
Vol.:(0123456789)1 3

3 Biotech (2020) 10:149 
https://doi.org/10.1007/s13205-020-2146-1

ORIGINAL ARTICLE

Sesamol protects MIN6 pancreatic beta cells 
against simvastatin‑induced toxicity by restoring mitochondrial 
membrane potentials

Girish A. Ghadge1 · Karthik Gourishetti1 · Mallikarjuna Rao Chamallamudi1 · Gopalan Kutty Nampurath1 · 
Krishnadas Nandakumar1 · Nitesh Kumar1 

Received: 2 May 2019 / Accepted: 16 February 2020 / Published online: 2 March 2020 
© King Abdulaziz City for Science and Technology 2020

Abstract
Statins, the drugs for the treatment of dyslipidemia, have been suggested to impact insulin sensitivity, resulting in pancreatic 
β-cell dysfunction, and consequently, lead to new onset of diabetes. Taking this as a clue, the present study was designed 
to evaluate the protective effect of sesamol (a known antioxidant, antidiabetic and antidyslipidemic agent) against the dia-
betogenic potential of simvastatin. The toxic effects of simvastatin and sesamol on MIN6 insulinoma (Mouse pancreatic 
β cells) cells were evaluated separately by MTT assay. The protective effect of sesamol was evaluated at the IC50 value of 
simvastatin at doses ranging from 7.8 to 62.5 micromolar (µM). Further, the reversal of the impact of simvastatin on cell 
cycle and mitochondrial membrane potential by sesamol pretreatment was studied. The IC50 for simvastatin and sesamol 
were found to be 70.05 ± 2.34 μM and 2134 ± 8.41 μM, respectively, after 48 h and 72 h of incubation. Sesamol pretreatment 
protected the MIN6 cells from simvastatin toxicity (70 µM) in a dose-dependent manner from 7.8 to 31.25 µM. Simvastatin 
induced cell cycle arrest in G0/G1 phase. However, when cells were preincubated with sesamol for 24 h, a reversal in the cell 
cycle arrest was observed in simvastatin-treated cells (G0/G1). Pretreatment with sesamol also reduced the mitochondrial 
membrane potential loss compared to simvastatin treatment alone. These in vitro findings indicate that sesamol has a protec-
tive effect against simvastatin-induced toxicity on the pancreatic beta cells.
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Introduction

Around 17.5 million people die each year from cardiovascu-
lar diseases (CVD), which is an estimated 31% of all deaths 
worldwide (WHO). Dyslipidemia is considered to be the 
crux of most of the cardiovascular problems. Statins are 
the most effective and first-line agents for the treatment of 
dyslipidemia in patients with increased risk of CVD. These 
drugs were initially isolated from the molds Penicillium 
citrinum (mevastatin) and Aspergillus terreus (lovastatin) 
which inhibit 3-hydroxy-3-methylglutaryl coenzyme A 

(HMG-CoA) reductase, the key enzyme for the conversion 
of HMG-CoA to mevalonate in cholesterol biosynthesis 
pathway (Endo et al. 1976). Though they are the first-line 
drugs for the management of dyslipidemia, and are consid-
ered to be safe, long-term usage produces toxic effects like 
myopathy, rhabdomyolysis with low incidence of hepatitis, 
cholestatic jaundice, cirrhosis and hepatic failure.

Recent reports suggested that statins affect glucose 
metabolism and pancreatic beta cell function (Chogtu et al. 
2015). Increasing risk of developing type 2 diabetes mel-
litus (T2DM) by statin usage is highlighted in the USFDA 
2012 report (Food US Drug Administration 2012). From the 
reports from Heart Protection Study, 335 subjects developed 
diabetes in the simvastatin group, with outcomes similar to 
that of the Anglo-Scandinavian Cardiac Outcomes trial, 
the atorvastatin group-developed diabetes. JUPITER trial 
also showed a significant increase in the rate of diabetes in 
patients treated with rosuvastatin (20 mg) due a significant 
increase in HbA1c (Zhao and Zhao 2015). The reports from 
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other clinical studies suggest that lipophilic statins might 
cause the induction of diabetes compared to hydrophilic 
statins (Lee et al. 2016).

The lipophilicity of statins is linked to the inhibition 
of glucose-induced cytosolic Ca2+ signaling pathway. By 
inhibiting L-type Ca2+ channels in beta cells, statins inhibit 
the insulin secretion (Aiman et al. 2014). Besides being the 
precursor for cholesterol synthesis, mevalonate also plays 
an important role in other nonsteroidal isoprenoid synthesis. 
Inhibition of HMG-CoA reductase by statins is responsi-
ble for their pleiotropic effects (Stancu and Sima 2001). On 
long-term treatment, the inhibition of HMG Co-A reduc-
tase results in a decrease in intracellular concentration of 
geranyl-pyrophosphate and CoQ10 levels. CoQ10 acts as a 
carrier to carry electron from complex I to complex III via 
complex II, which results in a decrease in ATP production 
and affects insulin release from beta insulin-secreting cells 
(Hamilton et al. 2009).

Currently, CoQ10 supplementation is considered to mini-
mize the diabetogenic-associated problem of statins (Ham-
ilton et al. 2009). A search for an alternative therapy is also 
required. Sesamol from sesame seeds is one such moiety, 
which may be effective in conquering diabetogenic potential 
of statins due to its hypolipidemic (Kumar et al. 2013), anti-
diabetic (Topal 2019), and antioxidant potential (Shah et al. 
2019). It is also reported to prevent cerulein-mediated oxida-
tive stress-induced pancreatitis both in in vitro and in vivo 
conditions (Chu et al. 2012) and shows anti-inflammatory 
effect by inhibiting lipoxygenase (Yashaswini et al. 2017). 
In addition, sesamol acts peripherally by acting on muscle 
by regulating mitochondrial lipid metabolism in adipose 
tissue (3T3L1 cells) and prevents insulin resistance in diet-
induced obesity in C57BL/6J mice (Liu et al. 2017). Thus, 
the present study was designed to evaluate the exact mecha-
nism involved in the diabetogenic potential of simvastatin 
and protection of the same by sesamol in pancreatic β cells.

Materials and methods

Materials

MIN6 insulinoma (Mouse pancreatic β cells) cells were 
purchased from NCCS, Pune. Simvastatin was a gift sam-
ple from Biocon, Bangalore. Sesamol was purchased from 
TCI Chemicals, India. Dulbecco’s modified Eagle’s medium 
(DMEM), fetal bovine serum (FBS), propidium iodide and 
JC1 dye were purchased from Sigma Aldrich, USA.

Cell culture maintenance and treatments

Cell lines, procured from NCCS, Pune, were grown in 
25 cm2 tissue culture flasks containing suitable media. 

Cells were maintained in DMEM supplemented with 15% 
FBS and gentamicin to inhibit microbial growth at 37 ºC 
in a CO2 incubator (NUAIRE, DHD Auto flow automatic 
CO2 incubator; NU-5501/E/G) in a humidified atmosphere 
of 5% CO2 and 95% air. The cells were maintained by 
routine subculturing in 25 cm2 tissue culture flasks. All 
drugs for treatment were solubilized in DMSO to make 
100 mM stock solution.

Cell viability assay

Exponentially growing cells from the T-25 flasks were 
harvested and stock suspension of 1 × 106 cells was pre-
pared with the medium. The cells were seeded at a rate 
of 5000 cells/well in a 96 well plate and incubated for 
24 h in a CO2 incubator to allow attachment of cells. Dif-
ferent concentrations of test compounds (3.90–500 µM) 
were prepared by serial dilution with the medium. The 
final concentration of DMSO did not exceed 0.2%. After 
24 h incubation, the wells were treated with 100 µl of dif-
ferent concentrations of test compounds from the stocks 
prepared. The control group received only medium, and 
the vehicle group had vehicle and medium. All the treat-
ments were made in triplicates and the cells allowed to 
incubate for 48 h and 72 h in simvastatin and sesamol. 
After incubation, 30 µl of MTT reagent was added and 
incubated for 3 h. The media was aspirated and 200 µl of 
DMSO was added and incubated for 3 h to solubilize the 
formazan crystals. The plate was placed on ELISA plate 
reader and the optical density was measured at 540 nm 
(Cheruku et al. 2018).

For in vitro protection study, 5000 cells/well were seeded 
and incubated for 24 h. One hundred microliters of different 
concentrations of sesamol were added and incubated for the 
next 24 h. Simvastatin was added at IC50 value (70 µM) and 
incubated for 48 h. The MTT was added and absorbance was 
recorded after dissolving in DMSO as per the cell viability 
assay protocol. The same treatment protocol was used for 
cell cycle analysis and mitochondrial membrane potential 
measurement (Cheruku et al. 2019).

Cell cycle analysis

Cells were treated and harvested to prepare a single cell 
suspension in wash buffer. Cells were washed twice and 
resuspended at a rate of 1 × 106 cells/ml. Cold ethanol (70%, 
−20 °C) was added to 1 ml cells and fixed overnight. Fol-
lowing that the cells were washed with PBS, stained with 
propidium iodide (1 ml), mixed well and incubated for 
20 min in the dark at room temperature. The samples were 
analyzed by flow cytometry (Pande et al. 2017).
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Mitochondrial membrane potential measurement

The treated cell culture was trypsinized. The trypsinized cell 
suspension was added into 1.5 ml tube with 1 ml media. The 
cell suspension was shaken and 2.5 μg/ml of JC-1 dye in 
PBS was added and vortexed for 5 min. Samples were kept 
in a dark place for 15 min at room temperature. After incuba-
tion, cells were centrifuged at 2000 rpm at 4 ºC for 5 min. 
The medium was removed and cell pellets were washed 
twice with PBS. Cells were centrifuged at 2000 rpm at 4 ºC 
for 5 min. PBS was removed and again 300 μl of PBS added. 
Mitochondrial membrane potential was analyzed by flow 
cytometry (BD Accuri C6) (Salmataj et al. 2018; Tiwari 
et al. 2016).

Results

Cell viability and cytoprotection study

The IC50 for the simvastatin and sesamol were found to be 
70.05 ± 2.34 μM and 2134 ± 8.41 μM, respectively after 48 h 
and 72 h of incubation. Sesamol pretreatment significantly 
(P < 0.05) protected the MIN6 cells from the simvastatin 
toxicity (70 µM) in a dose-dependent manner from 7.8 µM to 
31.25 µM as compared to simvastatin treatment alone. How-
ever, at 62.5 µM, the protection was not seen as compared to 
simvastatin treatment alone (Table 1).

Cell cycle analysis

Cell cycle analysis was done to identify the effects of simv-
astatin and sesamol on the cell cycle in the MIN6 cell line. 
Sesamol was given as pretreatment 24 h before adding sim-
vastatin to evaluate the cell arrest. Simvastatin produced 
more cell cycle arrest in the G0/G1 phase when treated alone. 

However, preincubation of cells with sesamol for 24 h, 
reduced the simvastatin-induced cell cycle arrest (G0/G1) 
compared to simvastatin treatment alone (Fig. 1).

Mitochondrial membrane potential

In JC 1 staining, simvastatin caused more mitochondrial 
membrane potential loss. Pretreatment of cells with sesa-
mol, 24 h before the addition of simvastatin, reduced the 
mitochondrial membrane potential loss compared to sim-
vastatin-alone treatment. The effects were observed to be 
dose-dependent (Fig. 2).

Discussion

Statins are linked in several clinical studies with the develop-
ment of new diabetic cases in the dyslipidemic population. 
The underlying mechanism is linked to their lipophilicity, 
which induces toxicity on pancreatic beta cells and impairs 
glucose metabolism (Maki et al. 2017; Goldstein and Mas-
citelli 2013). Simvastatin is one such diabetogenic lipophilic 
statin which is associated with higher onset of diabetic cases. 
In the present study, another antidyslipidemic and antidia-
betic agent, sesamol was used to counter the toxic effect of 
simvastatin on pancreatic beta cells (MIN6).

In vitro studies were performed on MIN6 cells, insulin-
secreting pancreatic cells (Hao et al. 2015) using cell viabil-
ity study, cell cycle analysis and analysis of mitochondrial 
membrane potential using JC1 stain.

Statins have the pleiotropic actions that might be respon-
sible for unfavorable metabolic effects such as the reduction 
in insulin secretion and insulin resistance. In the present 
study, it was found that simvastatin at 70 μM induced 50% of 
cell death. Sesamol pretreatment produced a dose-depend-
ent rise in cell viability indicating its ability to reverse the 
damage caused by simvastatin. Based on these results, we 
selected 12.5 μM and 25 μM concentrations of sesamol for 
further study.

The literature suggests that simvastatin is responsible for 
cell cycle arrest in the G0/G1 phase (Zhao and Zhao 2015). 
Our present study also found that simvastatin is responsible 
for cell cycle arrest in G0/G1 at 70 μM. However, when cells 
were pretreated with sesamol for 24 h before the challenge 
with simvastatin, it showed protection against simvastatin-
induced cell cycle arrest. Cells were able to travel from one 
phase to another phase of the cell cycle.

Lipophilic statins may produce mitochondrial damage 
in pancreatic beta cells due to their permeability through 
cell membranes thereby binding with either an intramem-
brane binding site on the electron transport system com-
plexes (Degli Esposti 1998) or by disrupting membrane pro-
tein–lipid dynamics (Hwang et al. 2003). In mitochondria, 

Table 1   Percentage cell viability of MIN6 cells in the presence of 
sesamol and simvastatin as obtained from MTT assay

All the values are expressed as mean ± SEM, where *p < 0.05 com-
pared to simvastatin, **p < 0.05 compared to simvastatin. Data were 
compared with each other by one-way ANOVA followed by Tukey’s 
post hoc analysis using Prism version 6.01 Demo version (Graph Pad 
Inc., La Jolla, CA, USA). Statistical values are F (DFn, DFd): F (4, 
10) = 12.2, p = 0.0007. IC50 of sesamol is 2134 ± 8.41  μM, IC50 of 
simvastatin is 70.05 ± 2.34 μM

Treatment drug Cell viability (%)

Simvastatin (70 μM) 51.55 ± 1.91
Sesamol (7.8 μM) + simvastatin (70 μM) 77.61 ± 6.24*
Sesamol (15.6 μM) + simvastatin (70 μM) 87.42 ± 5.61**
Sesamol (31.25 μM) + simvastatin (70 μM) 84.76 ± 6.76**
Sesamol (62.5 μM) + simvastatin (70 μM) 54.09 ± 0.41
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Fig. 1   Cell cycle analysis. Table represents comparative % cell arrest in each phase of the cell cycle on treatment with sesamol and simvastatin
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Fig. 2   JC 1 staining showing mitochondrial membrane potential under different treatments. Table represents percentage of healthy cells vs 
unhealthy cells (in which mitochondrial membrane potential loss) on treatment with sesamol and simvastatin
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statins inhibit CoQ10 and disturb the mitochondrial electron 
transport chain (Urbano et al. 2017). This results in depletion 
of ATP, which affects insulin secretion. Inhibition of CoQ10 
results in cytochrome C release, which is responsible for the 
leakage of cellular contents into the cytosol. This may result 
in apoptosis of cells. Additionally, simvastatin has also been 
demonstrated to induce an impairment of mitochondria in 
pancreatic beta cells in mice and in MIN6 cells by affect-
ing L-type Ca2+ channels in beta cells (Almukhtar et al. 
2019). In our study, we found out that simvastatin reduced 
mitochondrial membrane potential as compared to control 
cells. Thus, it can be stated that like earlier reports, simv-
astatin causes disruption of mitochondrial membrane. The 
pretreatment with sesamol reversed the loss of mitochondrial 
membrane potential that could have been produced by simv-
astatin. Thus, it can be inferred that sesamol protects MIN6 
from simvastatin-induced loss of mitochondrial membrane 
potential.

Conclusion

From, the results of in vitro studies, it is concluded that 
sesamol has a protective effect against simvastatin-induced 
toxicity. However, further advanced studies are required to 
understand the molecular mechanism involved in the ame-
lioration of simvastatin-induced toxicity in pancreatic beta 
cell lines.

Funding  This work was funded by the Science and Engineer-
ing Research Board (Grant number: Project File No. SERB/
EMR/2017/003834-HS with diary no. SERB/F/7442/2018-2019 dated 
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