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Objective(s): Arsenic, a toxic metal in drinking water and butyric acid (BA) is a free fatty acid found in 
many foods. These two can induce oxidative stress in some tissues. The present study investigated the 
protective effect of metformin against toxicity induced by Arsenic (As) and BA in isolated mice liver 
mitochondria and pancreatic islets. 
Materials and Methods: In this study, liver mitochondria were isolated by adopting different 
centrifugation methods and pancreatic islets isolated by a collagenase method. Mitochondria were 
incubated by BA (75 μM), As (100 μM) and metformin (0, 0.5, 1, 3, 10 mM) and the islets also incubated 
by BA (1000 μM), As (100 μM) and metformin (0, 1, 3, 10 mM) for 1 hr. At the end of study, mitochondrial 
viability (MTT), mitochondrial membrane potential (MMP), reactive oxygen species (ROS), malondial- 
dehyde (MDA), glutathione (GSH) and islets insulin secretion were measured employing specific 
relevant methods. 
Results: As and BA significantly increased ROS, MDA and ΔΨm levels and decreased GSH level, succinate 
dehydrogenase activity and insulin secretion. On the other hand, pretreatment with metformin, 
returned mitochondrial complex ІІ activity, reduced ROS, MDA and ΔΨm levels and increased GSH level 
and insulin secretion of pancreatic islets. 
Conclusion: As and BA in combination or in isolation induce oxidative stress in liver mitochondria and 
decrease insulin secretion of pancreatic islets. Metformin has a protective effect probably caused by its 
antioxidant feature. The findings suggest the potential role of metformin in mitochondria therapy and 
insulin secretion in many diseases. 
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Introduction 
Arsenic is an element that occurs naturally in 

water, soil, human body and many parts of the world 
as organic and inorganic chemical compounds.  
Drinking water is the major source of inorganic  
arsenic, causing a public health problem in many 
world countries. Since this chemical element found in 
drinking water and foods causes acute and chronic 
disorders such as diabetes mellitus, peripheral  
vascular and cardiovascular diseases, hypertension,  
neurological diseases and increased rate in terms of 
different types of cancers (1-3). Mechanism of As 
toxicity is not completely known; however, one of the 
proposed mechanisms is the induction of ROS, 
followed by increased oxidative stress, increased lipid 
peroxidation, decreased GSH level and induction loss  

of mitochondrial membrane potential (MMP) (4, 5). 
On the other hand, it has been also reported that 
mitochondrial oxidative stress plays a key role in the 
progression of hyperglycemia and diabetes due to the 
increased production of free radicals and impaired 
antioxidant defenses (6, 7). 

BA is a short-chain fatty acid, found in foods such 
as milk, cheese and butter and is also generated by 
non-digestible carbohydrates fermentation in the 
large intestine (8). Fatty acids in milk, such as BA, are 
immediately absorbed in the upper intestine and then 
rapidly taken up by the liver. The majority of BA 
remains in the liver and physiological concentrations  
of such a short chain fatty acid have been estimated               
to be about 375±70 mM in the portal blood of sudden 
death victims (9). Previous studies have indicated 
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that daily administration of BA induces hepatotoxicity  
in bulls through enhancing the hepatic enzymes like 
aspartate aminotransferase, alanine aminotransfe- 
rase and gamma-glutamyl transferase (10). Further,  
this fatty acid is an extracellular metabolite that              
is produced through the butyrate kinase and induced 
oxidative stress in the jugular blood (11, 12). Concer -
ning human beings, in vivo and in vitro studies have 
demonstrated that acute exposure to fatty acids can 
cause non-glucose-stimulated insulin secretion and 
increase glucose, and chronic exposure to such acids 
can impair insulin sensitivity and lead to insulin 
resistance (13). 

The biguanide metformin is an anti-diabetic drug, 
which acts through hepatic gluconeogenesis inhibition, 
insulin secretion stimulation and increased insulin 
sensitivity in muscles, adipose tissues, liver and possibly 
pancreatic β-cells. Metformin increases glucose oxida- 
tion but decreases FFA oxidation (14). 

In vivo studies have indicated that the metformin 
has an anti-oxidative effect and significantly reduces  
tissue lipid peroxides as well as the generation of               
the ROS and increases the activity of mitochondrial  
aconitase. It is believed that this feature is critical in 
reducing the progression of type II diabetes (15). 

In this study, the protective effect of metformin on 
insulin secretion was examined in isolated mice 
pancreatic islets. Furthermore, the oxidative stress 
factors were also concerned in isolated mice liver 
mitochondria after exposure to As and BA. 

 
Materials and Methods 
Chemicals 
       Sodium arsenite (NaAsO2), BA, 4-2-hydroxyethyl -
1-piperazineethanesulfonic acid (HEPES), DMSO, D-
mannitol, thiobarbituric acid (TBA), (3-[4,5-dimethylthiaz ol-
2-yl]-2,5-diphenyltetrazolium bromide) (MTT), dithiobis -              
2-nitrobenzoic acid (DTNB), tri chloro acetic acid (TCA),              
GSH, 2′,7′-dichlorofluorescein diacetate (DCFH-DA), Tetr 
amethoxypropane (TEP), sucrose, KCl, Na2HPO4, MgCl2, 
MnCl2, potassium phosphate, Rhodamine 123 (Rh 123), 
Coomassie blue, ethylene diamine tetra acetic acid (EDTA) 
and bovine serum albumin (BSA) were purchased from 
Sigma Chemical Co. (St. Louis, MO, USA). Collagenase type P 
was purchased from Roch Company (Germany).  

 
Animal’s preparation  
        Adult male Naval Medical Research Institute 
(NMRI) mice (30-35 g) were obtained from the animal 
facility of Ahvaz Jundishapur University of Medical 
Science (AJUMS), which is completely attributed by 
AJUMS animal care guidelines with an ethics committee 
grantee No. IR.AJUMS.RE.1395.636. They housed in an 
air-conditioned room with controlled temperature of 
20±4 °C, humidity of 70-80% and maintained on a 
12:12 hr light cycle with free access to food and water.  
Prior to the experiment, the protocols were confirmed 
to be in accordance with the Guidelines of Animal 

Ethics Committee of Ahvaz Jundishapur University of 
Medical Sciences (16). 
 
Preparation of mitochondria 
        Mice liver mitochondria were isolated by diffe- 
rential centrifugation according to Bermann and 
Hasting's Method (17). Briefly, the animals were 
sacrificed and their livers were quickly removed,  
carefully washed with buffer and cut into small pieces. 
The liver pieces were homogenized in an ice-cold 
isolation buffer containing 1mM EGTA, 215 mM 
mannitol, 75 mM sucrose, 0.1% BSA and 20 mM 
HEPES. The homogenized tissue was then centrifuged 
at 800g for 10 min. at 4 °C in order for the nuclei, 
unbroken cells and other non-subcellular tissues                  
to be removed. The supernatant was removed and 
centrifuged at 13,000 g for 15 min. The packed lower 
layer (heavy mitochondrial fraction) was then resus- 
pended in cold isolation buffer and the previous steps 
were repeated twice. Finally, the heavy mitochondrial  
sediments were resuspended in the storage buffer 
and the protein concentration was measured by using 
the Coomassie blue protein-binding method, in which 
the BSA was concerned as the standard sample. In all 
experiments, the mitochondrial preparation was 
performed as fresh and immediately placed on ice to 
guarantee the isolation of high-quality mitochondrial  
preparation. After Bradford test, the calculated mito-
chondrial protein amounted to 0.5 mg/ml for each 
test. Isolated liver mitochondria were incubated by 
metformin (0, 0.5, 1, 3 and 10 mM) at 37 °C for 1 hr 
and then were incubated by As (100 μM) and BA              
(75 μM) (18), separately and in combination, at 37 °C 
for 1 hr. The concentrations of BA, As and metformin 
were selected in accordance with previous studies 
(19-21).  
 
MTT assessment (mitochondrial Succinate dehydro- 
genase activity or complex II activity) 
       The mitochondrial total dehydrogenase activity 
was assayed by measuring reduced MTT to formazan 
ratio. In short, 100 μl of mitochondrial suspensions 
(0.5 mg protein/ml) was incubated with different 
concentrations of As, BA and metformin. After being 
washed and suspended in the mitochondria buffer,  
they were centrifuged at 1000 g for 20 min at 4 °C. 
Then, 50 μl MTT 0.4% was added to each tube and 
incubated at 37 °C for 30 min. After re-centrifuging at 
1000g for 20 min, DMSO (1ml) was added to each tube 
and the tubes were shacked well. Then each sample 
was poured in glass spectrophotometer cuvette and 
its color intensity was measured by spectrophoto- 
meter reader. Ultimately, succinate dehydrogenase 
(SDH) activity was assessed as a percentage of the 
control (21). 
 

 Mitochondrial membrane potential assessment 
The MMP was measured by using mitochondrial  
uptake of cationic fluorescent probe rhodamine 123. 
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The mitochondrial fractions (0.5 mg protein/ml ) 
were incubated by different concentrations of As, BA 
and metformin. Then, 10 μM of Rh 123 was added to 
the mitochondrial solution. The capacity of mitochon- 
dria for the Rh 123 uptake was calculated as diffe- 
rences between control and treated mitochondria 
through spectrofluorometerical measurement of fluo- 
rescence intensity (22). 
 
Mitochondrial ROS assessment 

The ROS levels were measured by adding 1 ml of 
DCFH-DA (3.32 M) to 1 ml of isolated mitochondria 
sample. DCFH-DA enters into mitochondria and 
hydrolyzes to non-fluorescent DCFH. Then, it oxidized 
to form fluorescent 2 and 7-dichlorofluorescein through 
reacting with the ROS. Further, the fluorescence intensity 
was measured by a fluorescence spectrophotometer 
(22). 
 
Lipid peroxidation measurement 

The content of MDA in mitochondria samples was 
determined in term of thiobarbituric acid reactive 
substances (TBARS) formation. The mitochondrial  
fractions (0.5 mg protein/ml) were incubated with 
various concentrations of As, BA and metformin.  
Then, 1ml of the isolated mitochondrial solution was 
mixed with 250 µl TCA (0.8%) and then centrifuged   
at 3000 g for 15 min. The supernatant was added to 1 
ml TBA (70%) and placed in a boiling water bath for 
30 min. The absorbance was read on the spectrophoto- 
meter at 532 nm. Values were expressed as nM/mg 
protein. Since 99% of the TBARS was MDA, the TBARS 
concentrations of the samples were calculated based 
on a standard curve using tetramethoxypropane (23). 
 
Mitochondrial GSH measurement 

GSH was analyzed by using the DTNB as an indicator. 
To sum up, the mitochondrial sample (0.5 mg protein/ml) 
was incubated with various concentrations of As, BA 
and metformin. Then, 0.1 ml of mitochondrial fractions was 
added to phosphate buffer (0.1 M) and DTNB (0.04%) 
in a total volume of 3 ml (pH 7.4). The developed yellow 
color was read at 412 nm using a spectrophotometer 
(24). 
 
Islet isolation 

Mice pancreatic islets were isolated by a collagenase  
method (25). The animals' pancreatic tissues were remov-  
ed and transferred into a petri dish containing Krebs-
bicarbonate buffer and centrifuged at 100 g for 5 min. 
To purify the isolated islets from exocrine tissues, the 
collagenase type P was added to the solution and 
placed in a shaking water bath 800 oscillations shake 
at 37 °C for 5-10 min. Then, 15 ml of cold Krebs-
bicarbonate buffer was added to stop digestion and  

then centrifuged at 500 g for 5 min. The supernatant 
of sample was transferred to a blackened petri dish. 
Finally, islets dissection was carried out manually 
using drawn-out glass pipette under stereomicros - 
cope observation (26).  
 
Islet insulin secretion 

Ten isolated islets were transferred to 2 ml micro 
tubes containing Krebs-bicarbonate buffer with 5.6 
mM of d-Glucose concentrations (similar to fasting 
blood glucose) (27). The different concentrations of 
metformin (0, 1, 3, 10 mM) was added to the islets 
medium and incubated at 37 °C for 1 hr. Then BA 
(1000 μM) and AS (100 μM) were separately and 
jointly added to medium and incubated at 37 °C for 90 
min. After incubation, the samples were centrifuged      
at 100g for 5 min and 0.9 ml of sample supernatant 
was kept at −70 °C until the insulin secretion assay 
was performed (27). Each micro tube contained                  
10 islets and this in vitro protocol was repeated 8 
times for each concentration. Insulin secretion was 
measured using enzyme-linked immunosorbent 
assay (ELISA) method and its commercial assay kit 
(Lance Research, St. Charles, MO) (28). The concen-
trations of the As, BA and metformin were selected 
based on previous studies (18, 29, 30). 
 
Statistical analysis 

All the results were presented as means ± SE for 
three different experiments and were analyzed using 
Graph Pad Prism (version 6.01). The data were 
normally distributed. One-way ANOVA followed by 
the Tukey’s post hoc test was used to determine the 
statistical significance of the differences. Further, the 
differences were considered statistically significant at 
P<0.05. 
 

Results  
Effects of As, BA and metformin exposure on liver 
mitochondrial viability  

MTT as mitochondrial viability variable was assess- 
ed with respect to the activity of succinate dehydro-
genase (complex II). As shown in Figure 1, the 
separate exposure to As (100 µM) and BA (75 µM) 
decreased complex ІІ activity (P<0.05); however, the 
results of BA 75 µM in combination with As 100 µM 
revealed an additive effect on the MTT reduction in 
comparison to the control scenario (P<0.01). The 
results of metformin administration (with dose of 10 
mM) indicated a significant increase in MTT level, 
following the separate exposure to As and BA                       
(P<0.05) and combined exposure to metformin with 
doses of 1, 3 and 10 mM) revealed an additive effect 
on induction, compared to the control scenario in 
each group (metformin 0) (P<0.01). 
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Figure 1. Effects of butyric acid, arsenic and metformin on liver mitochondrial viability (MTT). Data are expressed as the mean ± SEM for 6 
mice in each group a: compared to control group (As0, BA0, metformin 0), b: compared to control in each group (metformin 0), a and b 
P<0.05, a* and b* P<0.01 

 
Effect of BA, As and metformin exposure on mitochon -
drial membrane damage 

MMP is a variable of the mitochondrial membrane 
damage and is known as ΔΨm. In this regard, the 
present data indicated that the combined exposure to 
As and BA induce a significant increase in ΔΨm levels, 
compared to the control scenario (P<0.05). Also 
shown in Figure 2, 10 mM metformin significantly 
decreased the MMP in the treatment group receiving 
As or BA separately; however, metformin with doses 
of 3 and 10 mM decreased this variable in the 
treatment group receiving a combination of As and 
BA, in comparison to the control scenario in each 
group (P<0.05). 
 

 
Effect of BA, As and metformin exposure on 
mitochondrial oxidative stress 

Oxidative stress was assessed by measuring the 
ROS throughout DCFH-DA oxidation. The results  
suggested that separate and combined exposure to As 
and BA increases the ROS levels, in comparison to the 
control group. Moreover, metformin with doses of 3 
and 10 mM significantly decreased the ROS formation 
in the treatment group being separately exposed to As 
(P<0.05). Metformin with doses of 1 and 3 (P<0.05) 
and 10 mM (P<0.01) decreased the ROS formation in 
the treatment group being separately exposed to BA. 
Moreover, metformin with doses of 1 (P<0.05), 3             
and 10 mM (P<0.01) significantly decreased the ROS 
formation in the treatment group receiving a 
combination of As and BA, compared with the control  
scenario in each group (Figure 3). 
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Figure 2. Effects of butyric acid, arsenic and metformin on liver mitochondrial membrane potential collapse (ΔΨm). Data are expressed as 
the mean±SEM for 6 mice in each group a: compared to control (As0, BA0, metformin 0), b: compared to control in each group (metformin 
0), a and b P<0.05 
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Figure 3. Effects of butyric acid, arsenic and metformin on liver mitochondrial ROS formation. Data are expressed as the mean±SEM for              
6 mice in each group a: compared to control (As0, BA0, metformin 0), b: compared to control in each group (metformin 0), a and b P<0.05, 
a* and b* P<0.01 

 
Effect of BA, As and metformin exposure on 
mitochondrial MDA level 

MDA, as a mitochondrial lipid peroxidation factor,  
revealed a significant increase following the separate 
and combined exposure to As and BA in comparison 
to the control scenario. Also the results revealed that 
metformin with doses of 3 and 10 mM significantly 
decreased the MDA level in treatment group receiving 
the BA separately (P<0.01); even though, it at doses of 
1 (P<0.05), 3 and 10 mM (P<0.01) significantly 
decreased the MDA level in the group receiving a 
combination of As and BA, compared with the control  
scenario in each group (Figure 4). 
 

 
Effect of BA, As and metformin exposure on mitochondrial 
GSH level  
           GSH is the first antioxidant defense against ROS 
formation and is determined spectrophotometeri - 
cally using DTNB as an indicator. Present results  
showed a significant decrease in mitochondrial GSH 
levels after separate and combined exposure to the As 
and BA, when compared to the control scenario.  
Metformin (10 mM) significantly increased the GSH 
level in the As group (P<0.05) and it with doses of 3 
and 10 mM increased the same variable in the BA 
group (P<0.05). It, however, with doses of 1 (P<0.05),  
3 and 10 mM (P<0.01) produced an additive effect on 
the GSH content in the treatment group receiving a 
combination of As and BA, compared with the control  
scenario in each group (P<0.01) (Figure 5). 
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Figure 4. Effects of butyric acid, arsenic and metformin on liver mitochondrial MDA level. Data are expressed as the mean±SEM for 6 mice 
in group a: compared to control (As0, BA0, metformin 0), b: compared to control in each group (metformin 0), a and b P<0.05, a* and b* 
P<0.01 
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Figure 5. Effects of butyric acid, arsenic and metformin on liver mitochondrial GSH level. Data are expressed as the mean±SEM for 6 mice 
in each group a: compared to control (As0, BA0, metformin 0), b: compared to control in each group (metformin 0), a and b P<0.05, a* and 
b* P<0.01 
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Figure 6. Effects of butyric acid, arsenic and metformin on pancreatic islets insulin secretion. Data are expressed as the mean ± SEM for 6 
mice in each group. a: compared to control (As0, BA0, metformin 0); b: compared to control (metformin 0). a P<0.05, b P<0.01 
 

 
 

Effects BA, As and metformin exposure on insulin 
secretion 

Pancreatic insulin secretion, known as beta cell 
function, was measured after 1hr incubation by BA, As 
and metformin. The findings revealed a significant 
decrease in islets insulin secretion following the 
separate and combined exposure to As and BA in 
comparison to the control scenario. According to 
Figure 6, 10 mM metformin significantly increased the 
islet insulin secretion in the group receiving the BA or 
As separately and in combination, compared to the 
control scenario in each group (p<0.05). 
 

Discussion 
Present data reflected that separate adminis- 

tration of BA and As induced liver mitochondrial  
oxidative stress through increasing MDA, and ROS 
and decreasing GSH levels and also reduced the 
pancreatic islet insulin secretion. Hence, the findings  

regarding the BA and As co-administration indicated 
that the combination of these two enhanced the 
likelihood of increasing mitochondrial oxidative 
stress and decreasing pancreatic islets insulin secre - 
tion as an additive effect. In addition, the current 
study showed that metformin has protective effect 
against oxidative stress induced by As and BA in 
isolated mice liver mitochondria and pancreatic  
isolated islets.  

Liver is a vital tissue exposed to ROS attack and the 
mitochondria of hepatic cells can produce ROS in 
association with the liver fatty acid oxidation. In 
mammals' liver, an antioxidant system such as GSH is 
developed to maintain the redox homeostasis. This 
homeostasis would be disturbed by excessive ROS 
production, resulting in oxidative stress as a factor 
affecting the liver diseases. Further, tissue MDA level 
as a lipid peroxidation indicator showed the severity 
of the disease (4, 31). 
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In addition, liver is a major organ targeted by As 
toxicity. In this regard, several studies have demons- 
trated that the As exposure induces severe toxic 
effects on liver by generating free radicals (32). Also 
previous studies have reported that the As induces  
oxidative stress by increasing the ROS production and 
lipid peroxidation and decreasing the liver's GSH 
content (33). Other studies reported that the As 
induces oxidative stress by changing the antioxidant 
system in the liver and free fatty acids also leads                   
to increased ROS production. Further, it is indicated 
that the GSH as an important oxidative stress 
biomarker is the first line of antioxidant defense 
against the oxidative damages induced by As (34). In 
line with these studies, Dutta, et al. showed that the As 
caused liver tissue damage by the induction of 
oxidative stress, lipid peroxidation and decreased 
GSH. It is thus suggested that animals that treated by 
the As aggravating the liver mitochondrial damage 
through increased oxidative stress and reduced GSH 
level (4). Hence, the current study showed that the 
liver mitochondrial incubation with the As could 
induce effects on mitochondrial destruction, similar 
with that for in vivo administration in chronic exposure.  

Zgorzynska et al. showed that the BA induced 
oxidative stress by over-generation of ROS, reduction 
of cell viability and mitochondrial membrane potential 
in primary human fibroblasts from gingival tissue (35). 
Cueno et al. revealed that high (1 and 5 mM) BA 
concentrations induced oxidative stress and altered 
calcium homeostasis (12). Ahangarpour et al. found 
that the BA has oxidative stress effects at dose of 75 
µM on isolated mice liver mitochondria (18). In 
addition, the findings with regard to the BA and As 
and co-administration presented that the 
combination of these two suppresses the 
mitochondrial oxidative stress, as an additive effect.  
Accordingly, the As and BA induced more oxidative 
stress through increasing the liver mitochondrial  
MDA level, ROS production and MMP and decreasing 
liver mitochondrial GSH and succinate 
dehydrogenase contents. 

Some in vivo studies reported that the generation of 
ROS influences the onset and development of type II 
diabetes. They also suggested that metformin treatment 
decreases hyperglycemia through decreasing the ROS 
(36). Previous studies have showed that metformin 
inhibits the mitochondrial enzymatic activity of complex 
I and consequently, reduces the oxygen consumption 
and the mitochondrial membrane potential. The 
findings confirmed that the metformin inhibits the 
generation of superoxide by mitochondria (37, 38).                
The present study came to the conclusion that the 
metformin has a protective effect on the induction of 
ROS production, lipid peroxidation and mitochondrial 
membrane permeabilization, reduction of mitochon-
drial Succinate dehydrogenase (complex ІІ) and GSH in 
isolated liver mitochondria after being exposed to As 

and BA. It is also suggested in this study that the anti-
oxidative effect of metformin can possibly be 
considered as an important mechanism to prevent the 
development of type II diabetes induced by As and 
high fat diet. 

Since beta cells have limited defense against the 
excessive ROS production, they are more susceptible 
to oxidative damage, compared with many other cell 
types (39). It is well-documented that the islets are 
more susceptible to lipotoxicity damage at normal  
glucose levels (40). Low sub-toxic concentrations of 
the As and its methylated trivalent metabolites may 
induce adverse effects on the pancreatic beta cells and 
inhibit glucose stimulated insulin secretion (41). 
Additionally, some other studies have concluded that 
the As causes impairment in the stimulated insulin 
secretion from β-cells through promoting the ROS 
production (42). Previous studies also suggested that 
high-fat intake results in the accumulation of                   
fatty acids or fatty acid derivatives in muscles and 
liver, subsequently leading to insulin resistance (43). 
Recently, majority of studies argued that fat-rich diets 
have pro-oxidant and pro-inflammatory compounds 
that are linked to impaired insulin sensitivity (44). BA 
is a short-chain free fatty acid that acute exposure 
with it causes non-glucose-stimulated insulin secre- 
tion and chronic exposure with it causes β-cell 
apoptosis, impaired insulin sensitivity and enhanced 
insulin resistance. In contrast, Itoh et al. study 
reported that the BA at dose of 10 µM do not make a 
significant change in islet insulin secretion (29); 
however, Ahangarpour et al. revealed that the BA at 
dose of 1000 µM has toxic effect on the insulin 
secretion in islets (18). On the other hand, BA and As 
have similar impact on the induction of liver 
mitochondrial oxidative stress and reduce islets 
insulin secretion and their co-administration 
generate additive effects through imbalanced redox 
system or lipotoxicity. 

Concerning the previous studies, metformin along 
with glucose increases insulin release in mice isolates 
pancreatic islets in a time-dependent manner (45). 
Masini et al claimed that the metformin significantly 
prevents the functional, biochemical and ultra-
structural abnormalities in human islet cells exposed to 
glucotoxic condition and that this drug has significant 
effects on the secretion of human pancreatic beta cells 
(13). Present study showed that metformin modified the 
secretory irregularities induced by As and BA in isolated 
mice pancreatic islets and this confirms the findings of 
previous results.  
 

Conclusion  
The administration of BA and As induced oxidative 

stress in liver mitochondria and decreased insulin 
secretion in pancreatic islets. Metformin has 
protective effect that may be caused by its antioxidant 
properties in mitochondria and pancreatic islets. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Zgorzynska%20E%5BAuthor%5D&cauthor=true&cauthor_uid=25455128
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Furthermore, these findings suggested the potential  
role of metformin in treating impairments observed 
in disorders and diseases regarding mitochondria and 
insulin secretion. Further studies are recommended 
to delve into the mechanisms regulating such 
reactions. 
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