

fluorescein diacetate (FDA) and propidium iodide (PI) 

(Sigma-Aldrich).18 The percentage of viable islets was 

obtained from the ratio of living cells stained green with 

FDA to dead cells stained red with PI. Stained islet cells 

were visualized with a fluorescent microscope (Olympus 

CX-41: Tokyo, Japan), and the mean viability values were 

determined using the MatLab color analysis program 

(MathWorks Inc., Natick, MA, USA). 

 

Real-time quantitative polymerase chain reaction 

(RT-PCR) 

Total RNA was isolated from the cultured islets of each 

rat using the PureLink RNA Mini kit (Ambion Corp. 

Naugatuck, CT USA), following the manufacturer’s 

instructions. RNA concentration and purity were 

determined with the Thermo NanoDrop2000 (Thermo-

Fisher Scientific, Waltham, MA, USA), and sample 

integrity was assessed by gel electrophoresis. A 1 µg 

portion of total RNA was reverse-transcribed using the 

Applied Biosystems High-Capacity cDNA Kit (Applied 

Biosystems, Foster City, CA, USA), according to the 

manufacturer’s instructions. The cDNA was diluted 1:10 

in RNase-free water. The real-time PCR reaction was 

performed using the cDNA samples and the TaqMan 

Gene expression assay kit (Applied Biosystems). The 

assay ID numbers for the primer pairs and probes were 

bcl-2 (Rn 99999125_m1), bax (Rn 01480161-g1), and 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Rn 

99999916-s1). Each assay was run in triplicate on the ABI-

7500 Fast RT-PCT system. The GAPDH gene was used as 

the endogenous control. Relative quantification of gene 

expression was determined by the 2-∆∆Ct method.19 

 

Data analysis  

Results are presented as mean ± SD or SE per group. 

Differences between two groups were compared by the 

independent Student’s t-test and differences between 

several groups were detected using one-way variance 

analysis followed by Tukey’s method for multiple 
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comparisons (SPSS version 20.0; SPSS Inc., Chicago, IL, 

USA). A p < 0.05 was considered significant. 

 

R E S U L T S  
 

The effect of BMZ on weight and blood glucose in the 

STZ-induced diabetic rats 

To investigate the role of BMZ in the development of 

STZ-induced diabetes, we generated four different 

experimental groups of non-obese rats. Their body 

weights were measured before each injection. All of the 

animals had similar initial body weights. As shown in 

Table 1, no significant changes in body weight were 

observed during the experimental period. 

 

Diabetes was induced by a single STZ injection. The rats 

were diabetic 3 days following the STZ injection, as 

indicated by an elevated blood glucose level (349.0 ± 24.8 

mg glucose/dL, 10 days), compared with the control 

group (96.2 ± 2.52) (p < 0.05). Blood glucose levels did not 

change significantly in the BMZ group compared with the 

control group (98.2 ± 7.1), and they were almost identical 

to the control. As shown in Figure 1, blood glucose levels 

increased significantly in the STZ+BZM group (407.6 ± 

11.0) compared to the control and BZM groups (p < 0.05). 

 

TABLE 1. Body weight changes 
 

Group 
First body weight 

(g) 

Final body weight 

(g) 

Control 212.00 ± 5.85 219.00 ± 9.20 

STZ group 214.60 ± 12.97 205.60 ± 10.62 

BZM group 215.40 ± 19.24 220.40 ± 13.11 

STZ+BZM group 209.80 ± 13.06 192.20 ± 4.42 

Data are mean ± SE of 10 rats per group. No significant 

difference was observed between the first and final body 

weights of the animals. 

 

 
 

FIGURE 1. Blood glucose levels on different days. Values 

are mean ± SE of 10 rats per group. The increases in the 

blood glucose levels of the STZ and STZ+BZM groups 

were all significant compared with the control and BZM 

groups after day 4. 

The effect of BMZ on islet cell viability 

The islets were isolated to investigate the effect of BMZ 

on islet cell viability. The purity of the islets was 

determined by DTZ staining. Islet viability was determined 

by a MatLab analysis following FDA/PI staining. 

 

Average islet viability in the STZ group (63.55 ± 3.90%) 

was significantly lower than that in the control and BZM 

groups, respectively (83.13 ± 7.12%; 80.21± 5.60%) (p < 

0.05) (Figure 2 and Figure 3). BZM alone was not 

cytotoxic to the islets. In contrast, BZM protected the 

islets from apoptosis by STZ when STZ and BZM were co-

administered to the rats (77.94 ± 10.99%) (p < 0.05). 

 

 
 

FIGURE 2. Fluorescent microscopic images of living islet 

cells stained green with fluorescein diacetate (FDA) and 

dead islet cells stained red with propidium iodide (PI). 

Images were analyzed with the MatLab program to 

determine the percentage of cell viability. At least 3 islet 

samples were used for each rat. 

 

 
 

FIGURE 3. Islet cell viability values are expressed 

according to the results of the MatLab analysis after 

FDA/PI staining of the islets. The percentages of viable 
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cells in the control, BZM, and STZ+BZM groups were 

significantly higher than that in the STZ group (p < 0.05). 

Data are mean ± SD. * p < 0.05 vs. control, BZM and 

STZ+BZM groups; # p < 0.05 vs. STZ group. 

 

The effect of BMZ on bax and bcl-2 gene expression 

levels 

The effects of BMZ on bax and bcl-2 gene expression 

levels in pancreatic islet cells were determined by RT-

PCR. As shown in Figure 4a, expression of the pro-

apoptotic bax gene increased significantly in STZ-induced 

diabetic rats, as expected (p < 0.05). A decrease in the 

bax expression level was detected in the STZ + BZM 

group, compared to the STZ group, indicating that BZM 

protected the cells from apoptosis by STZ. Furthermore, 

the expression level of the anti-apoptotic bcl-2 gene was 

highest in the STZ+BZM group. This increase was 

significant vs. the control and the STZ and BZM groups (p 

< 0.05). Because apoptosis is mediated by the balance 

between the bcl-2 and bax gene expression levels, the 

bcl-2/bax ratio determines cell survival or death. Figure 

4b shows that the mitochondrial bcl-2/bax gene 

expression ratio increased significantly in the BZM group 

compared to the control group (p < 0.05), indicating that 

BZM promoted an anti-apoptotic effect in the islets. The 

ability of BMZ to increase the bcl-2/bax ratio in the 

STZ+BZM group compared to the STZ group (p < 0.05) 

indicates that it protected the islets from apoptosis by 

STZ. 

 

  
 

FIGURE 4. Gene expression levels. Bax and bcl-2 gene expression levels in the pancreatic islets were determined by qRT-

PCR (A). The bcl-2/bax gene expression ratio (B). Data are mean ± SD. of three separate experiments. * p < 0.05 vs. control 

group; # p < 0.05 vs. STZ group; ‡ p < 0.05 vs. BZM group. 

 

D I S C U S S I O N  
 

BMZ is a reversible proteasome inhibitor that selectively 

inhibits the chymotrypsin-like activity of the proteasome 

and is currently clinically used to treat multiple myeloma 

and mantle cell lymphoma.9,20 One of the BMZ anticancer 

mechanisms is suppression of the NF-κB signaling 

pathway.8 Many studies have shown that activation of 

NF-κB plays a key role in beta cell destruction and 

progression to diabetes,2,3 in contrast to the anti-

apoptotic function in cancer cells.4,5 This study was 

conducted to examine the apoptotic role of BMZ in 

pancreatic islets from STZ-induced diabetic rats.  

 

STZ is a toxic glucose and N-acetyl glucosamine analog 

that selectively destroys pancreatic beta cells. Thus, it is 

widely used to induce type 1 diabetes in experimental 

animals.15,21,22 STZ is transported to the pancreatic beta 

cells via the low-affinity GLUT 2 glucose transporter, 

which preferentially facilitates the uptake of STZ, and 

causes DNA alkylation and eventual death of beta 

cells.21,22 STZ (single high dose; 35–65 mg/kg rat) 

administration depletes the pancreatic beta cells, 

resulting in elevated fasting blood glucose levels within 

72 h after administration.21–23 In this study, we observed 

a significant increase in blood glucose levels in diabetic 

rats compared with the control rats 3 days after STZ 

administration. Moreover, we determined a significant 

decrease in viability in isolated islets 10 days after 

administering the STZ. These data confirm that STZ 

destroyed the pancreatic beta cells by increasing blood 

glucose levels and decreasing islet cell viability.  

 

Apoptotic cell death is a fundamental mechanism 

involved in the loss of pancreatic beta cells.1 The 

biochemical properties of apoptotic cell death include 

internucleosomal cleavage of DNA, phosphatidylserine 

externalization, and proteolytic cleavage of several 

intracellular substrates. Apoptosis is a tightly regulated 

process, and the fate of cells depends on the balance 

between pro-apoptotic and anti-apoptotic proteins. The 

Bcl-2 family of proteins is a critical regulator of apoptotic 

cell death. Pro-apoptotic bax gene expression promotes 

cell death, whereas anti-apoptotic bcl-2 results in cell 

survival. The Bcl-2/bax ratio determines cell death or 

survival. Low levels of Bcl-2 and/or high levels of Bax 

permeabilize the mitochondria after the apoptotic 
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stimulus. Caspase 3 becomes active with the release of 

cytochrome c from the intermembrane space into the 

cytoplasm followed by the formation of the apoptosome. 

Caspase 3 activates the DNase/DNA fragmentation factor 

to breakdown nuclear DNA, resulting in DNA 

fragmentation and cell death.24 In this study, increased 

expression of bax and bcl-2 was observed in the diabetic 

rats administered STZ alone. However, because the 

increase in bax expression was higher than bcl-2 

expression and significantly increased compared to the 

control, the decrease in the bcl-2/bax ratio promoted 

apoptotic cell death in the rats. This result is compatible 

with previous studies showing overexpression of the pro-

apoptotic bax gene and low expression of the anti-

apoptotic bcl-2 gene in pancreatic beta cells exposed to 

STZ.25,26  

 

The main objective of this study was to examine the 

apoptotic effect of BMZ on pancreatic islets in STZ-

induced diabetic rats. BMZ administration alone did not 

change the fasting blood glucose level or islet viability, 

compared to the control group. In our study, BMZ was 

used at a dose of 0.2 mg/kg, which is well tolerated10,16,27 

without any apparent toxicity. Previous studies have 

reported that many of the side effects of BMZ, such as 

gastrointestinal toxicity, neuropathy, and anemia, are 

mild and manageable. BMZ has not been reported to 

affect blood glucose, except for the indication that it 

should be used with caution in diabetic patients. The 

unchanged blood glucose levels observed in the BMZ-

administered rats were compatible with the fact that 

BMZ has no effect on blood glucose in non-diabetic 

patients.27 BMZ induces apoptosis in many tumor cells by 

decreasing cell viability; thus, it is currently used to treat 

multiple myeloma.8 However, the effect of BMZ on the 

viability of pancreatic islet cells is not well known. We 

observed that BMZ did not change the viability of 

pancreatic islet cells. This result is consistent with a study 

showing that BMZ does not change the viability of the 

MIN6 beta cell line even at a high concentration.28 

Previous studies have reported that other proteasome 

inhibitors induce severe apoptosis in mouse and rat beta 

insulinoma cell lines.11,12 However, the effect of 

proteasome inhibitors on rat islet viability has been 

contradictory, as a decrease in viability was observed in 

rat islets cultured with MG-132,13 and an increase in 

viability was observed with non-toxic concentrations of 

celastrol and epoxomicin,14 but lactacystin and ALLN 

exerted no visible adverse effects on rat islet cell 

viability11,13 and even partially protected against the toxic 

effect of pro-inflammatory cytokines such as interleukin-

1 and interferon.11 Interestingly, we observed that 

administering BMZ alone upregulated bcl-2 and 

downregulated bax, although the differences were not 

significant when compared with the control. However, 

these changes in gene expression led to a significant 

increase in the bcl-2/bax ratio, indicating that BMZ 

administration alone may be anti-apoptotic in pancreatic 

islets, even if it is not reflected in total islet viability. This 

result seems contrary to the ability of BMZ to induce 

apoptosis, which is widely used in cancer therapy. 

However, many studies have shown that BMZ is more 

selective in tumor cells than normal cells29,30 and more 

effective in hematological cancers than solid tumors29 

indicating that BMZ may cause different effects 

depending on the tissue and cell types and the stress 

conditions.  

 

In this study, we observed that BMZ co-administered 

with STZ significantly increased the bcl-2/bax gene 

expression ratio and islet viability compared to those in 

the control rats, but the same antiapoptotic effect was 

not reflected in the blood glucose levels. These results 

indicate that BMZ does not completely protect beta cells 

from the selective destructive effect of STZ, and possibly 

provides partial protection by causing an antiapoptotic 

effect in islet cells. A recent study has directly shown that 

BMZ prevents the development of diabetes when 

administered to pre-diabetic NOD mice.10 NOD mice are 

a model of autoimmune diabetes in which no toxin is 

administered. Therefore, administering BMZ to NOD 

mice in that study prevented hyperglycemia unlike in our 

study. In addition, another study demonstrated that 

systemic BMZ administration of STZ-induced diabetic 

mice delays the rejection of allogeneic islet grafts, 

suggesting that BMZ prevents the development of 

diabetes by delaying beta cell loss.6 These results may 

contribute to the protective effect of BMZ, which we 

observed at the total islet viability and gene expression 

levels. However, this antiapoptotic protective effect did 

not prevent the loss of beta cells enough to block the 

development of diabetes. Blood glucose levels are only 

affected by beta cell loss, whereas islet viability is the 

total viability value of all cell types including alpha and 

delta cells in the pancreatic islets. For example, it has 

been reported that even STZ administration, which 

selectively destroys beta cells, increases the survival 

percentage of alpha and delta cells in pancreatic islets.23 

The finding that BMZ causes a similar proliferative effect 

by increasing total islet cell viability and bcl-2/bax gene 

expression rates may explain why we did not see an 

improvement in blood glucose levels. This condition can 

also be considered one of several reasons to explain the 

conflicting results of other proteasome inhibitors on rat 

islet viability.11–14 Therefore, it would be more accurate to 

determine individual cell viability for each cell type rather 

than total islet cell viability in future diabetes research. 
 

C O N C L U S I O N S  
 

In conclusion, this study provides evidence that BMZ 

induced an antiapoptotic effect by increasing islet cell 

viability and the bcl-2/bax ratio in rat pancreatic islets, 

although it was inadequate to prevent the loss of beta 

cells and the development of STZ-induced diabetes. The 

antiapoptotic mechanism of BMZ on pancreatic islet cells 
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needs to be further elucidated for each cell type in the 

pancreas. 

 

A C K N O W L E D G M E N T S  

 

The authors thank the Adacell Translational Research 

Center and Experimental Animal Laboratory staff at the 

Dıskapı Yıldırım Beyazıt Training and Research Hospital 

for their kind support. 

 

C O N F L I C T  O F  I N T E R E S T  

 

The authors declare no conflicts of interest. 

 

F U N D I N G  

 

This study was financed by the Aksaray University 

Scientific Research Fund (grant number: 2017-019). 
 

 

Received: May 24, 2022 | Accepted: August 30, 2022 

 

R E F E R E N C E S  

 

1. Cnop M, Welsh N, Jonas JC, Jörns A, Lenzen S, Eizirik DL. 

Mechanisms of pancreatic beta-cell death in type 1 and 

type 2 diabetes: Many differences, few similarities. 

Diabetes. 2005;54 Suppl 2:S97–107. 

2. Ortis F, Pirot P, Naamane N, Kreins AY, Rasschaert J, 

Moore F, et al. Induction of nuclear factor-kappaB and 

its downstream genes by TNF-alpha and IL-1beta has a 

pro-apoptotic role in pancreatic beta cells. 

Diabetologia. 2008;51:1213–25. 

3. Melloul D. Role of NF-kappaB in beta-cell death. 

Biochem Soc Trans. 2008;36:334–9. 

4. Karin M, Yamamoto Y, Wang QM. The IKK NF-kappa B 

system: A treasure trove for drug development. Nat 

Rev Drug Discov. 2004;3:17–26. 

5. Perkins ND. The diverse and complex roles of NF-κB 

subunits in cancer. Nat Rev Cancer. 2012;12:121–32.  

6. Eldor R, Abel R, Sever D, Sadoun G, Peled A, Sionov R, et 

al. Inhibition of nuclear factor-κB activation in 

pancreatic β-cells has a protective effect on allogeneic 

pancreatic islet graft survival. PLoS One. 2013;8:e56924.  

7. Takahashi T, Matsumoto S, Matsushita M, Kamachi H, 

Tsuruga Y, Kasai H, et al. Donor pretreatment with 

DHMEQ improves islet transplantation. J Surg Res. 

2010;163:e23–34.  

8. Mujtaba T, Dou QP. Advances in the understanding of 

mechanisms and therapeutic use of bortezomib. Discov 

Med. 2011;12:471–80. 

9. Adams J. The development of proteasome inhibitors as 

anticancer drugs. Cancer Cell. 2004;5:417–21. 

10. Mondanelli G, Albini E, Pallotta MT, Volpi C, Chatenoud 

L, Kuhn C, et al. The proteasome ınhibitor bortezomib 

controls ındoleamine 2,3-dioxygenase 1 breakdown 

and restores ımmune regulation in autoimmune 

diabetes. Front Immunol. 2017;8:428. 

11. Størling J, Allaman-Pillet N, Karlsen AE, Billestrup N, 

Bonny C, Mandrup-Poulsen T. Antitumorigenic effect of 

proteasome inhibitors on insulinoma cells. 

Endocrinology. 2005;146:1718–26.  

12. Litwak SA, Wali JA, Pappas EG, Saadi H, Stanley WJ, 

Varanasi LC, et al. Lipotoxic stress ınduces pancreatic 

β-Cell apoptosis through modulation of Bcl-2 proteins 

by the ubiquitin-proteasome system. J Diabetes Res. 

2015;2015:280615.  

13. López-Avalos MD, Duvivier-Kali VF, Xu G, Bonner-Weir 

S, Sharma A, Weir GC. Evidence for a role of the 

ubiquitin-proteasome pathway in pancreatic islets. 

Diabetes. 2006;55:1223–31. 

14. Weisberg S, Leibel R, Tortoriello DV. Proteasome 

inhibitors, including curcumin, improve pancreatic β-

cell function and insulin sensitivity in diabetic mice. 

Nutr Diabetes. 2016;6:e205. 

15. Furman BL. Streptozotocin-ınduced diabetic models in 

mice and rats. Curr Protoc Pharmacol. 2015;70:5.47.1–

20. 

16. Hemeryck A, Geerts R, Monbaliu J, Hassler S, 

Verhaeghe T, Diels L, et al. Tissue distribution and 

depletion kinetics of bortezomib and bortezomib-

related radioactivity in male rats after single and 

repeated intravenous injection of 14 C-bortezomib. 

Cancer Chemother Pharmacol. 2007;60:777–87. 

17. Feyat MS, Mercan S, Calısır E, Boyuk FG, Alparslan 

Pinarli F, Yesilyurt A, et al. Pancreatic beta cell 

purification by flow cytometer and a modified rat 

pancreatic islet cell isolation method. Niche. 2014;3:1–

4.  

18. Dagli Gul AS, Fadillioglu E, Karabulut I, Yesilyurt A, 

Delibasi T. The effects of oral carvacrol treatment 

against H2O2 induced injury on isolated pancreas islet 

cells of rats. Islets. 2013;5:149–55. 

19. Livak KJ, Schmittgen TD. Analysis of relative gene 

expression data using real-time quantitative PCR and 

the 2(-Delta Delta C(T)) Method. Methods. 2001;25:402–

8. 

20. Kane RC, Dagher R, Farrell A, Ko CW, Sridhara R, Justice 

R, et al. Bortezomib for the treatment of mantle cell 

lymphoma. Clin Cancer Res. 2007;13:5291–4. 

21. King AJ. The use of animal models in diabetes research. 

Br J Pharmacol. 2012;166:877–94. 

22. Eleazu CO, Eleazu KC, Chukwuma S, Essien UN. Review 

of the mechanism of cell death resulting from 

streptozotocin challenge in experimental animals, its 

practical use and potential risk to humans. J Diabetes 

Metab Disord. 2013;12:60. 

23. Zhang Y, Zhang Y, Bone RN, Cui W, Peng JB, Siegal GP, 

et al. Regeneration of pancreatic non-β endocrine cells 

in adult mice following a single diabetes-inducing dose 

of streptozotocin. PLoS One. 2012;7:e36675. 

24. Zimmermann KC, Bonzon C, Green DR. The machinery 

of programmed cell death. Pharmacol Ther. 

2001;92:57–70. 

25. Eizirik DL, Mandrup-Poulsen T. A choice of death--the 

signal-transduction of immune-mediated beta-cell 

apoptosis. Diabetologia. 2001;44:2115–33. 

26. McKenzie MD, Carrington EM, Kaufmann T, Strasser A, 

Huang DC, Kay TW, et al. Proapoptotic BH3-only 

protein Bid is essential for death receptor-induced 



203    Ekin, et al. 

Makara J Health Res.  December 2022| Vol. 26 | No. 3 

apoptosis of pancreatic beta-cells. Diabetes. 

2008;57:1284–92. 

27. San Miguel J, Bladé J, Boccadoro M, Cavenagh J, 

Glasmacher A, Jagannath S, et al. A practical update on 

the use of bortezomib in the management of multiple 

myeloma. Oncologist. 2006;11:51–61.  

28. Hofmeister-Brix A, Lenzen S, Baltrusch S. The ubiquitin-

proteasome system regulates the stability and activity 

of the glucose sensor glucokinase in pancreatic β-cells. 

Biochem J. 2013;456:173–84. 

29. Buac D, Shen M, Schmitt S, Kona FR, Deshmukh R, 

Zhang Z, et al. From bortezomib to other inhibitors of 

the proteasome and beyond. Curr Pharm Des. 

2013;19:4025–38. 

30. Krętowski R, Borzym-Kluczyk M, Cechowska-Pasko M. 

Efficient induction of apoptosis by proteasome 

inhibitor: Bortezomib in the human breast cancer cell 

line MDA-MB-231. Mol Cell Biochem. 2014;389:177–85.

 


	Apoptotic Effect of Bortezomib on Pancreatic Islet Cells in STZ-induced Diabetic Rats
	Recommended Citation

	Apoptotic Effect of Bortezomib on Pancreatic Islet Cells in STZ-induced Diabetic Rats

