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Abstract

Weight loss is recommended for patients with nonalcoholic fatty liver disease (NAFLD), while 

metformin may lower liver enzymes in type 2 diabetics. Yet, the efficacy of the combination of 

weight loss and metformin in the treatment of NAFLD is unclear. We assessed the effects of 

metformin, caloric restriction, and their combination on NAFLD in diabetic Otsuka Long-Evans 

Tokushima Fatty (OLETF) rats. Male OLETF rats (age 20 weeks; n = 6–8 per group) were fed ad 

libitum (AL), given metformin (300 mg·kg−1·day−1; Met), calorically restricted (70% of AL; CR), 

or calorically restricted and given metformin (CR+Met) for 12 weeks. Met lowered adiposity 

compared with AL but not to the same magnitude as CR or CR+Met (p < 0.05). Although only CR 

improved fasting insulin and glucose, the combination of CR+Met was needed to improve post-

challenge glucose tolerance. All treatments lowered hepatic triglycerides, but further 

improvements were observed in the CR groups (p < 0.05, Met vs. CR or CR+Met) and a further 

reduction in serum alanine aminotransferases was observed in CR+Met rats. CR lowered markers 

of hepatic de novo lipogenesis (fatty acid synthase, acetyl-CoA carboxylase (ACC), and stearoyl-

CoA desaturase-1 (SCD-1)) and increased hepatic mitochondrial activity (palmitate oxidation and 

β-hydroxyacyl CoA dehydrogenase (β-HAD) activity). Changes were enhanced in the CR+Met 

group for ACC, SCD-1, β-HAD, and the mitophagy marker BNIP3. Met decreased total hepatic 

mTOR content and inhibited mTOR complex 1, which may have contributed to Met-induced 

reductions in de novo lipogenesis. These findings in the OLETF rat suggest that the combination 

of caloric restriction and metformin may provide a more optimal approach than either treatment 

alone in the management of type 2 diabetes and NAFLD.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver 

disease in developed countries (Milic and Stimac 2012). The prevalence of NAFLD is 20%–

30% in the general population (Bedogni et al. 2005) and 69%–87% among individuals with 

type 2 diabetes mellitus (Leite et al. 2009; Vernon et al. 2011). NAFLD is a progressive 

liver disease ranging from simple hepatic steatosis (=5% by weight for diagnosis) to 

nonalcoholic steato-hepatitis (NASH), advanced fibrosis, and cirrhosis (Rector and Thyfault 

2011) in the absence of excess alcohol consumption (<20 g·day−1). Currently suggested 

therapies for NAFLD are similar to those used to combat obesity, insulin resistance, type 2 

diabetes, and hyperlipidemia (Chalasani et al. 2012).

Studies have shown that lifestyle changes, including diet modification or caloric restriction 

and physical activity, lead to weight loss, reduced liver fat content, and improved glucose 

control and insulin sensitivity (Thoma et al. 2012). Caloric restriction has been shown to 

prevent NAFLD in rats (Rector et al. 2011) and improve NAFLD in humans (Larson-Meyer 

et al. 2008; Elias et al. 2010). Despite studies showing improvement in outcomes, patients 

have difficulty adhering to dietary modifications or caloric restriction and increasing 

physical activity; therefore, the identification of alternative or combinative therapies for 

NAFLD that may enhance the effects of dietary modification alone may be pertinent.

Recently, interest in the potential use of insulin sensitizers as treatment for NAFLD has risen 

because of the association between type 2 diabetes and NAFLD. One medication of interest 

is met-formin, a drug used as an initial treatment strategy in type 2 diabetes. Metformin is 

known to activate ATP-producing pathways including glycolysis, fatty acid oxidation, and 

mitochondrial biogenesis as a result of activation of AMP-activated protein kinase (AMPK) 

(Mazza et al. 2012). Recently, metformin has also been shown to affect autophagy pathways 

(Inokuchi-Shimizu et al. 2014; Song et al. 2015), which may contribute to improved liver 

health. Metformin treatment has indeed been shown to improve liver transaminase levels 

and (or) liver histology in humans with NAFLD and NASH (Bugianesi et al. 2005; de 

Oliveira et al. 2008; Loomba et al. 2009) as well as in individuals at risk for developing type 

2 diabetes (Krakoff et al. 2010), but these improvements are not universal (Chalasani et al. 

2012) and are often associated with metformin-induced reductions in body weight (Krakoff 

et al. 2010). Metformin also has been shown to lower liver triglyceride (TG) content in 

rodent models of diabetes and NAFLD (Lin et al. 2000; Forcheron et al. 2009; Linden et al. 

2014). However, it remains unclear whether further improvements in NAFLD will be 

observed if metformin treatment is combined with lifestyle modifications such as moderate 

caloric restriction.

To assess the efficacy of the combination of moderate caloric restriction and metformin in 

the treatment of NAFLD, we used the Otsuka Long-Evans Tokushima Fatty (OLETF) rat 
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model. OLETF rats are selectively bred for null expression of the cholecystokinin-1 receptor 

in the brain, which results in a defect in the feedback mechanism for satiety that causes 

hyperphagia, obesity, insulin resistance, type 2 diabetes, and NAFLD (Kawano et al. 1992; 

Moran and Bi 2006; Rector et al. 2010a, 2011). We have previously reported that prevention 

of obesity through caloric restriction prevented NAFLD in OLETF rats, while others have 

reported improved NAFLD in animal models (Elias et al. 2010) and humans (Larson-Meyer 

et al. 2008) who underwent caloric restriction. Additionally, we have recently reported that 

metformin treatment alone improved serum alanine aminotransferases (ALTs) and lowered 

liver TG content in OLETF rats. Combining metformin with exercise training did not further 

reduce liver TGs and actually blunted several of the exercise-associated hepatic metabolic 

improvements (Linden et al. 2014). However, it remains unclear whether the efficacy of 

metformin treatment can be further enhanced by other recommended lifestyle modifications, 

such as caloric restriction. Therefore, the purpose of this study was to determine the effects 

of metformin treatment, caloric restriction, and their combination on NAFLD-related 

outcomes and gain a better understanding of mechanisms that may contribute to NAFLD 

treatment. We hypothesized that metformin and caloric restriction would independently treat 

type 2 diabetes and NAFLD in OLETF rats and that their combination would lead to further 

improvements in these disease states.

Materials and methods

Animal protocol

The animal protocol was approved by the Institutional Animal Care and Use Committee at 

the University of Missouri. Male OLETF rats were randomized at 4 weeks of age into the 

following groups: ad libitum feeding (AL), treatment with metformin (300 mg·kg−1·day−1; 

Met), caloric restriction (~70% of AL, 21 g·day−1; CR), and caloric restriction + treatment 

with metformin (CR+Met). Treatment began at 20 weeks of age, at which point OLETF rats 

present with NAFLD and type 2 diabetes with hyperglycemia, hyperinsulinemia, and insulin 

resistance (Rector et al. 2010a). Body mass was measured weekly throughout the study. 

Food for animals in the CR groups was weighed and administered daily. Food for animals 

allowed ad libitum access was administered and weighed weekly. Metformin (Bosche 

Scientific) was administered in the drinking water at a dosage of 150 mg·kg−1·day−1 in the 

first week and 300 mg·kg−1·day−1 thereafter. These dosages were based on previous studies 

with chronic metformin administration (Borst et al. 2000; Matsumoto et al. 2008), and water 

intake was carefully monitored. At 32 weeks of age, animals were anesthetized with sodium 

pentobarbital (100 mg·kg−1) and then exsanguinated by removal of the heart following a 12 

h fast.

Serum assays

Fasting serum glucose, insulin, ALT, TG, and free fatty acids were assessed by Comparative 

Clinical Pathology Services (Columbia, Mo., USA) using commercially available assays 

according to the manufacturers’ instructions.
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Intraperitoneal glucose tolerance tests

Animals underwent intraperitoneal glucose tolerance tests (IPGTTs) 1 week prior to 

sacrifice following an overnight fast. Prior to intraperitoneal glucose injection (2 g·kg−1), 

whole blood samples were collected from the tail vein. Samples were subsequently taken at 

15, 30, 45, 60, and 120 min following glucose injection (Rector et al. 2010b). The total area 

under the glucose curve was calculated using the trapezoidal method (Tai 1994).

Dual-energy X-ray absorptiometry

A Hologic QDR-1000/w dual-energy X-ray absorptiometry machine was used to measure 

whole body composition. This machine was calibrated for rats.

Tissue collection and preparation procedure

After animals were anesthetized, retroperitoneal, epididymal, and omental fat pads were 

removed and weighed. Animal livers were flash frozen in liquid nitrogen, placed in 10% 

formalin, placed in RNAlater, or placed in ice-cold isolation buffer (100 mmol·L−1 KCl, 40 

mmol·L−1 Tris-HCl, 10 mmol·L−1 Tris base, 5 mmol·L−1 MgCl2·6H2O, 1 mmol·L-1 EDTA, 

and 1 mmol·L-1 ATP; pH 7.4) until analysis.

Fatty acid oxidation

Fatty acid oxidation assays were performed in fresh hepatic tissue preparations using 

[1–14C]palmitate (American Radiochemicals), as previously described (Rector et al. 2008b). 

Fatty acid oxidation was measured by collecting and counting the production of 14CO2 and 

14C-labeled acid-soluble metabolites, which were trapped and counted with a liquid 

scintillation counter, as previously described (Rector et al. 2008b). Palmitate oxidation 

experiments were performed in the presence (100 μmol·L−1) or absence of etomoxir (a 

specific inhibitor of mitochondrial carnitine palmitoyl-CoA transferase-1 and entry into the 

mitochondria) to examine the relative contribution of mitochondrial (-etomoxir) and extra-

mitochondrial organelles (+etomoxir) in total fatty acid oxidation (Rector et al. 2011).

Assessment of mitochondrial content

Citrate synthase activity was determined using methods described by Srere (1969). The 

method of determining β-hydroxyacyl CoA dehydrogenase (β-HAD) activity was as 

described by Bass et al. (1969) and previously used by our group (Rector et al. 2008b).

Intrahepatic lipid content and liver morphology

Liver tissue was fixed in formalin and embedded in paraffin. Hematoxylin and eosin 

staining was done to examine liver morphology. Intrahepatic TG content was determined 

using a biochemical assay as previously described (Rector et al. 2008b).

Western blot analysis

Western blot analysis was performed to determine hepatic protein expression of markers 

related to fatty acid uptake and de novo lipogenesis. Polyclonal antibodies for the following 

proteins were obtained from Cell Signaling Technology (Beverly, Mass., USA): acetyl 

coenzyme A carboxylase (ACC), ACC phosphorylated at Ser79, fatty acid synthase (FAS), 
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AMPK, AMPK phosphorylated at Thr172, mammalian target of rapamycin (mTOR), mTOR 

phosphorylated at Ser2448, regulatory-associated protein of mTOR (Raptor), Raptor 

phosphorylated at Ser792, autophagy marker light chain 3, serine/threonine-protein kinase 

ULK1, ULK1 phosphorylated at Ser317, Ser555, or Ser757, and Bcl2/adenovirus E1B 19 

kDa protein-interacting protein 3 (BNIP3). Stearoyl-CoA desaturase-1 (SCD-1) polyclonal 

antibody was from Alpha Diagnostics International (San Antonio, Tex., USA). Polyclonal 

antibodies to CD36/fatty acid translocase and sterol regulatory element-binding protein 1c 

(SREBP-1c) were from Santa Cruz Biotechnology, Inc. (Dallas, Tex., USA). Orphan nuclear 

receptor TR4 polyclonal antibody was obtained from Abcam (Cambridge, Mass., USA). 

Content of phosphoproteins was calculated from the density of the phosphoprotein band 

divided by the density (content) of the total protein using the appropriate antibodies (Rector 

et al. 2008a, 2008b). Liver samples were homogenized in lysis buffer. Protein (20–40 μg) 

was loaded into an SDS-PAGE gel and probed with the primary antibody. After washing, 

the membrane was incubated with horseradish peroxidase-conjugated secondary antibodies. 

Protein bands were quantified using a densitometer (Bio-Rad, Hercules, Calif., USA). To 

control for protein loading and transfer, the membranes were then stained with 0.1% amido 

black (Sigma) and total protein staining was quantified and any differences were corrected 

(Rector et al. 2008b).

Statistical analysis

Six to eight animals were randomized to each group. One-way analysis of variance 

(ANOVA) was performed for each outcome measure (SPSS v. 22.0, IBM, Chicago, Ill., 

USA), and significant interactions were followed up using Fisher LSD post hoc 

comparisons. All values were reported as the mean ± standard error (SE), and statistical 

significance was determined as p < 0.05.

Results

Effects of metformin, caloric restriction, and their combination on body weight, adiposity, 
and body composition

Metformin treatment did not induce weight reduction in either AL or CR OLETF rats (p > 

0.05; Fig. 1A–1B). However, Met significantly improved body composition and reduced fat 

pad mass compared with AL (p < 0.05; Fig. 1C–1D). CR induced greater improvements in 

these measures than Met, but CR+Met provided no further benefits (p < 0.05). Met also 

induced ~15% decrease in weekly food consumption compared with AL (p < 0.001; Fig. 

1E–1F); however, this reduction in food intake did not reach the level of prescribed food 

restriction in the CR groups.

Treatment effects on serum lipids and type 2 diabetes

Only caloric restriction lowered serum TG (p < 0.01) and serum free fatty acids (p < 0.01) 

compared with AL; CR+Met provided no further improvement in these measures (Fig. 2A–

2B). Additionally, CR improved fasting insulin (p < 0.01 vs. AL or Met) and glucose 

concentrations (p < 0.05 vs. AL); again, CR+Met provided no further benefits (p > 0.05; Fig. 

2C–2D). It should be noted that insulin values in 32-week-old AL animals were significantly 

reduced compared with values in a subset of animals that were 20 weeks old (~60% 
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reduction at 32 weeks vs. 20 weeks (insulin = 10.91 ± 1.41 ng·mL−1)), highlighting a 

transition from hyperinsulinemia to frank type 2 diabetes with pancreatic β-cell dysfunction, 

while CR and CR+Met rats demonstrated a normalization of insulin concentrations with 

reductions in blood glucose following 12 weeks of treatment. Furthermore, CR and CR+Met 

improved post-IPGTT insulin area under the curve (p < 0.001; Fig. 2G–2H), while only the 

combination of treatments effectively lowered post-IPGTT glucose area under the curve (p < 

0.05; Fig. 2E–2F), suggesting that the combination of treatments may confer better 

protection in glycemic responses than either treatment alone.

NAFLD with metformin treatment, caloric restriction, and their combination

Both Met and CR reduced hepatic lipid accumulation (Fig. 3A shows representative images; 

note less lipid vacuolization in treatment groups compared with AL), and biochemical TG 

analyses revealed similar findings (Fig. 3B). Met reduced liver TG by ~40% compared with 

AL (p < 0.01); however, CR resulted in a larger reduction of liver TG (p < 0.01 vs. AL or 

Met), while no further reduction was seen with CR+Met. Both Met and CR successfully 

reduced serum ALT concentrations compared with AL (p < 0.01), and CR+Met provided a 

greater improvement than Met alone (p < 0.05, Met vs. CR+Met; Fig. 3C).

Alterations in TR4 and mitochondrial content and function in response to metformin 
treatment, caloric restriction, or their combination

The antidiabetic effects of metformin are thought to occur through the activation of AMPK 

and the subsequent inhibition of the nuclear receptor TR4, which has been associated with 

downregulation of mitochondrial respiration and hepatic gluconeogenesis (Owen et al. 2000; 

Kim et al. 2011). Here, metformin treatment had no effect on AMPK protein expression or 

activation status (Fig. 4A–4B) but effectively reduced TR4 protein content (p < 0.05; Fig. 

4C); interestingly, CR+Met increased TR4 protein expression to the level in AL rats. 

Metformin treatment alone also did not induce significant changes in hepatic mitochondrial 

content and function (complete palmitate oxidation (Fig. 4D), β-HAD activity (Fig. 4G), or 

citrate synthase activity (Fig. 4H)). While no differences were observed among groups for 

incomplete palmitate oxidation (acid-soluble metabolites, Fig. 4E), total palmitate oxidation 

(Fig. 4F), or measures of extra-mitochondrial oxidation (data not shown), complete 

palmitate oxidation was significantly increased in the CR rats (p < 0.05). Interestingly, only 

CR+Met significantly increased hepatic β-HAD activity (p < 0.05, CR+Met vs. AL).

Alterations in markers of hepatic de novo lipogenesis

Several indices of hepatic fatty acid uptake and de novo lipogenesis were measured because 

recent evidence suggests that these processes account for >25% of hepatic TG accumulation 

in patients with NAFLD (Donnelly et al. 2005). No differences were observed among 

treatment groups in the protein content of CD36 (Fig. 5A), a protein important for fatty acid 

uptake, or SREBP-1c (Fig. 5B), an important transcription factor for de novo lipogenic 

genes. While metformin treatment alone did not alter ACC phosphorylation status (Fig. 5C–

5D) or lower FAS (Fig. 5E), it lowered SCD-1 protein content by ~40% compared with AL 

(p < 0.05; Fig. 5F). Caloric restriction lowered FAS (p < 0.05) and SCD-1 (p < 0.01) 

compared with AL; however, only the combination of therapies significantly increased ACC 
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phosphorylation (p < 0.01 vs. AL), and it reduced hepatic SCD-1 protein content by ~75% 

(p < 0.05) compared with either treatment alone.

Effects of metformin, caloric restriction, and their combination on mTOR and autophagy/
mitophagy-related proteins

Owing to the known role of mTOR in regulating hepatic lipogenesis, we assessed mTOR 

activation status. Metformin treatment significantly reduced total hepatic mTOR protein 

content by ~40% (p < 0.01 vs. AL; Fig. 6A) and increased the phosphorylation of mTOR (p 

< 0.001; Fig. 6B) compared with AL. Caloric restriction did not alter hepatic mTOR protein 

expression or phosphorylation of mTOR in the hyperphagic OLETF rat; however, CR+Met 

induced similar reductions in total mTOR protein content as Met alone but induced less of 

an increase in mTOR phosphorylation (p < 0.01 vs. Met). Interestingly, Met had no effect on 

total Raptor protein content (Fig. 6C) but did significantly increase Raptor phosphorylation 

compared with all other treatments (p < 0.05; Fig. 6D), which could result in mTOR 

complex 1 inhibition. Neither CR nor CR+Met had an effect on Raptor or phospho-Raptor 

compared with AL.

Because AMPK and mTOR are known regulators of autophagy/ mitophagy, we assessed 

proteins associated with these processes. Total ULK1 protein content and phosphorylation 

of ULK1 at Ser317 and Ser555 (both known to be regulated by AMPK) did not differ 

among groups (Fig. 6E–6G). However, Met increased the phosphorylation of ULK1 at Ser 

757 compared with all other treatments (p < 0.05; Fig. 6H), and interestingly, CR+Met 

increased BNIP3 compared with AL (p < 0.01; Fig. 6I).

Discussion

Currently, treatment recommendations for individuals with NAFLD include lifestyle 

modifications such as caloric restriction; however, other alternative therapies or 

combinations of therapies continue to be explored owing to difficulties with adherence to 

lifestyle modifications. One such alternative therapy is insulin sensitizers, because of the 

close relationship between NAFLD and type 2 diabetes. Here, we demonstrate that both CR 

and Met had beneficial effects for the treatment of type 2 diabetes and NAFLD, although 

CR resulted in greater improvements in fasting glucose, insulin, and hepatic TG 

accumulation as well as indices of hepatic mitochondrial function. Importantly, metformin 

administration in concert with reductions in overnutrition due to caloric restriction further 

improved post-IPGTT glucose responses, markers of hepatic de novo lipogenesis, markers 

of mitophagy, and markers of liver injury. These data suggest the potential for improved 

efficacy with the combination of lifestyle and pharmacological therapies in the management 

of NAFLD.

The prevalence of NAFLD is on the rise, and more than 70%–80% of type 2 diabetics have 

NAFLD (reviewed in Rector et al. 2008c). Lifestyle modifications, including increased 

physical activity and decreased caloric intake, are recommended to reduce body weight by 

3.5% to improve hepatic steatosis and by 10% to improve necro-inflammation (Chalasani et 

al. 2012). Despite these recommendations, patients are not likely to embark on a diet and 

(or) exercise regimen and often turn to pharmaceutical assistance for treatment. Limited 
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research supports the efficacy of metformin treatment as a therapy for NAFLD in adult 

populations at risk for the development of type 2 diabetes (Krakoff et al. 2010) and with 

early liver disease (Marchesini et al. 2001). These beneficial effects of metformin treatment 

are considered to be due in part to weight loss associated with treatment (Malin et al. 2012). 

While met-formin treatment in rodents improved surrogates for liver injury and 

histologically observed hepatic steatosis (Linden et al. 2014), studies in humans have been 

equivocal regarding improvement of NAFLD. Metformin has been shown to reduce 

transaminase levels and improve liver volume in patients with NASH (Marchesini et al. 

2001). Additionally, metformin has been shown to improve hepatic necro-inflammatory 

activity, hepatic steatosis, hepatocyte ballooning, and acinar/portal inflammation to levels 

seen in patients who have undergone caloric restriction (Uygun et al. 2004). However, a 

randomized, placebo-controlled trial testing metformin effects in NAFLD showed limited 

improvement of liver histopathology (Haukeland et al. 2009). It is important to note, 

however, that most of these studies enrolled subjects with more advanced liver disease, 

including NASH, and there have been limited investigations to determine the effect of 

metformin on early-onset hepatic steatosis. Moreover, it remains unclear whether the 

combination of caloric restriction and metformin treatment can provide further benefits in 

type 2 diabetes and NAFLD than either treatment alone. Here, we show that met-formin 

treatment without weight loss improved hepatic steatosis, providing some evidence of the 

utility of insulin sensitizers as an alternative therapy for NAFLD. Moreover, the 

combination of caloric restriction and metformin treatment reduced serum ALT 

concentrations, a marker of liver injury, more than Met alone, highlighting the importance of 

a multifaceted approach in the treatment of NAFLD.

Metformin is thought to improve glycemic control through the activation of AMPK and the 

inhibition of nuclear receptor TR4 transactivation, which results in downregulation of 

mitochondrial respiration and a lowering of phosphoenolpyruvate carboxykinase and hepatic 

gluconeogenesis (Owen et al. 2000; Liu et al. 2007; Kim et al. 2011). Similar to our 

previous report (Linden et al. 2014), metformin treatment alone reduced hepatic TR4 protein 

content in the OLETF rat but was unable to improve glucose responses during a glucose 

tolerance test, which is consistent with previous studies in which metformin treatment did 

not improve postprandial glucose responses in both humans (Karlsson et al. 2005; Basu et 

al. 2008) and animals (Kosegawa et al. 1996; Faure et al. 1999). Here, we show that only 

CR was able to reduce dyslipidemia and lower fasting glucose and insulin, demonstrating 

the importance of weight maintenance and (or) weight loss in the prevention of progression 

to frank type 2 diabetes. Perhaps more importantly, only CR+Met led to lower glucose 

responses during a glucose challenge, indicating that combination therapies may be optimal 

when considered in the setting of a sedentary lifestyle.

Markers of mitochondrial function, hepatic fatty acid uptake, and hepatic de novo 

lipogenesis were assessed in the present report because of their known contributions to 

NAFLD (Rector and Thyfault 2011). We have previously shown that mitochondrial 

dysfunction precedes hepatic steatosis in sedentary OLETF rats (Rector et al. 2010a) and 

that chronic caloric restriction can prevent some of the mitochondrial decrements associated 

with obesity in these sedentary animals (Rector et al. 2011). Observations in the current 
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investigation support this previous work and further demonstrate that treatment of NAFLD 

with caloric restriction improves hepatic mitochondrial function, as indicated by increased 

complete palmitate oxidation and β-HAD activity. As previously reported, metformin 

treatment did not elicit improvements in any of these indicators of hepatic mitochondrial 

function (Linden et al. 2015). In addition, we have previously reported that met-formin 

treatment actually attenuated exercise training-induced adaptations in mitochondrial content 

and function (Linden et al. 2014). Interestingly, in the current study, metformin did not blunt 

the improvements in β-HAD activity or complete palmitate oxidation induced by CR. 

Together, these findings suggest that mitochondrial adaptations play an important role in the 

treatment of NAFLD with caloric restriction but perhaps not with metformin and further 

support the importance of mitochondrial function in maintaining liver health (Rector et al. 

2008b, 2010a, 2010b).

Fatty acid uptake and hepatic de novo lipogenesis are also associated with the development 

and progression of NAFLD. CD36, a transporter that promotes fatty acid uptake, has been 

shown to be increased in patients with NAFLD (Miquilena-Colina et al. 2011) and in obese 

OLETF rats (Linden et al. 2013) and may contribute to hepatic steatosis. Additionally, 

>25% of hepatic TG accumulation may result from de novo lipogenesis in patients with 

NAFLD (Donnelly et al. 2005), and this may be further exacerbated with insulin resistance 

(Firneisz 2014). We have previously reported that CR can prevent increases in FAS, a de 

novo lipogenesis marker, in the OLETF rat. Furthermore, metformin treatment lowered 

expression of SCD-1, a protein known to contribute to the abnormal partitioning of fatty 

acids through increased ACC activity and decreased fatty acid oxidation, shunting substrates 

to fatty acid synthesis (Dobrzyn et al. 2004; Hulver et al. 2005; Rector et al. 2011; Linden et 

al. 2014). Metformin-induced alterations in AMPK have been shown to regulate the 

phosphorylation of ACC at Ser79 (an inhibitory effect) (Foretz et al. 2010; Fullerton et al. 

2013; Gowans et al. 2013), providing a potential mechanism by which metformin may 

produce some of its beneficial effects. Additionally, metformin-induced reductions in 

SCD-1 are likely the result of decreases in TR4, a known regulator of SCD-1 activity (Kim 

et al. 2011), and may contribute to metformin-induced improvements in NAFLD. In the 

present study, we observed no treatment effects on CD36; however, both caloric restriction 

and metformin treatment independently improved markers of de novo lipogenesis. 

Interestingly, the combination of caloric restriction and met-formin treatment (known 

activators of AMPK) resulted in further increases in phosphorylation of ACC and dramatic 

decreases in SCD-1 when compared with either treatment alone, perhaps contributing to less 

severe liver injury in these obese, hyperphagic animals.

Next, we determined the effect of caloric restriction, metformin treatment, and their 

combination on the mTOR pathway because of its importance in regulating lipogenesis/

lipolysis. In times of nutrient excess, activation of the mTOR pathway promotes lipogenesis, 

in part through the regulation of SREBP (reviewed in Bakan and Laplante 2012). However, 

changes in energetics associated with caloric restriction and metformin treatment (Zhou et 

al. 2001) can increase AMPK activity and inhibit the mTOR pathway. In fact, treatment with 

rapamycin, an inhibitor of mTOR, and dietary restriction have been shown to decrease 

hepatic SREBP-1 levels (Yu et al. 2015), while inhibition of mTOR complex 1 (mTORC1) 
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can alter expression of genes associated with lipolysis in adipocytes (Chakrabarti et al. 

2010). It has previously been demonstrated that an 18-h fast and 1 h of metformin treatment 

can effectively inhibit mTORC1 in murine livers, as indicated by an increase in phospho-

Raptor (Gwinn et al. 2008). Here, we demonstrate that 12 weeks of Met without weight loss 

can sustain decreases in total hepatic mTOR content and inhibition of mTORC1, as 

indicated by increased phosphorylation of Raptor. Although metformin-induced inhibition 

of mTORC1 had no effect on hepatic SREBP-1c protein content, significant reductions in 

the downstream de novo lipogenesis protein SCD-1 were observed. These data provide 

insight into a potential mechanism by which metformin treatment may decrease hepatic 

steatosis through inhibition of mTORC1 and decreased lipogenesis. Interestingly, CR and 

CR+Met had no effect on Raptor or phospho-Raptor, suggesting that regulation of mTORC1 

activity may not play a prominent role in improvements in hepatic steatosis with CR.

AMPK and mTOR are known to be important regulators of autophagy, while metformin 

recently has been shown to increase autophagy within hepatocytes (Inokuchi-Shimizu et al. 

2014; Song et al. 2015). Autophagy is an important means by which ubiquitinated proteins 

or damaged organelles, such as mitochondria, can be removed from tissues to maintain 

cellular health. Autophagy can occur when there is an interaction between functional AMPK 

and ULK1 (Bach et al. 2011). Interestingly, while the phosphorylation status of ULK1 

Ser317 or ULK1 Ser555 (sites known to be phosphorylated by AMPK) was not different 

among groups, metformin treatment alone increased ULK1 phosphorylation at Ser757, a site 

known to inhibit autophagy. However, this enhanced phosphorylation of ULK1 at Ser757 

was not apparent in the CR+Met group, and in fact, CR+Met significantly increased BNIP3 

protein content. This may be an important factor in maintaining mitochondrial quality 

control with the combination treatment, as BNIP3 has been shown to be an important 

mediator of mitochondrial autophagy (mitophagy) (Rikka et al. 2011) and a loss of BNIP3 

has been associated with increased lipogenesis and decreased β-oxidation within 

hepatocytes, which was associated with increased hepatic steatosis (Glick et al. 2012). These 

findings need to be followed up in the future with more thorough examination of 

autophagic/mitophagic flux assessments.

In summary, we have demonstrated that both caloric restriction and metformin treatment 

independently contribute to improved glycemic control and NAFLD outcomes in sedentary 

OLETF rats. Caloric restriction alone induced greater improvements in hepatic steatosis and 

hepatic mitochondrial adaptations compared with metformin monotherapy. Interestingly, 

when nutritional excess was removed with caloric restriction, administration of metformin 

further improved post-challenge glycemic control and further reduced markers of de novo 

lipogenesis, mitophagy, and liver injury compared with either therapy alone in diabetic 

OLETF rats. Therefore, these findings in the OLETF rat suggest the combination of caloric 

restriction and metformin may provide a more optimal approach than either therapy alone in 

the management of insulin resistance, type 2 diabetes, and NAFLD.
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Fig. 1. 
The effects of metformin, caloric restriction, or their combination on body weight, adiposity, 

and food intake. Final body weight (A), weekly body weight (B), percent body fat (C), fat 

pad mass (omental + retroperitoneal + epididymal; D), average weekly food intake (E), and 

weekly food intake (F). All values are the mean ± standard error of the mean. Values with 

different letters are significantly different, p < 0.05. AL, ad libitum; Met, metformin; CR, 

calorically restricted.
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Fig. 2. 
Impact of metformin, caloric restriction, and their combination on serum lipids and glycemic 

control. Fasting serum triglycerides (TG; A), free fatty acids (FFA; B), glucose (C), insulin 

(D), glucose area under the curve after glucose challenge (AUC; E), glucose curves (F), 

insulin AUC (G), and insulin curves (H). All values are the mean ± standard error of the 

mean. Values with different letters are significantly different, p < 0.05. AL, ad libitum; Met, 

metformin; CR, calorically restricted.
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Fig. 3. 
Improved liver morphology and decreased injury with metformin treatment, caloric 

restriction, and their combination. Liver hematoxylin and eosin staining (A), liver 

biochemical triglyceride analysis (TG; B), and serum alanine aminotransferase (ALT; C). 

All values are the mean ± standard error of the mean. Values with different letters are 

significantly different, p < 0.05. AL, ad libitum; Met, metformin; CR, calorically restricted.

Linden et al. Page 18

Appl Physiol Nutr Metab. Author manuscript; available in PMC 2016 January 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Mitochondrial adaptations with metformin, caloric restriction, and their combination. AMP-

activated protein kinase (AMPK; A), phospho-AMPK (B), orphan nuclear receptor TR4 (C), 

complete palmitate oxidation (D), incomplete palmitate oxidation (acid-soluble metabolites) 

(ASMs; E), total palmitate oxidation (F), β-hydroxyacyl CoA dehydrogenase (β-HAD) 

activity (G), citrate synthase activity (H), and representative amido black staining (I). Values 

(n = 6–8 per group, means ± SE) with different letters are significantly different (p < 0.05). 

AL, ad libitum; Met, metformin; CR, calorically restricted.
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Fig. 5. 
Treatment effects on hepatic fatty acid uptake and de novo lipogenesis markers. Protein 

expression of CD36 (A), sterol regulatory element-binding protein 1c (SREBP-1c; B), 

acetyl-CoA carboxylase (ACC; C), phosphorylated ACC relative to total ACC (pACC/ 

ACC; D), fatty acid synthase (FAS; E), and stearoyl-CoA desaturase-1 (SCD-1; F), along 

with representative western blots (G). Values (n = 5–8 per group, means ± SE) with 

different letters are significantly different (p < 0.05). AL, ad libitum; Met, metformin; CR, 

calorically restricted.
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Fig. 6. 
Alterations in mammalian target of rapamycin (mTOR) and autophagy/mitophagy-related 

proteins with treatment by metformin, caloric restriction, or their combination. Protein 

expression of mTOR (A), phospho-mTOR Ser2448 (B), regulatory-associated protein of 

mTOR (Raptor; C), phospho-Raptor Ser792 (D), ULK-1 (E), phospho-ULK1 Ser317 (F), 

phospho-ULK1 Ser555 (G), phospho-ULK1 Ser757 (H), and BNIP3 (I), and representative 

western blot images (J). Values (n = 6–8 per group, means ± SE) with different letters are 

significantly different. AL, ad libitum; Met, metformin; CR, calorically restricted.
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