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Abstract  18	

Brusatol is a natural terpenoid that is capable of inducing a variety of biological effects. We 19	

presently report that this substance dramatically improves beta-cell survival when exposed to 20	

pro-inflammatory cytokines (IL-1β and IFNγ) in vitro. This was observed in insulin producing 21	

rat (RIN-5AH), mouse (βTC6) and human (EndoC-βH1) beta-cell lines. Brusatol prevented beta-22	

cell oxidative stress in response to cytokines and counteracted induction of iNOS on the protein 23	

level. Brusatol, however, block neither the cytokine-induced increase of iNOS mRNA, nor NF-24	

κB activation, suggesting that inhibition of iNOS protein expression relies on posttranscriptional 25	

mechanism. This indicates that brusatol acts via a novel protective pathway, which may 26	

represent a more promising way of improving beta-cell function and survival.  27	

 28	

 29	

Keywords: brusatol; cytokines; beta-cells; oxidative stress; iNOS.  30	

 31	

Abbreviations: DCFDA, 2’-7’-dichlorodihydrofluorescein diacetate; iNOS, inducible nitric 32	

oxide synthase; PI, propidium iodide; RNS, reactive nitrogen species; ROS, reactive oxygen 33	

species.   34	
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1. Introduction  35	

 36	

Brusatol is a member of quassinoids, group of chemical compounds related to 37	

triterpenoids, which can be isolated from Brucea javanica (L.), an evergreen shrub grown in 38	

Southeast Asia. Brusatol and structurally related natural compounds (bruceins, bruceantin, 39	

bruceoside, and others) are capable of inducing a variety of biological effects 40	

including antimalarial and antineoplastic activities. A major molecular mechanism responsible 41	

for its antiplasmoidal activity has been attributed to inhibition of protein synthesis when used in 42	

relatively high micromolar concentrations [1]. Brusatol and bruceantin used at a low (about 50 43	

nM) concentration were found to induce terminal differentiation and inhibit proliferation of 44	

leukemic cells. On the molecular level these effects occurred in parallel with significant 45	

stimulation of NF-κB and suppression of c-Myc activities [1,2]. Moreover, brusatol is 46	

acknowledged as a unique inhibitor of Nrf2-mediaded signaling, and acts by reducing the protein 47	

level of Nrf2 through stimulation of its ubiquitination and proteolysis. It was shown that 48	

exposure of A549 epithelial cells to a low dose brusatol (20 – 80 nM) did not affect overall 49	

protein synthesis and stability. Apparently, the ability of brusatol to reduce the protein level of 50	

Nrf2 is unrelated to the Keap1 inhibitory factor, which typically directs Nrf2 to E3 ubiquitin 51	

ligase [3].  52	

Pro-inflammatory cytokines as IL-1β and IFNγ are produced by activated T cells and 53	

macrophages that infiltrate into pancreatic islets under pathophysiological conditions. These 54	

cytokines induce a decreased insulin secretion and even beta-cell destruction achieved via 55	

concerted actions on several intracellular signaling pathways, including the generation of 56	

reactive oxygen (ROS) and nitrogen (RNS) species, MAP kinases, and the NF-κB transcription 57	

factor. Activation of several stress kinases and NF-κB by cytokines and ROS in turn stimulates 58	

the expression of pro-inflammatory factors as TNFα, IL-6, and monocyte chemoattractant 59	
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protein (MCP-1) which further increases ROS production, thus creating a dangerous feedback 60	

loop [4-6]. In the present study we aimed at investigating the putative effects of brusatol on beta-61	

cell responses to pro-inflammatory cytokines. We observed a remarkable efficacy of brusatol in 62	

protecting beta-cells against cytokine-induced oxidative stress and death, and we speculate that 63	

this may be explained by its ability to block cytokine-induced signaling without affecting NF-κB 64	

transcriptional activity.   65	

 66	

2. Materials and methods 67	

 68	

2.1 Reagents  69	

 70	

Brusatol (13,20-Epoxy-3,11β,12α-trihydroxy-15β-[(3-methyl-1-oxo-2-butenyl)oxy]-2,16-71	

dioxopicras-3-en-21-oic acid methyl ester), and DCFDA (2’-7’-dichlorodihydrofluorescein 72	

diacetate) were from Shanghai Tauto Biotech Co (China), and Invitrogen (Carlsbad, CA), 73	

respectively. For cell treatments brusatol and DCFDA were dissolved in DMSO. In all 74	

experiments with cell cultures, the final DMSO concentration in the medium did not exceed 75	

0.05%. Propidium iodide (PI) was from Sigma-Aldrich, St. Louis, MO.  76	

 77	

2.2 Cells cultures and nuclear isolation  78	

 79	

Mouse βTC6 and rat RIN-5AH cells were grown in RPMI-1640 (Gibco, Grand Island, 80	

NY) as described [7]. Human immortalized transgenic EndoC-βH1 cells were grown in serum-81	
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free DMEM medium as described [8]. Cells were cultivated in 24-well plates (Falcon,) to a 82	

density about 5×104 cells/well. In several experiments cells were treated with cytokines (20 83	

ng/ml IL-1β (murine) and 20 ng/ml IFNγ (murine or human)) (Peprotech, Rocky Hill, NJ) for a 84	

time as indicated. βTC6 and RIN-5AH cells were exposed to murine IFNγ; EndoC-βH1 cells 85	

were exposed to human IFNγ. All three cell lines were treated with murine IL-1β. For nuclear 86	

isolation βTC6 cells were exposed to IL-1β (20 ng/ml) with or without brusatol (50 nM) for the 87	

time indicated in the text and subsequently treated as described [2].   88	

 89	

2.3. Analysis of cell viability  90	

 91	

βTC6, RIN-5AH or EndoC-βH1 cells were cultivated in 24-well plates at the presence or 92	

absence of brusatol (50 nM) for 30 min prior to simultaneous exposure to IL-1β and IFNγ for 93	

additional 24 h. Cell cultures were labeled for 10 min at 37°C with 1 µg/ml of PI. The cells were 94	

washed once with PBS and then trypsinized for 5 min at 37º C. Cell suspensions were analyzed 95	

in a FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ) for FL3 fluorescence.  96	

 97	

2.4 ROS generation assay  98	

 99	

For analysis of cytokine-depended generation of ROS, βTC6 cells were cultivated in 24-100	

well plates at the presence or absence of brusatol (50 nM) for 30 min prior to exposure to 101	

combination of IL-1β (10 ng/ml) and IFNγ (10 ng/ml) for 11 h. At the end of incubation period 102	

cells were washed with PBS and exposed to DCFDA (10 µM) in serum-free RPMI medium for 103	
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45 min at 37°C. The cells were washed with PBS and then trypsinized. Intensity of fluorescence 104	

(FL1 channel) was measured by flow cytometry.  105	

 106	

2.5. Western blotting  107	

 108	

βTC6 cells were washed twice with ice-cold phosphate-buffered saline and whole cell 109	

extracts were prepared in SDS sample buffer as described [7]. The following antibodies were 110	

used for Western analyses: mouse anti-iNOS, rabbit anti-ERK1/2, anti-p65 (NF-κB), anti-β-actin 111	

(Santa Cruz Biotechnology, Santa Cruz, CA), and rabbit anti-PTBP2 (Millipore, Billerica, MA). 112	

For visualization anti-rabbit and anti-mouse horseradish peroxidase-coupled secondary goat 113	

antibodies (Dako, Glostrup, Denmark) were used.  114	

 115	

2.6. RNA extraction and quantitative-real-time PCR analysis  116	

 117	

RNA was purified from βTC6 cells using the Qiagen RNeasy kit (Qiagen, Hilden, 118	

Germany). cDNA synthesis and quantitative real-time PCR (RT-PCR) were performed as 119	

described [7]. For cDNA amplification were used the following primers: iNOS, 5′- 120	

CCTGGTACGGGCATTGCTCC -3′ (forward) and 5′- GCTCATGCGGCCTCCTTTGA -3′ 121	

(reverse); GAPDH, 5′- AGGTCGGTGTGAACGGATTTG-3′ (forward) and 5′- 122	

TGTAGACCATGTAGTTGAGGTCA-3′ (reverse). Values were normalized to the relative 123	

amounts of GAPDH cDNA.  124	

  125	
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3. Results  126	

 127	

3.1. Protective effects of brusatol against cytokine-induced toxicity  128	

 129	

The primary aim of this study was to examine the ability of brusatol to counteract toxic 130	

effects of pro-inflammatory cytokines on pancreatic beta-cells. To that end we analyzed the 131	

response on parallel treatment with brusatol and cytokines of three different lines, insulinoma-132	

derived murine βTC6 and rat RIN-5AH and human genetically transformed EndoC-βH1. Cells 133	

were pretreated with brusatol for 30 min before simultaneous exposure to the combination of 134	

IFNγ and IL-1β for 24 h. After harvest cell viability was assessed by PI staining. As shown in 135	

Fig. 1A, murine βTC6 cells were extremely vulnerable to simultaneous treatment with IFNγ and 136	

IL-1β. Cytokines caused an increase of the amount of dead cells up to approximately 90% of the 137	

total amount of cell population. Remarkably, combined treatment with brusatol resulted in a 138	

complete protection of the βTC6 cells against inflammatory destruction. Rat RIN-5AH and 139	

human EndoC-βH1 pancreatic cells were relatively less sensitive to cytokine-mediated toxicity 140	

than murine βTC6 cells. Exposure to IFNγ and IL-1β for 24 h led to the death of 55 and 21% of 141	

the total cell populations, respectively. Again, treatment of RIN-5H1 and EndoC-βH1 cells with 142	

brusatol resulted in complete suppression of cytokine-induced toxicity (Fig. 1, B and C). Of note, 143	

that brusatol did not induce any toxic effect on examined beta-cell lines after 24-h treatment as 144	

measured by PI staining. When RIN-5AH and EndoC-βH1 cells were exposed to brusatol alone 145	

for 24 h the basal level of cell death remained unaffected whereas in βTC6 brusatol even 146	

decreased cell death level compared with untreated control cells (15 and 9% of the total cell 147	

number, respectively) (Fig. 1A).  148	
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Next we determined the dose-dependence of the brusatol cytoprotective effect in βTC6 149	

cells exposed to IL-1β and IFNγ. As shown in Fig. 2, the fraction of dead cells decreased dose-150	

dependently in βTC6 cells in response to brustol concentrations up to 10 nM. 151	

 152	

3.2. Suppression of cytokine-induced oxidative stress by brusatol  153	

 154	

It is well established that exposure of beta-cell to pro-inflammatory cytokines stimulates 155	

them to increase ROS production through variety pathways such as activation of NADPH 156	

oxidases, induction of inducible nitric oxide synthase (iNOS), and alterations in mitochondrial 157	

metabolism [5]. In an attempt to understand whether brusatol can attenuate cytokine-mediated 158	

oxidative stress we measured intracellular ROS levels in βTC6 cells exposed to combination of 159	

IFNγ and IL-1β with or without prior incubation with brusatol. For ROS detection we used cell 160	

permeable fluorescent probe DCFDA. The intensity of DCFDA-derived  fluorescence is an 161	

indicator of cell levels of hydrogen peroxide, peroxynitrite, nitrogen dioxide as well as hydroxyl, 162	

peroxyl, and alkoxyl radicals [9]. As shown in Fig. 3, exposure of βTC6 cells to pro-163	

inflammatory cytokines resulted in an about 2.5-fold increase of DCFDA-based fluorescence. 164	

Pretreatment with brusatol resulted in complete suppression of the cytokine-dependent increase 165	

of intracellular ROS levels. Moreover, the basal ROS level decreased by about 30% in cells that 166	

were treated with brusatol alone.  167	

 168	

3.3. Capacity of brusatol to inhibit iNOS expression  169	

 170	
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An increase of iNOS level is recognized as principal indicator of beta-cell response on 171	

pro-inflammatory cytokines. Moreover, nitric oxide is essential mediator of cytokine-induced 172	

damage of rodent beta-cells. In comparison with other pro-inflammatory cytokines (IFNγ, 173	

TNFα), in βTC6 cells the iNOS expression is most sensitive to IL-1β (our unpublished data). 174	

Cytokine-dependent iNOS induction is mediated by the NF-κB signaling pathway and 175	

transcriptional activation of iNOS gene. As shown in Fig. 4A, in unstimulated βTC6 cells the 176	

iNOS protein level was hardly detectable, but was markedly increased after exposure to IL-1β. 177	

Combined treatment of βTC6 cells with IL-1β and brusatol resulted in significant, about 10-fold 178	

decrease of iNOS protein level (Fig. 4B).  179	

Next we examined the possibility that brusatol reduces the sensitivity of iNOS expression 180	

to IL-1β through inhibition of mRNA transcription. RT-PCR analysis showed that exposure of 181	

βTC6 cells to IL-1β resulted in more than 300-fold increase of iNOS mRNA expression. 182	

Nevertheless, coincubation with brusatol resulted in insignificant attenuation of IL-1β-dependent 183	

transcriptional activation iNOS gene. An increase of iNOS mRNA level in βTC6 cells exposed 184	

to IL-1β at the presence of brusatol was attenuated by about 25% in compare with cells treated 185	

with IL-1β alone (Fig. 4B). Accordingly, coincubation of cells with brusatol did not prevent IL-186	

1β -mediated stimulation of the NF-κB subunit p65 nuclear accumulation whereas exposure of 187	

βTC6 cells to IL-1β alone resulted in a significant increase of the p65 nuclear level (Fig. 4C). 188	

Taken together these findings suggest that brusatol affects the IL-1β-dependent increase of iNOS 189	

protein levels via posttranscriptional mechanisms. 190	

 191	

 192	

  193	
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4. Discussion  194	

 195	

In this study we have shown for the first time that brusatol suppresses the sensitivity of 196	

pancreatic beta-cells to pro-inflammatory cytokines IL-1β and IFNγ. We analyzed three typical 197	

responses of beta-cells on cytokine challenge: cell death, increase in ROS production, and iNOS 198	

induction.  Complete rescue from cytokine toxicity was shown for three different cell lines, 199	

insulinoma-derived rodent βTC6 and RIN-5AH cells and human immortalized EndoC-βH1 cells. 200	

On βTC6 cells we showed total suppression of cytokine-mediated oxidative stress and significant 201	

attenuation IL-1β-dependent iNOS protein induction. It is well established that beta-cells are 202	

highly vulnerable to pro-inflammatory cytokines. Under pathological conditions these cytokines 203	

are produced by activated macrophages and T lymphocytes infiltrated into islets. Pro-204	

inflammatory cytokines not only play a role in beta-cell destruction but are also implicated in 205	

control of lymphocyte maturation and activity. Cytokines directly induce extensive death of beta-206	

cells through both necrotic and apoptotic mechanisms requiring parallel activation of multiple 207	

intracellular signaling pathways [5,6,10].  208	

Apparently, the mechanism through which brusatol attenuates the beta-cell response to 209	

pro-inflammatory cytokines is mediated by multiple factors and remains unclear. Cytokine-210	

dependent destruction of beta-cells occurs probably in part via activation of NADPH oxidases 211	

and induction of iNOS, which will increase the endogenous generation of ROS and RNS. Highly 212	

localized concentrations of ROS and RNS can induce oxidative stress leading to multiple cell 213	

injuries. In addition, ROS and RNS are acting as second messengers further promoting 214	

expression of pro-inflammatory cytokines such as IL-1β and TNF-α in macrophages and 215	

dendritic cells [5,11]. Islet beta-cells are particularly defenseless against oxidative stress because 216	

of low levels of antioxidant enzymes [12]. Thus, approaches aimed to increase beta-cell 217	
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resistance to cytokine-mediated signaling may be effective in prevention of diabetes progression 218	

and improving the function and survival of grafted islets. 219	

Here we have shown that brusatol markedly reversed accumulation of the iNOS protein 220	

in pancreatic βTC6 cells exposed to IL-1β. These data are in line with a recent report showing 221	

that brusatol and its synthetic derivatives inhibit iNOS induction in murine peritoneal 222	

macrophages stimulated with lipopolysaccharides (LPS) [13]. Since brusatol caused only a 223	

minor attenuation of the IL-1β-dependent increase of iNOS mRNA expression, and did not affect 224	

p65 (NF-κB) nuclear accumulation, it is likely that in βTC6 cells the inhibitory effect is mediated 225	

by unidentified posttranscriptional mechanism, i.e. via translational or post-translational control. 226	

The notion is in agreement with a previous report stating that in A549 cells TNFα-dependent 227	

NF-κB activation was insensitive to brusatol when applied at nanomolar concentrations (up to 80 228	

nM) [3]. In an earlier study decreased NF-κB activation was detected in brusatol-treated HL-60 229	

cells when exposed to significantly higher (micromolar) concentrations [2].  An inhibitory effect 230	

of brusatol on the transcription factor Nrf2 is well established and has been demonstrated in cell 231	

lines such as A549, HT22, Hepa-1c1c7 [3,14,15], and in βTC6 (our unpublished data). 232	

Nevertheless, Nrf2 down-regulation is unlikely to mediate the anti-iNOS activity of brusatol 233	

since the Keap1/Nrf2 system is not implicated in regulation of iNOS expression. Moreover, 234	

brusatol-induced Nrf2 depletion is transient and the basal levels restore within 8-12 h of 235	

exposure [3,15], whereas in our study brusatol protected against cell death induced by IL-1β and 236	

IFNγ throughout a 24 h exposure period.  237	

 238	

It is noteworthy that besides being induced via transcriptional activation, iNOS 239	

expression is also negatively regulated through increased iNOS protein degradation. Both 240	

pathways appear to be under independent control of different intercellular signaling factors. 241	

Thus, in RAW 264.7 cells IFNγ-dependent iNOS induction is inhibited by the 242	
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immunosuppressive cytokine TGF-β1 through enhanced protein degradation [16]. Similarly, the 243	

metabolic hormone GLP-1 (glucagon-like peptide-1) stimulates iNOS protein degradation and 244	

attenuates iNOS protein induction in RINm5F beta-cells challenged with IL-1β [17,18]. Both 245	

signaling factors, TGF-β1 and GLP-1, inhibit iNOS protein expression without any effect on 246	

iNOS gene transcription induced by pro-inflammatory cytokines [16,17]. Moreover, GLP-1 247	

suppresses also NOX2 activity and ROS production by beta-cells, which will confer additional 248	

protection of beta-cells against cytokine-induced death and dysfunction [19]. Although we 249	

cannot exclude the possibility that brusatol via some unknown mechanism suppresses the 250	

translation of iNOS mRNA, we hypothesize that the main mechanism of action for brusatol is to 251	

increase iNOS protein degradation. 252	

 253	

 On molecular level the stability of the iNOS protein is regulated by the highly selective 254	

ECS/SPSB subfamily of E3 ubiquitin ligases [20,21]. At present, iNOS is the single substrate 255	

identified for ECS/SPSB. As we mentioned above, this ubiquitin system was suggested to be a 256	

target of brusatol, and its activation increases degradation of the Nrf2 protein by a mechanism 257	

which is poorly understood to date [3,14,15]. Nevertheless, as brusatol seems to cause similar 258	

effects on the stabilities of iNOS and Nrf2, we suggest that both effects are based on brusatol-259	

dependent alterations of the lifetimes of these proteins. In the future it will be interesting to 260	

verify this suggestion and examine possible common elements in signaling pathways implicated 261	

in the beta-cell response to brusatol, and those of GLP-1 and TGF-β1. 262	

 263	

In summary, our findings demonstrate that brusatol completely blocks the sensitivity of 264	

beta-cells to pro-inflammatory cytokines and that it does so via a novel mechanism that involves 265	

post-transcriptional mechanisms.  266	
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Legends to figures 347	

 348	

Fig. 1. Brusatol protects against cytokine-induced beta-cell death. βTC6 (A), RIN-5AH (B), and 349	

human EndoC-βH1 (C) cells were treated or not with brusatol (50 nM) for 30 min prior to 350	

simultaneous exposure to IL-1β and IFNγ for additional 24 h. Cells were labeled with fluorescent 351	

dye PI, trypsinized and analyzed by flow cytometry. Each bar represents the mean ± SD of four 352	

paired independent experiments. p<0.0001 (*), p<0.001 (**) versus cytokines. NT, not treated 353	

cells.  354	

 355	

Fig. 2. Dose-dependence of brusatol-mediated protection of beta-cells from pro-inflammatory 356	

cytokines. βTC6 were treated with brusatol at the indicated concentrations for 30 min prior to 357	

simultaneous exposure to IL-1β and IFNγ for an additional 24 h. Cells were labeled with 358	

fluorescent dye PI, trypsinized and analyzed by flow cytometry. Each bar represents the mean ± 359	

SD of four paired independent experiments. p<0.0001 (*), p<0.001 (**) versus cytokines.  360	

 361	

Fig. 3. Brusatol inhibits cytokine-induced ROS production in βTC6 cells. (A) Representative 362	

histogram of intracellular ROS levels measured by flow cytometry. (B) Quantification of data 363	

above. The oxidative sensitive dye DCFDA was used for the measurement of ROS production. 364	

Geometric mean (Geo Mean) was used to calculate the total intensity of fluorescence. Each bar 365	
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represents the mean ± SD of four paired independent experiments. βTC6 cells were treated or not 366	

with 50 nM brusatol for 30 min prior to simultaneous exposure to IL-1β and IFNγ for 11 h 367	

followed by incubation in fresh serum-free RPMI medium at the presence of DCFDA for 45 min 368	

and subsequent incubation in fresh serum-containing RPMI medium for additional 1 h. Cells 369	

were trypsinized and analyzed by flow cytometry. p<0.05 (*) versus cytokines; p<0.005 (#) 370	

versus control.  371	

 372	

Fig. 4. Brusatol inhibits activation of iNOS protein expression in βTC6 cells exposed to IL-1β 373	

without significant effect on iNOS mRNA induction and NF-κB nuclear accumulation. (A) 374	

Western blot image of iNOS expression in βTC6 cells exposed to IL-1β and brusatol. Cell 375	

culture was pretreated with brusatol (50 nM) for 30 min and further incubated in the 376	

simultaneous presence of IL-1β for additional 8 h. Whole cell lysates were analyzed by 377	

immunoblotting with iNOS antibodies. Antibodies to β-actin were used as a loading control. (B, 378	

left) Quantification of data above. iNOS protein level in untreated βTC6 cells was assigned a 379	

value of 100. Each bar represents the mean ± SD of at least three independent experiments. (B, 380	

right) The expression of iNOS genes in βTC6 cells exposed to IL-1β and brusatol. Cells were 381	

pretreated with brusatol (50 nM) for 30 min, further incubated in the simultaneous presence of 382	

IL-1β for additional 4 h, and analyzed by RT-PCR. iNOS mRNA level was normalized to the 383	

level of GAPDH mRNA. The basal content of iNOS mRNA in control cells was assigned a value 384	

of 1. Results represent the mean of three independent experiments (± SD). (C) Brusatol did not 385	

affect IL-1β-stimulated nuclear accumulation of p65 (NF-κB) transcription factor. Immunoblot 386	

analysis of nuclear extracts from βTC6 cells incubated with IL-1β for 40 min at the presence or 387	

absence of 50 nM brusatol. Antibodies to PTBP2 and ERK 1/2 were used for control of loading 388	

and nuclear purification. Representative results of three independent experiments are shown 389	

(panels A and D). p<0.005 (*) versus IL-1β (panel B).  390	
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