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Abstract  
 
Recent studies suggest that oxidative stress and insulin resistance are important in the 
pathogenesis of nonalcoholic fatty liver disease (NAFLD) and the pathophysiology of 
diabetes complications.  Metformin has been shown to be hepatoprotective in the insulin-
resistant and leptin-deficient ob/ob mouse model of NAFLD. However, the mechanism of its  
protective effect has not been elucidated.  
 
Aim: To investigate the protective effect of metformin against oxidative stress-induced 
apoptosis. Primary hepatocytes were exposed to the superoxide anion-donor menadione 
and/or metformin. Apoptosis was determined by measuring caspase activity and PARP-
cleavage, and necrosis was measured by Sytox Green nuclear staining.  
 
Results: 1) Metformin inhibits menadione-induced caspase-9,-6,-3 activation, PARP-cleavage 
and apoptosis in a concentration dependent manner. 2) Metformin increases menadione-
induced HO-1 expression and inhibits JNK-phosphorylation. 3) Metformin does not induce 
necrosis in primary hepatocytes.  
 
In conclusion, metformin protects hepatocytes against superoxide anions-induced caspase 
activation, PARP-cleavage and apoptosis. The anti-apoptotic effect of metformin is in part 
dependent on HO-1 overexpression and inhibition of JNK activation. Our results elucidate a 
novel mechanism of metformin in the protection against oxidative stress-induced liver injury. 
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Introduction 
Oxidative stress  may induce cell death (apoptosis and/or necrosis) in hepatocytes (1-3). 
Apoptosis, or programmed cell death (4-6), is an active process characterized by cell 
shrinkage, chromatin condensation, caspases activation (7-9) and formation of apoptotic 
bodies. In contrast, necrosis is passive and associated with ATP depletion, rupture of the 
plasma membrane and spilling of the cellular content eliciting inflammation (5). 
Recent studies suggest that oxidative stress and insulin resistance are important in the 
pathogenesis of non-alcoholic fatty liver disease (NAFLD) (10, 11) and the pathophysiology 
of diabetes complications (12-19).  
Metformin has been shown to be hepatoprotective in the insulin-resistant and leptin-deficient 
ob/ob mouse model of NAFLD (20). Metformin also prevents endotoxin-induced liver injury 
after partial hepatectomy (21) and protects against carbon tetrachloride hepatotoxicity in mice 
(22). In addition, metformin has been proposed to be beneficial in patients with NASH (non-
alcoholic steatohepatitis) (23). Apart from its insulin-sensitizing mode of action, the 
mechanism involved in the protective effect of metformin has not been fully elucidated yet. 
In this study we investigate whether metformin protects against oxidative stress-induced 
apoptosis in primary rat hepatocytes. We demonstrate that metformin protects primary rat 
hepatocytes against superoxide anions-induced apoptosis. The protective effect of metformin 
is in part dependent on HO-1 overexpression and inhibition of JNK activation. 
 
Materials and Methods 
 
Animals 
Specified pathogen-free male Wistar rats (220-250 g) were purchased from Harlan (Zeist, The 
Netherlands). They were housed under standard laboratory conditions with free access to 
standard laboratory chow and water. Experiments were performed following the guidelines of 
the local Committee for Care and Use of laboratory animals. 
 
Rat hepatocyte isolation. 
Hepatocytes were isolated as described previously (24) and cultured in William’s E medium 
(Invitrogen; Breda, The Netherlands) supplemented with 50µg/mL gentamicin (Invitrogen) 
without the addition of hormones or growth factors. During the attachment period (4hrs) 
50nmol/L dexamethasone (Sigma) and 5% fetal calf serum (Invitrogen) were added to the 
medium. Cells were cultured in a humidified incubator at 37°C and 5% CO2. Hepatocyte 
viability was always more than 90% and purity more than 95% as determined by Trypan Blue 
exclusion assay. All the experiments were performed in the absence of insulin.  
 
Experimental design. 
Experiments were started 24hrs after isolation of hepatocytes. Cells were exposed to the 
intracellular superoxide anion-donor menadione (2-methyl-1,4-naphthoquinone, 50µmol/L 
Sigma) (25) for the indicated time and/or metformin (0.1-0.5mmol/L), added 10 min before 
menadione treatment. 
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Caspase enzyme activity assays 
Caspase-3 enzyme activity was assayed as described previously (26). Caspase-6 activity was 
assayed according to the manufacturer’s instructions (BioVision). 
 
Glutathione determination 
Total glutathione (the sum of oxidized and reduced glutathione) was determined in liver 
homogenates and cell lysates by the enzymatic recycling procedure using GSH reductase and 
5,5’-dithiobis 2-nitrobenzoic acid as previously described (27). Values were normalized for 
protein content of the samples. 
 
Sytox Green nuclear stainings 
Rupture of the plasma membrane distinguishes necrotic from apoptotic cell death. To estimate 
necrotic cell death, hepatocytes were incubated 15 minutes with SYTOX green (Molecular 
Probes, Eugene, USA) nucleic acid stain, which penetrates cells with compromised plasma 
membranes but does not cross the membranes of viable cells or apoptotic bodies. Fluorescent 
nuclei were visualized using an Olympus CKX41 microscope at 450-490 nm. 
 
Western Blot analysis. 
Western blot analysis of cell lysates was performed by SDS-PAGE followed by transfer to 
Hybond ECL nitrocellulose membrane (Amersham). An antibody against GAPDH 
(Calbiochem) and Ponceau S staining were used to ensure equal protein loading and 
electrophoretic transfer. 
Caspase cleavage was detected using polyclonal rabbit antibodies against cleaved caspase-9, -
6, and -3. Poly(ADP-ribose) polymerase (PARP) cleavage was detected with rabbit anti-
PARP polyclonal antibody. PARP (116 kDa) is a substrate of caspase-3 yielding a product of 
89 kDa and it is considered a late marker for apoptosis. After Western blot analysis for p-JNK 
(monoclonal, Santa Cruz Biotechnology), blots were stripped using 0.1 % SDS in 
PBS/Tween-20 at 65°C for 30 minutes and incubated with antibodies against total-JNK. 
Antibodies were obtained from Cell Signalling Technology (Beverly, MA) and used at 1:1000 
dilution. 
 
RNA isolation and reverse-transcriptase polymerase chain reaction (RT-PCR). 
RNA was isolated using the Tri-reagent (Sigma) according to the manufacturer’s instructions. 
Reverse transcription was performed on 5µg of total RNA using random primers in a final 
volume of 75µl (Reverse Transcription System, Sigma).  
 
Quantitative Real-Time PCR. 
Reverse transcription was performed on 2.5µg of total RNA using random primers in a final 
volume of 50µl (Reverse Transcription System, Sigma). Real time detection was performed 
on the ABI PRISM 7700 (PE Applied Biosystems) initialized by 10 min at 95°C, followed by 
40 cycles of 15sec at 95°C,  and 1 min at 60°C. Each sample was analyzed in duplicate. 18S 
mRNA levels were used as an endogenous control. Real time-PCR primers and probes for 
HO-1 were previously described (chapter 4). 
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Statistical analysis. 
All data are expressed as the mean of at least 3 independent experiments ± standard deviation. 
Statistical significance was determined by the Mann-Whitney test; p<0.05 was considered 
statistically significant. 
 
Results  
Metformin protects against menadione-induced caspase activation, PARP cleavage and 
apoptosis. 
We investigated whether metformin exerts a protective effect against oxidative stress-induced 
apoptosis. As shown in figure 1A, metformin prevents superoxide anions-induced apoptosis 
(expressed as caspase-3 activity) in a concentration dependent manner in primary hepatocytes. 
In addition, metformin dose-dependently inhibits menadione-induced PARP-cleavage, which 
is considered a late marker for apoptosis (Fig. 1B), suggesting a protective role of metformin 
against superoxide anions-induced apoptosis.  
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Figure 1. Metformin prevents superoxide anions-induced apoptosis and PARP cleavage in a concentration 
dependent manner. Primary hepatocytes were exposed to metformin (Met, 0.1mmol/L and 0.5mmol/L) 10min 
before and during menadione (Men, 50µmol/L, 9hrs) treatment. Control (con, untreated cells). A) Caspase-3 
activity assay. B) Western Blot was performed against native (116 kDa) and cleaved (89 kDa) PARP. GAPDH 
was used as a loading control. 
 

In a previous study we showed that menadione-induced apoptosis is dependent on caspase 
activation in primary hepatocytes (28). Because of the important role of caspases in apoptosis, 
we analysed whether metformin has an effect on caspase activation. Metformin prevents 
menadione-induced capase-6 activity (Fig. 2A) and caspase-9, -6 and -3 processing in a dose 
dependent manner in primary rat hepatocytes (Fig. 2B).  
Metformin did not induce necrosis in primary hepatocytes (Fig. 3), indicating that metformin 
is protective against oxidative stress-induced apoptosis and does not switch the balance 
between apoptosis and necrosis.  
Next, we examined the mechanism involved in the protective effect of metformin against 
superoxide anions-induced apoptosis. 

A 

B 



Chapter 5  

70  

                                   

0

20000

40000

60000

80000

100000

120000

140000

C
as

pa
se

-6
 a

ct
iv

ity
 (A

FU
)

Con Men 50µM Men + 
Met 0,1mM

Men + 
Met 0,5mM 

Met 0,5mM 

18 Cleaved casp-6

36 GAPDH

kDa
Men 

50µMCon
Met 

0.5mM
Men +

Met 0.5mM
Men +

Met 0.1mM

38 Cleaved casp-9

17 Cleaved casp-3

0

20000

40000

60000

80000

100000

120000

140000

C
as

pa
se

-6
 a

ct
iv

ity
 (A

FU
)

Con Men 50µM Men + 
Met 0,1mM

Men + 
Met 0,5mM 

Met 0,5mM 

18 Cleaved casp-6

36 GAPDH

kDa
Men 

50µMCon
Met 

0.5mM
Men +

Met 0.5mM
Men +

Met 0.1mM

38 Cleaved casp-9

17 Cleaved casp-3

 
Figure 2. Metformin blocks menadione-induced casapse-9, -6 and -3 activation in a dose dependent manner in 
primary rat hepatocytes. Cells were incubated with the superoxide anion-donor menadione (men, 50µmol/L, 
9hrs) or not (control, untreated cells) in the presence and absence of metformin (Met, 0.1mmol/L and 
0.5mmol/L, added 10min before and during menadione treatment). A) Caspase-6 activity assay: Metformin 
dose-dependently prevents caspase-6 activation. B) Western Blot: Metformin inhibits caspase-9, -6 and -3 
processing and cleavage induced by the superoxide anion-donor menadione in a concentration dependent 
manner. GAPDH was using as a loading control. 
 

   
Figure 3. Metformin does not induce necrotic cell death in primary hepatocytes. Cells were incubated with 
menadione (Men, 50µmol/L, 9hrs) and without (Con, untreated cells) in the presence and absence of metformin 
(Met, 0.1 mmol/L and 0.5mmol/L, added 10min before menadione exposure). Sytox Green nucleic staining: 
Necrotic cells represent less than 2% from total cells in all condition tested. Upper panel phase contrast and 
fluorescence, lower panel fluorescence only. Magnification 40x. 
 

 

Metformin reduces superoxide anions-induced JNK phosphorylation 
Menadione-induced apoptosis is dependent on JNK activity, since inhibition of JNK 
activation abolished superoxide anions-induced apoptosis, demonstrating an important pro-
apoptotic role for JNK in primary hepatocytes (28) 
Metformin does not induce JNK-phosphorylation, but reduces menadione-induced JNK-
phosphorylation (Fig. 4). These results suggest that the protective effect of metformin against 
superoxide anions-induced apoptosis is in part via inhibition of JNK activation. 

A 

B 
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Figure 4. Metformin prevents superoxide anions-induced JNK phosphorylation in primary hepatocytes. Cells 
were exposed to menadione (Men, 50µmol/L, 1 hr) or not (control, untreated cells) in the presence and absence 
of metformin (Met, 0.5mmol/L, added 10 min before menadione treatment). Western blots were performed 
against phosphorylated-JNK (p-JNK) and total-JNK (t-JNK, used as loading control). 
 
 

Metformin upregulates menadione-induced HO-1 expression 
Heme Oxygenase-1 has been described to be cytoprotective against oxidative stress. 
Previously, we showed that the superoxide anion donor menadione induces HO-1 expression 
in a time and concentration dependent manner, but this is not sufficient to prevent apoptosis. 
Overexpression of HO-1, using the adenovirus Ad5HO-1, leads to protection against 
oxidative stress-induced apoptosis in primary hepatocytes (chapter 4).  
In this study, we investigate the effect of metformin on HO-1 expression. As shown in Fig. 5, 
metformin further increases menadione-induced HO-1 expression. Remarkably, metformin 
alone does not induce HO-1 expression in primary hepatocytes. 
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Figure 5. Meformin increases menadione-induced HO-1 upregulation in a concentration dependent manner. 
Quantitative Real time-PCR: cells were incubated with different concentrations of metformin (Met, 0.1 mmol/L 
and 0.5mmol/L, 9hrs), added 10 min before the addition of menadione (Men, 50µmol/L, 9hrs). 
 

Metformin does not modulate the anti-oxidant glutathione level 
To investigate whether metformin modulates the content of the anti-oxidant glutathione, we 
determined total glutathione content in our experimental conditions. We demonstrate that 
menadione slightly (10% compared to control level) reduces glutathione in primary 
hepatocytes (28). Furthermore, glutathione content is not modulated by metformin, suggesting 
that the antioxidant GSH is not involved in the protective effect of metformin against 
superoxide anions-induced apoptosis. 
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Figure 6. Metformin does not modulate total glutathione levels. Cells were exposed to menadione (Men, 
50µmol/L, 9 hrs) or not (control, untreated cells) in the presence and absence of metformin (Met, 0.1-
0.5mmol/L, added 10 min before menadione treatment). As a positive control to decrease total glutathione, D,L-
buthionine-(S,R)-sulfoximine (BSO, 200µmol/L) was added 15 hrs before and 30 min before the start of the 
experiment. 
 

Discussion 
As an insulin sensitizing agent, metformin is used in the treatment of type 2 diabetes (29-31), 
a disorder that has been associated with oxidative stress (13-19). In addition, metformin has 
been demonstrated to be hepatoprotective (20-23). 
In this study, we document that metformin protects primary rat hepatocytes against 
superoxide anions-induced caspase-9, -6 and -3 activation, PARP cleavage and apoptosis in a 
concentration dependent manner. Our results are in accordance with recent studies, in which 
metformin prevents high glucose-induced endothelial cell death (32) and ameliorates 
functional defects, caspase activation and apoptosis in pancreatic islets from type 2 diabetic 
patients (15). In contrast, it has been described that exposure to metformin for more than 
24hrs induces apoptosis (33). 
Moreover, metformin inhibits caspase-9 activation suggesting that metformin prevents 
disruption of mitochondria and subsequent apoptosis (34-36). In endothelial cells, it has been 
shown that metformin blocks the mitochondrial permeability transition and cytochrome c 
released induced by high glucose-derived oxidative stress in endothelial cells (32). 
 
In a previous study, we demonstrated that, under certain conditions, inhibition of apoptosis 
may induce necrosis (28). In the present report, we provide evidence that metformin indeed 
protects hepatocytes exposed to oxidative stress but does not cause necrosis. 
We reported that superoxide anions-induced apoptosis is dependent on JNK pro-apoptotic 
activity, since inhibition of JNK activity, using the inhibitor SP600125, prevents menadione-
induced caspase activation and apoptosis in primary hepatocytes (28). Concerning the 
involvement of JNK in the protective effect of metformin against superxide anions-induced 
apoptosis, we demonstrate that metformin reduces JNK-phosphorylation and its pro-apoptotic 
activity. Therefore, our results indicate that the protective effect of metformin against 
superoxide anions-induced apoptosis is at least in part via inhibition of JNK activation.  
JNK has been described to be a crucial mediator of insulin resistance and a critical element in 
the pathogenesis of fatty liver disease and type 2 diabetes (37, 38). JNK activity has been 
reported to be highly elevated in diabetes, due to the presence of inflammation (TNF-α), free 
fatty acids and oxidative stress, all features associated with diabetes and obesity. JNK can 

% Total glutathione content 
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directly phosphorylate insulin receptor substrate (IRS)-1 inducing defects in insulin signalling 
and consequently insulin resistance (39). Thus, it has been reported that JNK-deficient obese 
mice are protected against insulin resistance and defective insulin receptor signalling (38). In 
addition, dominant-negative JNK isoform in the livers of obese animal results in increases 
insulin sensitivity and glucose homeostasis. Furthermore, exogenous expression of JNK in 
adult liver results in insulin resistance in mice (40). Metformin-induced inhibition of JNK 
phosphorylation could be related to its well-known properties as an insulin sensitizing agent.  
However, in our study, experiments were performed in the absence of insulin. Therefore, it is 
unlikely that the protective effect of metformin is related to early events in insulin signal 
transduction. Nevertheless, it cannot be excluded that metformin interferes in down-stream 
steps of insulin signal transduction, e.g. inhibition of JNK activation 
 
The mechanisms by which JNK exert its pro-apoptotic properties are not completely 
understood. An effect of JNK has been described at the level of the mitochondria triggering 
the mitochondrial death pathway, including phosphorylation and activation of pro-apoptotic 
bcl-2 family members (41-47).  
Our result correlates with a previous study, in which basal protein expression of JNK was 
reduced after metformin treatment in Wistar rats (48). In contrast, exposure to metformin for 
more than 24hrs induces JNK phosphorylation that leads to apoptosis (33). 
 
Heme oxygenase-1 (HO-1) has been shown to be protective (49-55). Previously, we 
demonstrated that overexpression of HO-1, using the adenovirus Ad5HO-1, leads to 
protection against oxidative stress-induced apoptosis in primary hepatocytes. In this report we 
document that metformin further increases menadione-induced HO-1 expression. 
Remarkably, metformin alone does not induce HO-1 expression.  
We also demonstrate that total glutathione content is not modulated by metformin, suggesting 
that prevention of GSH depletion is not involved in the protective effect of metformin against 
superoxide anions-induced apoptosis. However, it should be taken into account that in our 
study we did not make a distinction between reduced and oxidized GSH. Additional studies 
are required to investigate whether the ratio of reduced to oxidized GSH increased due to the 
presence of metformin.  
In conclusion, in this study we demonstrate a protective role of metformin against superoxide 
anions-induced apoptosis and we report that metformin causes an increase in menadione-
induced HO-1 upregulation and a reduction of JNK activation. Due to the central role of JNK 
in pathogenesis of oxidative stress-mediated liver diseases, modulation JNK activity by 
metformin represents a promising and attractive target for the treatment of these disorders.  
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