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1 INTRODUCTION 

1.1 Induction of obesity  

 
The incidence of obesity has reached epidemic dimension and it is still increasing 

worldwide. Overweight and obesity represent a considerable threat for modern society, 

as they are associated with a markedly increased risk of developing many severe health 

disturbances (1). Besides atherosclerosis, non-alcoholic fatty liver disease and certain 

type of cancer, one of the most devastating seems to be metabolic syndrome (2;3). 

Metabolic syndrome is a cluster of conditions including abdominal obesity, 

dyslipidaemia, high blood pressure or insulin resistance, which represent higher risk for 

cardiovascular disease and type 2 diabetes.  

 

1.1.1 Energy homeostasis – energy intake and expenditure 

 
In an organism, energy is stored in the form of glycogen in liver and skeletal muscle, 

and in the form of triacylglycerols (TAG) in adipose tissue. According to the first law of 

thermodynamics, energy cannot be created or disappear, it can be only transformed from 

one form to another. Mammalian species receive required energy for their vital 

processes as food. This form of chemical energy is converted by metabolic processes in 

the body to physical work or heat and enables survival of an organism. Unused energy is 

stored and can be reused in conditions of negative energy balance.  

Food intake, energy expenditure and preservation of body energy stores are 

subjected to complex regulation with the brain as the main coordinator. Parts of brain 

responsible for food intake and body weight maintenance respond to afferent signals 

from circulation and regulate food intake according to the actual needs of an organism 

(4). Two main players in the control of food intake are adipose tissue-derived hormone 

leptin as well as hormone insulin produced by pancreatic β-cells. While leptin circulates 

in plasma at the levels corresponding to body fat stores, the receptors for both hormones 

are located in the parts of brain involved in the control of food intake, their stimulation 

causes reduction in energy intake (5;6). 
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Total energy expenditure can be divided into three main components: energy 

expenditure required for 1) basal metabolism, 2) physical work and 3) adaptive 

thermogenesis. Adaptive thermogenesis is defined as the regulated production of the 

heat in response to environmental temperature or diet (7). In response to low 

temperature, adaptive thermogenesis can be classified as shivering and non-shivering 

thermogenesis. Shivering thermogenesis is caused by the activation of muscle 

contractions, thus protecting an organism from cold by dissipation of energy in the form 

of heat. Non-shivering thermogenesis occurs after adaptation to cold and disappearance 

of shivering, when other tissues, such as brown adipose tissue (BAT) and skeletal 

muscle, undertake the heat production (8). Diet-induced thermogenesis belongs also to 

non-shivering thermogenesis, as feeding is known to increase energy expenditure (9).  

Cold-induced non-shivering thermogenesis takes place mostly in BAT and is 

mediated by the mechanism of mitochondrial uncoupling. The principal molecule 

involved in this process is uncoupling protein 1 (UCP1), situated in the inner 

mitochondrial membrane of brown adipocytes. UCP1 enables re-entering of protons 

from mitochondrial intermembrane space back to mitochondrial matrix, bypassing the 

adenosine triphosphate (ATP)-synthase. Therefore, instead of using energy to ATP 

production, it is dissipated as a heat (10). For a long time, it was believed that the 

mechanism of mitochondrial uncoupling is present only in mammalian neonates and 

small mammals, while in adulthood it is insignificant. However, recent publications 

suggest that non-shivering thermogenesis mediated by BAT is relevant also in adults and 

it can importantly contribute to energy expenditure (11-13). 

Part of adaptive thermogenesis can be attributed to skeletal muscle. Mechanism 

by which skeletal muscle contributes to adaptive thermogenesis is still unclear. For 

instance, leptin may stimulate lipid oxidation in the skeletal muscle, and increase energy 

expenditure, calcium cycling (14) or mitochondrial uncoupling (15).  

Obesity develops when the balance between energy intake and expenditure is 

disturbed. This is usually caused by increased food intake and inability to induce 

adaptive thermogenesis associated with a decrease in physical activity. Development of 

obesity is further accompanied by an increased risk of metabolic disorders clustered into 

the so called metabolic syndrome. 
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1.2 Linking obesity to insulin resistance and type 2 diabetes 

 
As mentioned above, obesity, resulting from positive energy balance, is a key factor in 

developing insulin resistance (one of the underlying features of metabolic syndrome), a 

state characterised by improper response of insulin target tissues to insulin action. In a 

normal, non-obese state, the main role of insulin is to stimulate glucose uptake by 

peripheral tissues, suppress hepatic glucose production as well as lipolysis in the adipose 

tissue in a postprandial state. Impaired insulin sensitivity is characterised by decreased 

efficiency of insulin to stimulate insulin-responsive signalling pathways, which 

eventually results in hyperglycaemia and/ or dyslipidaemia. Deficient insulin efficacy 

can be partially compensated by increased insulin secretion; however, chronically 

enhanced insulin secretion caused by overloaded metabolic pathways can lead to β-cells 

exhaustion and the onset of type 2 diabetes. 

 

1.2.1 Role of adipose tissue  

 
For a long period of time, adipose tissue was considered a passive storage place for 

excessive energy in a form of TAG, protecting an organism from lipotoxicity, 

additionally providing insulation and mechanical support for other organs. Whereas 

when food was scarce or energy expenditure increased, lipid reserves supplied fuel for 

energy generation in a form of glycerol and fatty acids that can be transported to muscle, 

liver and BAT and used in fatty acid oxidation (16). However, accordingly to recent 

studies, adipose tissue is now considered to be metabolically active and one of the 

largest endocrine organs that considerably influences metabolic homeostasis. It secretes 

numerous hormones and cytokines, which act in an endocrine and paracrine manner 

(17;18) and are involved in a regulation of metabolic homeostasis (see also section 1.3). 

 In mammalian species, white adipose tissue (WAT) develops in different 

locations throughout the body. Two principal fat depots are recognised: visceral/ intra-

abdominal and subcutaneous adipose tissue. However, among these fat depots other 

subdivisions exist. Moreover, depot-specific differences in metabolic activity, adipocyte 
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size, innervation and vascularization are apparent (19), and various fat depots contribute 

to obesity-related disorders differently.  

 During the time of positive energy balance, adipose tissue has the capability to 

expand by increasing lipid accumulation in adipocytes. In obesity, adipocytes and 

subsequently the whole adipose tissue become larger. The process of enlargement is 

called adipocyte hypertrophy, and was originally considered the only means by which 

adipose tissue mass can expand. However, adipocyte hyperplasia, representing the 

formation of new adipocytes, also occurs in adipose tissue. Hyperplasia takes place 

predominantly in young age, nevertheless, it has been discovered recently, that 

approximately 10 % of adipocytes are renewed every year (20). This mechanism can 

significantly contribute to a progression of obesity.  

 Hypertrophied adipocytes are resistant to antilipolytic effect of insulin (21), 

resulting in an increased release of non-esterified fatty acids (NEFA). Moreover, 

elevated NEFA levels are associated with obesity, occurrence of metabolic syndrome, 

insulin resistance and type 2 diabetes (22).  

 

1.2.2 Ectopic lipid accumulation 

 
Adipocytes cannot expand beyond a “critical size” (23). After reaching it, the capacity of 

adipose tissue for storing excessive lipids is depleted, so the surplus fat is accumulated 

ectopically in organs such as liver, skeletal muscle and heart. This negatively affects the 

normal metabolic response of these tissues, as they are not adapted to store large 

amounts of fat (24). Thus, expandability of adipose tissue could be important for at least 

partial protection from ectopic lipid accumulation and subsequent insulin resistance (16). 

 Excessive lipid accumulation is detrimental to metabolically active organs such 

as liver and skeletal muscle. Increased influx of NEFA to the liver together with 

decreased fatty acid oxidation can result in hepatic steatosis, which is associated with 

insulin resistance (25). Whether hepatic steatosis is a cause of insulin resistance or its 

consequence, still remains to be determined (26). Moreover, byproducts of impaired 

TAG synthesis, namely diacylglycerol (DAG) accumulation, might contribute to the 

development of insulin resistance by activating protein kinase C-ε, which interferes with 
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insulin-stimulated phosphorylation of the substrate of insulin receptor 2 (IRS-2), thus 

impairing insulin signalling (27). Similarly, oversupply of fatty acids to skeletal muscle 

can lead to accumulation of various lipid metabolites, such as ceramides and DAG, with 

a detrimental effect on insulin sensitivity (28). Lipid overload in pancreatic β-cells leads 

to dysregulated insulin secretion (29;30), and apoptotic cell death (31), both of which 

may result in diabetic state. 

 

1.2.3 AMP-activated protein kinase 

 
Obesity-related insulin resistance and type 2 diabetes are characterised by defective 

energy metabolism. Adenosine monophosphate (AMP)-activated protein kinase 

(AMPK) controls whole body glucose and lipid homeostasis by regulating metabolism 

in liver, skeletal muscle, adipose tissue and pancreatic β-cells (Fig.1) – key tissues in the 

pathogenesis of type 2 diabetes. AMPK represents an energy sensor and master regulator 

of metabolism, placing it in the center of studies of obesity and metabolic syndrome 

(32).  

AMPK is a heterotrimeric protein consisting of catalytic α subunit and regulatory 

β and γ subunits (33). The protein is activated by an decrease in the ATP/ AMP ratio, 

exercise, hypoxia, nutrient deprivation, adipose tissue-derived hormones such as leptin 

and adiponectin, or pharmacologically by antidiabetic drugs thiazolidinediones and 

metformin (34). AMP binding to γ subunit allosterically activates AMPK and facilitates 

a phosphorylation of a threonine residue (Thr-172) in α subunit by upstream tumour 

suppressor LKB1 (serine/threonine-protein kinase 11) kinase. However, AMPK 

activation can be triggered also in AMP-independent manner through Ca2+/calmodulin-

dependent protein kinase β in response to increased calcium ion concentration, such as 

during contraction of skeletal muscle (35). In general, AMPK activation triggers 

catabolic pathways that produce ATP and represses ATP consuming processes in order 

to restore cellular energy stores. Thus, it supports fatty acid oxidation and glucose 

uptake together with repression of gluconeogenesis and lipolysis. The ability of AMPK 

to induce lipid oxidation and thereby decrease muscle and liver TAG content is 
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considered an important feature of its insulin-sensitising effect and thus its activation 

could be beneficial for type 2 diabetes treatment.  

 

 

          Figure 1  Role of AMPK in the regulation of glucose and lipid homeostasis   

 

 
 
Activation of AMPK in liver, skeletal muscle and adipose tissue decreases glucose production and lipid 
synthesis, while increases glucose uptake and lipid oxidation at the same time. Thus, AMPK activation 
results in favourable metabolic environment for the prevention or treatment of type 2 diabetes. Activation of 
pancreatic AMPK is associated with decreased insulin secretion, probably a protective measure to prevent 
hypoglycaemia during fasting (adapted from (36)). 
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1.3 Secretory function of adipose tissue  

 
Besides adipocytes, which represent the most abundant cell type, adipose tissue also 

contains pre-adipocytes, endothelial cells, fibroblasts and macrophages (37). As 

mentioned above, adipose tissue plays an important role in the regulation of many 

physiological and obesity-related pathological processes. By now, various products 

secreted by adipose tissue, termed adipocytokines, have been characterised (17;38). To 

their production contribute adipocytes as well as other cell types, such as macrophages. 

They act in an autocrine/ paracrine or endocrine level as important signalling mediators, 

and are fundamental to the pathogenesis of the metabolic syndrome (Fig. 2). Magnitude 

of their production depends highly on the body fat mass, subsequently on the degree of 

obesity and adipocyte size (39).  

 

                 Figure 2  Adipocytokines involved in the pathogenesis of metabolic syndrome 

 
 
Adipocytokines modulate insulin sensitivity, cardiovascular function and inflammation. AGT, 
angiotensinogen; IL-6, interleukin-6; MCP-1, monocyte chemoattractant protein-1; PAI-1, plasminogen 
activator inhibitor type 1; RBP-4, retinol binding protein-4; TNF-α, tumour necrosis factor-α; adapted from 
(40) 
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1.3.1 Leptin 

 
Leptin is an anorexigenic hormone secreted mainly from differentiated adipocytes (41). 

It regulates food intake and energy expenditure by acting at central nervous system (42), 

where it inhibits orexigenic neuropeptides and stimulates anorexigenic neurotransmitters 

(43-45) in hypothalamus. Leptin secretion and its circulating levels are positively 

correlated with total body fat mass (46). Thus, obesity is characterised by 

hyperleptinaemia. However, leptin transport across the blood-brain barrier and its 

postreceptor signalling are impaired in obesity (47;48), leading to desensitization of the 

leptin signalling, a phenomenon referred to as leptin resistance.  

 Besides acting at neural tissues, leptin has also direct pleiotrophic effects in 

peripheral tissues. It stimulates fatty acid oxidation by activating of the α2 subunit of 

AMPK (49). Once activated, AMPK phosphorylates the enzyme acetyl coenzyme A 

(CoA) carboxylase, resulting in its inhibition and decrease of malonyl-CoA levels, 

which subsequently activates carnitine palmitoyl-transferase 1 and mitochondrial fatty 

acid oxidation. By activating AMPK, leptin contributes to a decrease in tissue lipid 

content, for instance in muscle, liver and pancreatic cells, thus protecting these tissues 

from excessive fat accumulation, lipotoxicity, and tissue damage. Leptin is also involved 

in a modulation of lipogenic gene expression, by decreasing the expression of lipogenic 

transcription factor sterol regulatory element binding protein (SREBP)-1c (50). 

Furthermore, leptin stimulates glucose utilization (51) and activates in skeletal muscle 

thermogenesis in a phosphatidylinositol 3 kinase-dependent manner (52). 

 

1.3.2 Adiponectin 

 
Adiponectin is an abundant serum protein almost exclusively expressed in mature 

adipocytes (53;54). Its circulating levels are, in contrast to majority of adipocytokines, 

negatively correlated with body fat (46;55), and it is associated with insulin sensitivity in 

adult both mice and humans (56). Adiponectin is present in serum in the form of higher 

order oligomeric complexes. It exists in three distinct forms, i.e. low-molecular weight 

(LMW, trimer), medium-molecular weight (MMW, hexamer) and high-molecular 
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weight (HMW, 12-18-mer) adiponectin (57), with each of the form having different 

biological effectiveness (58). Multimerization of adiponectin molecules is enabled by 

the interaction between collagenous domains in the process of trimerization and further 

formation of disulfide bonds between trimers (57;59).  

 Adiponectin has potent insulin-sensitising effects. It enhances insulin-dependent 

suppression of hepatic glucose production (60) and thereby has a substantial lowering 

effect on glycaemia. Moreover, it increases glucose uptake and fatty acid oxidation in 

several tissues including liver and muscle via AMPK activation (61;62). Inactivation of 

adiponectin gene in mice results in reduced hepatic insulin sensitivity (63), while 

adiponectin overexpression is associated with protection from diet-induced insulin 

resistance (64). Increased adiponectin levels protect from hepatic lipid accumulation and 

contribute to the preservation of insulin sensitivity by promoting adipocyte 

differentiation (65). This mechanism augments the ability of adipose tissue to store 

excessive lipids and maintain its proper function (66). Furthermore, adiponectin has 

eventually anti-inflammatory properties mediated through the inhibition of tumour 

necrosis factor-α (TNF-α)-induced activation of pro-inflammatory nuclear factor-κB 

(NF-κB) signalling pathway (67).  

 

1.3.31.3.31.3.31.3.3 Tumour necrosis factor-αααα    

 
TNF-α is a pro-inflammatory cytokine, the expression of which in adipose tissue as well 

as its circulating levels are elevated in an obese state (38). Adipose tissue-derived TNF-

α originates to a great extent from macrophages infiltrating fat tissue and not from 

adipocytes themselves, and increased levels of this cytokine in obese states are due to an 

elevated number of adipose tissue macrophages (68).  

TNF-α represents a promising link between obesity, inflammation and impaired 

insulin signalling (38). TNF-α contributes to the development of insulin resistance by 

inhibiting the insulin-stimulated phosphorylation of insulin receptor (IR) and IRS-1 and 

thereby disrupting signalling from IR (69). Further, TNF-α is implicated in the 

pathogenesis of obesity by modulating the gene expression in adipocytes and liver (70), 
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including reduction in adiponectin mRNA (71) and activation of pro-inflammatory NF-

κB signalling pathway (71) that has been shown to be involved in adipose tissue 

inflammation. As a proof of concept, TNF-α-deficient mice demonstrated better insulin 

sensitivity and glucose tolerance (72). 

 

1.3.4 Interleukin-6  

 
Interleukin-6 (IL-6) is an adipocytokine produced by several cell types within adipose 

tissue, including fibroblasts, monocytes and adipocytes. Its production is increased in 

obesity (73), while is implicated in the origin of hepatic insulin resistance mediated by 

increased expression of suppressor of cytokine signalling-3 that further impairs insulin 

signalling by inhibiting IRS phosphorylation (74;75). In contrast, IL-6 has divergent 

effects on skeletal muscle, where its concentration is increased in response to exercise, 

while skeletal muscle insulin sensitivity is enhanced (76). These data suggest tissue-

specificity of IL-6 effect as well as differences in its chronic and acute action. 

 

1.3.5 Monocyte chemoattractant protein-1 

 
Monocyte chemoattractant protein-1 (MCP-1) is secreted by adipocytes and adipose 

tissue macrophages and its release is in proportion to progressive accumulation of fat 

and adipose tissue inflammation (77). It is a potent chemotactic factor responsible for 

recruiting monocytes/ macrophages into adipose tissue (78;79), which is the major cause 

of obesity-associated low-grade inflammatory state (80). Further, it possibly contributes 

to insulin resistance as well, since increased expression of MCP-1 in WAT preceded 

insulin resistance in obese mice (78). In agreement with this, MCP-1 was found to 

directly affect insulin signalling in liver and skeletal muscle. A decreased tyrosine 

phosphorylation of IR and IRS molecules in both tissues was demonstrated 

concomitantly with a decreased protein kinase B (known also as Akt kinase) 

phosphorylation (81), all of which being the principal sites in insulin signalling cascade. 

In addition, MCP-1 deficient mice fed high-fat (HF) diet exhibited lower infiltration of 



 19 

fat by macrophages and attenuated insulin resistance and hepatic steatosis (79;82). In 

contrast, mice overexpressing MCP-1 showed reverse phenotype (79). These results 

strongly suggest that MCP-1 negatively affects insulin signalling. 

 

1.3.6 Adipose tissue inflammation 

 
Body weight gain is accompanied by a profound alteration of adipose tissue function. In 

a lean healthy state, adipose tissue is sensitive to lipogenic action of insulin, adipocytes 

display normal size and secretory function and the tissue is populated by M2 

macrophages (alternatively activated), producing anti-inflammatory cytokines. However, 

with progressive overnutrition, obesity develops, which is characterised by adipocyte 

hypertrophy and/ or hyperplasia as well as by increased macrophage infiltration (Fig. 3). 

Increased fat storage results in adipocyte enlargement associated with a dysregulation of 

adipocytokine expression (39) and its shift toward dominance of pro-inflammatory 

adipocytokines, as well as higher propensity of enlarged adipocytes to necrotic cell death 

(83). Enhanced secretion of chemoattractants in obese state promotes migration of 

macrophages into adipose tissue (79;81) accompanied by the phenotypic switch of 

macrophages to a pro-inflammatory state (M1, classically activated macrophages) 

(84;85). Macrophages are preferentially recruited to the omental fat depot in comparison 

with subcutaneous fat (86), further confirming the importance of abdominal fat 

accumulation in the development of insulin resistance. Macrophages are predominantly 

situated around the dead or dying adipocytes, forming syncytia called crown-like 

structures (CLS), and scavenge residual lipids and cell debris (83). Higher release of 

pro-inflammatory cytokines into the circulation, like MCP-1, TNF-α and IL-6, may 

disrupt insulin signalling in other tissues (78;87;88). In agreement with this, obese and 

usually insulin resistant subjects are characterised by elevated circulating levels of 

inflammatory markers, such as IL-6 and TNF-α (89). Furthermore, large adipocytes are 

less insulin sensitive in comparison to smaller ones (90;91), and as adipocytes are not 

able to expand beyond a “critical size”, large adipocytes have limited storage capacity 

for excessive lipids. As mentioned above, this promotes ectopic lipid accumulation in 
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non-adipose tissues (92). To summarise, larger fat cells are associated with a chronic 

low-grade adipose tissue inflammation that represents a key factor linking obesity with 

insulin resistance (91;93;94).  

 

 

    Figure 3  The alterations in adipose tissue accompanying body weight gain 

  

 
In the lean state, adipose tissue secretes anti-inflammatory adipocytokines and is insulin responsive. 
Increased energy intake is associated with adipocyte hypertrophy and death, resulting in chemotactic 
adipocytokine release, followed by macrophage infiltration into adipose tissue and aggravation of 
inflammatory state. These secretory changes are accompanied by insulin resistance of adipose tissue. IL, 
interleukin; COX, cyclooxygenase; HGF, hepatocyte growth factor; MCP-1, monocyte chemoattractant 
protein-1; MIF, macrophage migration inhibitory factor; MMP, matrix metalloproteinase;  NGF, nerve growth 
factor; NOS, nitric oxide synthase; PAI-1, plasminogen activator inhibitor type 1; RANTES, regulated upon 
activation, normally  T-cell expressed and secreted; RAS, rennin-angiotensin system; SAA, serum amyloid 
A cluster;  TGFβ, transforming growth factor β; TNF-α, tumour necrosis factor-α; VEGF, vascular 
endothelial growth factor; (adapted from (95)). 
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1.4 Attenuation of obesity-associated pathogenesis by n-3 PUFA 

 

1.4.1 Biological effects of n-3 LC-PUFA 

 
Long chain polyunsaturated fatty acids (LC-PUFA) of n-3 and n-6 series are essential 

for many mammalian species including humans, as they cannot be synthesised de novo. 

Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are the end-products of 

the n-3 fatty acid series formed from essential α-linolenic acid by several steps of 

elongation and desaturation. The rate of conversion is, especially for DHA, quite poor in 

humans, because the biosynthetic pathways of fatty acids belonging to both the n-3 and 

the n-6 series share the same ∆6-desaturase enzyme. Due to a high dietary intake of n-6 

PUFA, the biosynthetic pathway is shifted towards the n-6 series. Thus, the dietary 

supplementation of n-3 LC-PUFA is highly recommended.  

n-3 LC-PUFA are abundant in fish oils, especially of marine origin. They act as 

hypolipidemics, reduce the incidence of cardiac events and prevent progression of 

atherosclerosis (96). Since DHA is abundantly incorporated in the membrane 

phospholipids of brain and retina, it plays an important role in the development of these 

organs, learning abilities and visual acuity (97). Moreover, n-3 LC-PUFA have 

immunomodulatory effects, as they are capable of changing membrane lipid 

composition of immune cells resulting in altered immune response and possible 

amelioration of inflammatory response (98). In rodents, n-3 LC-PUFA have been shown 

to prevent obesity, impaired glucose tolerance, as well as adipose tissue inflammation 

(99;100).   

 

1.4.2 Mechanism of action of n-3 LC-PUFA 

 
Metabolic actions of n-3 LC-PUFA are largely mediated through the altered expression 

of genes involved in carbohydrate and lipid metabolism. n-3 LC-PUFA regulate gene 

expression in various tissues by acting as ligands to different transcription factors, i.e. 

peroxisome-proliferator activated receptors (PPARs), retinoid X receptors, liver X 
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receptors, hepatic nuclear factor-4 and SREBPs (101;102). Feeding n-3 LC-PUFA 

causes upregulation of genes responsible for fatty acid oxidation in skeletal muscle and 

liver, simultaneously with a downregulation of lipogenic genes in adipose tissue 

(103;104). This shift in metabolism results in preferential fat oxidation and reduction of 

fat storage. 

 Besides direct actions, n-3 LC-PUFA act through their active metabolites 

including resolvines, protectines, eicosanoids, and docosanoids. EPA and DHA give rise 

to lipid mediators with anti-inflammatory properties (105) through the action of 

lipoxygenase and cyclooxygenase enzymes (106). In addition, besides EPA and DHA 

conferring anti-inflammatory action, are also known for increasing adiponectin 

production, which can subsequently result in AMPK activation and facilitation of fatty 

acid oxidation (107). 

 

 

1.5 Aspect of sex in control of insulin sensitivity 

 
Human and animal studies proved that female subjects, although having higher total 

body fat mass, demonstrate milder phenotypes concerning obesity-related metabolic 

disorders and/ or showed later onset of metabolic impairment (108-111) in comparison 

to their male counterparts. Underlying mechanisms of this phenomenon remain largely 

unknown; however, they could be partially associated with differences in fat 

accumulation and adipose tissue inflammation. 

 It is well known, that males store the surplus of energy preferentially in the 

abdominal part of the body, while females accumulate excessive lipids more 

subcutaneously (112;113). Adipocytes in abdominal fat are more metabolically active 

and release more NEFA in states of obesity. As visceral fat is in a close proximity to 

portal vein, NEFA are transported to the liver and can cause its overload with lipids. 

This possibly contributes to hepatic insulin resistance and steatosis. Another important 

factor is a higher macrophage infiltration of omental fat, with a subsequent release of 

detrimental pro-inflammatory adipocytokines negatively affecting insulin sensitivity. 
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 It has been shown that female mice fed a HF diet demonstrated lower adipose 

tissue inflammation compared to males (94). Furthermore, females present higher 

circulating adiponectin concentrations (59;114;115). As adiponectin exerts anti-

inflammatory effects (116) and activates AMPK (61), higher adiponectin levels in 

females can contribute to lower infiltration of their adipose tissue by macrophages and/ 

or can promote macrophage polarization towards an anti-inflammatory phenotype (116) 

and decreased tendency to ectopic lipid accumulation.  

However, since the protective effect is apparent only until the menopause, 

beneficial effects of oestrogens on metabolism cannot be ruled out. Some studies 

showed anti-inflammatory oestrogen action (117-119), but further research is needed to 

elucidate these mechanisms. 
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2  AIMS OF THE THESIS 

 
The general aim of the thesis was to evaluate metabolic changes of an organism after 

challenge with HF-feeding with respect to development of specific components of the 

metabolic syndrome. Part of the work focused on the role of lipid composition in the 

diet, namely the beneficial effects of partial replacement of dietary lipids with n-3 LC-

PUFA concentrate (specific aims 1 and 3). Furthermore, this thesis was aimed to 

contribute to the elucidation of the role of widely expressed enzyme AMPK in the 

protection from obesity and insulin resistance (specific aims 2 and 3). And finally, 

regarding significant differences in the incidence, prevalence and severity, by which 

males and females experience diseases associated with the metabolic syndrome, this 

thesis attempted to elucidate the disparity in the development of obesity in males and 

females by evaluating adipose tissue function at the onset of insulin resistance using a 

model of HF-feeding in mice. 

 

The specific aims of this thesis were: 

 

1. to characterise a role of lipid composition, namely with respect to n-3 LC-

PUFA and their derivatives, in the induction of obesity and insulin resistance 

associated with the metabolic syndrome;  

 

2. to examine the involvement of leptin-AMPK axis in lipid metabolism of 

skeletal muscle in response to HF-feeding, using a model of obesity-resistant 

(A/J) and obesity-prone (C57BL/6) strain of mice;  

 

3. to investigate the role of AMPK in preservation of insulin sensitivity induced 

by n-3 LC-PUFA feeding using a model of AMPKα2 knock-out mouse 

model; 
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4. to investigate sex-dependent changes in adipocyte hypertrophy, low-grade 

inflammation and secretory function of adipose tissue with respect to the 

development of insulin resistance induced by HF-feeding in C57BL/6 mice. 
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3 RESULTS TO SELECTED PUBLICATIONS 

3.1 Publication A: DHA-derivatives 

Prevention and reversal of obesity and glucose intolerance in mice by DHA 

derivatives 

 

The aim of this work was to determine the efficiency of four different chemical α-

derivatives of DHA compared to pure, non-modified DHA in the prevention and reversal 

of obesity and associated metabolic disorders.  

 

The “Prevention study” was performed on male mice of C57BL/6 strain. Three-

month-old mice were randomly assigned either to high-fat diet (35 % wt/wt; cHF) or to 

cHF diet, where 1.5 % of total lipids was replaced with α-methyl DHA ethyl ester 

(Substance 1), α-ethyl DHA ethyl ester (Substance 2), α,α-di-methyl DHA ethyl ester 

(Substance 3) or α-thioethyl DHA ethyl ester (Substance 4). The experimental diets 

were administered for a period of four months. In the “Reversal study”, the effect of 

Substance 2 was evaluated in C57BL/6 mice with diet-induced obesity. After 4 months 

of cHF-feeding, mice were administered cHF diet supplemented with Substance 2 (1.5 

% of total lipids) for 2 subsequent months. To evaluate the effect of a concentrate of 

DHA/EPA and a pure DHA, the separate experiment was performed in the same 

experimental setup as the “Reversal study”. 

All DHA-derivatives, only with the exception of Substance 3, reduced body 

weight gain, while Substance 2 had the most pronounced effect in the “Prevention 

study”. It reduced weight of subcutaneous (scWAT) and gonadal (gWAT) fat by 73 % 

and 42 % respectively, and the effect on reduction of food intake was demonstrated as 

well. Since Substance 2 was proven as the most effective derivative in the suppression of 

obesity and its detrimental metabolic consequences, it was also tested in the “Reversal 

study” using obese mice with impaired glucose tolerance.  

In both types of experiments, Substance 2 prevented or normalised adipocyte 

hypertrophy and macrophage infiltration to WAT and formation of CLS, representing 
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the degree of inflammatory state of adipose tissue (see publication). The 

immunohistochemical analysis was confirmed by real-time PCR (RT-PCR), showing 

that Substance 2 reduced the expression of macrophage markers CD68 antigen and 

MCP-1 in WAT by 91 % and 56 % respectively in “Prevention study” and by 32 % and 

50 % respectively in “Reversal study” (see Table 1).  

In liver, genes implicated in fatty acid oxidation were influenced by the 

treatment. Acyl-CoA oxidase-1 (Aox-1) and carnitine palmitoyltransferase-1α (Cpt-1α) 

were strongly upregulated by Substance 2, in agreement with a marked increase in 

mRNA expression of their regulatory transcription factor Pparα. Pure DHA and DHA in 

combination with EPA also increased transcription of Cpt-1α, but not Aox-1, however, 

the observed changes were much smaller than changes caused by the ingestion of 

Substance 2 (Table 1). The differences are striking, especially when we take into 

account a 10-fold lower concentration of Substance 2 in comparison with n-3 LC-PUFA 

(EPA/DHA) concentrate. Lipogenic genes, such as stearoyl-CoA desaturase (Scd-1), 

thyroid hormone responsive SPOT 14 (Spot 14), farnesyl diphosphate synthase (Fdps), 

are known to be downregulated by n-3 LC-PUFA. In accordance, DHA and EPA/DHA 

decreased the expression of Scd-1and Spot 14, however, Substance 2 increased mRNA 

expression of Scd-1and Fdps (Table 1). Effect of Substance 2 on skeletal muscle was 

insignificant (Table 1). 

To conclude, from the four tested DHA derivatives, Substance 2 appeared as 

most effective in obesity prevention as well as in the treatment of dyslipidaemia and 

insulin resistance associated with dietary obesity. It showed similar range of beneficial 

effects as naturally occurring n-3 LC-PUFA, but exerted much higher efficiency. 

Substance 2 also prevented macrophage accumulation in adipose tissue, which can have 

beneficial systemic effects on inflammatory state associated with obesity and 

consequently on insulin resistance. Furthermore, Substance 2 reduced ectopic lipid 

accumulation via enhanced lipid catabolism and possibly futile substrate cycling, as 

indicated by simultaneous activation of lipogenic genes (Scd-1, Fdps) and genes 

responsible for lipid oxidation (Cpt-1α,  Aox-1) in the liver. Therefore, Substance 2 

could be qualified as a novel drug for obesity treatment. 
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My main contribution to this work was the RNA isolation, control of quality of isolated 

RNA, reverse transcription and quantification of gene expression using RT-PCR.
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Table 1  The effect of Substance-2 on mRNA levels of selected genes 

 Prevention study  Reversal study 
 STD cHF Substance-2  STD cHF Substance-2 EPA/DHA DHA 

Adipose tissue          
Cd68 7 ± 1* 100 ± 24 9 ± 3*  17 ± 2* 100 ± 16 68 ± 16 NM  NM 
Mcp-1 20 ± 3* 100 ± 15 44 ± 19*  33 ± 3* 100 ± 13 50 ± 14 * NM NM 
Pgc-1α 109 ± 3* 100 ± 2 100 ± 2  99 ± 8 100 ± 3 101 ± 4 NM  NM 
Glut-4 647 ± 61* 100 ± 24 193 ± 45  229 ± 72* 100 ± 16 68 ± 16 NM NM 
Liver          
Cpt-1α 52 ± 6* 100 ± 7 140 ± 13*  14 ± 2* 100 ± 24 563 ± 2 03* 196 ± 54* 145 ± 49 
Aox-1 68 ± 10 100 ± 8 308 ± 23*  12 ± 5* 100 ± 27 1477 ± 500* 88 ± 35 114 ± 33 
Pparα 73 ± 8* 100 ± 8 135 ± 10*  6 ± 2* 100 ± 19 296 ± 10 0* 113 ± 31 78 ± 15 
Scd-1 243 ± 39* 100 ± 7 410 ± 34*  293 ± 71* 100 ± 15 100 4 ± 98* 44 ± 19  23 ± 11* 
Spot 14 155 ± 49 100 ± 17 65 ± 17  132 ± 22 100 ± 14 149 ± 31 49 ± 18 43 ± 10* 
Fdps 211 ± 24* 100 ± 13 260 ± 28*  174 ± 43 100 ± 13 452  ± 46* 84 ± 21 81 ± 23 
Skeletal muscle          
Glut4 139 ± 6* 100 ± 15 109 ± 13  83 ± 9 100 ± 6 79 ± 5 N M NM 
Pdk-4 31 ± 6* 100 ± 13 96 ± 12  23 ± 10*   100 ± 14 89 ± 10 NM NM 
Scd-1 319 ± 151 100 ± 25 49 ± 6*  79 ± 12 100 ± 8 87 ± 5 NM NM 

 

The data represent the mean ± S.E. (n = 7-9 except for STD-fed mice in the „Reversal study“; n = 4).  *P < 0.05 vs. cHF (ANOVA). 
Gene expression data were expressed as a percentage of the cHF-fed controls.  
Aox-1, acyl-CoA oxidase-1; Cd68, CD68 antigen; Cpt-1α, carnitine palmitoyltransferase-1α; Fdps, farnesyl diphosphate synthase; Glut-4, glucose transporter-4; 
Mcp-1, monocyte chemoattractant protein-1; Pdk-4, pyruvate dehydrogenase kinase-4; Pgc-1α, peroxisome proliferator-activated receptor-γ coactivator-1α; Pparα, 
peroxisome proliferator-activated receptor-α; Scd-1, stearoyl-coenzyme A desaturase-1; Spot 14, thyroid hormone responsive SPOT 14; NM, not measured. (See 
Supplementary Table S4 of the respective publication).   
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3.2 Publication B: HF-feeding and muscle thermogenesis 

Induction of muscle thermogenesis by high fat diet in mice: association with obesity-

resistance 

 

The main goal of this study was to elucidate, whether HF diet could stimulate muscle 

non-shivering thermogenesis and determine possible involvement of leptin-AMPK axis 

in this process.  

 

 The experiments were performed on male mice of obesity prone (C57BL/6) and 

obesity resistant (A/J) strain, born and maintained at nearly thermoneutral temperature of 

30°C, to eliminate the possible confounding effect of shivering thermogenesis and 

adaptation to cold. At the age of four weeks, mice were randomly assigned to low fat 

(LF) or HF diet and maintained on these diets for two more weeks until sacrifice.  

After 2 weeks on diets, no differences either in body weight, body weight gain or 

food consumption were observed. However, HF diet increased the weight of fat depots 

with a more pronounced effect in A/J mice, which was accompanied by a higher 

induction of plasma leptin levels in these mice (for the results, see publication). Different 

propensity to dietary-induced obesity was apparent only after longer exposure to HF diet 

and did not depend on stronger induction of energy expenditure of A/J mice in response 

to cold. A/J and C57BL/6 mice strains differed in their thermogenic capacity. After cold 

exposure (4°C), A/J LF mice became hypothermic, while the activation of shivering was 

similar as in C57BL/6 LF mice. HF diet reversed this phenotype and A/J HF mice were 

able to maintain their body temperature in cold. Measurement of norepinephrine-

stimulated metabolic rate revealed stronger inducibility of UCP1-mediated thermogenesis 

by HF-diet in A/J compared to C57BL/6 mice (for data see publication). Protein content 

of UCP1 in interscapular BAT demonstrated induction by HF diet, while the increase was 

significantly higher in A/J when compared to C57BL/6 mice (Table 2). Furthermore, 

protein levels of UCP1 and its mRNA expression were measured in subcutaneous fat 

depot and skeletal muscles, respectively (Table 2); however, UCP1 levels were too low to 

be physiologically important for thermogenesis. 
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Table 2  Quantification of UCP1 and UCP2 expression in fat depots 
Fat depot C57BL/6  A/J 

 LF HF  LF HF 

BAT      

UCP1-protein 9.6 ± 0.7 32.0 ± 4.1*  6.0 ± 0.8†   63.8 ± 10.5*† 

UCP2-transcript 1.26 ± 0.30 0.81 ± 0.27  0.61 ± 0.17 0.69 ± 0.39 

DL      

UCP1-protein 0.016 ± 0.005  0.043 ± 0.007*   0.043 ± 0.013† 0.065 ± 0.011 

UCP2-transcript 0.62 ± 0.10 1.08 ± 0.36  0.95 ± 0.20 1.53 ± 0.16 

EPI      

UCP2-transcript 1.23 ± 0.22 1.00 ± 0.10  2.17 ± 0.69 1.59 ± 0.34 

 

Mice adapted to 30 oC and fed either LF of HF diet for 2 weeks after weaning were studied. UCP1 protein 
(mg/g membrane protein) was quantified using Western blots in 100,000 x g membranes isolated from 
adipose tissue homogenates. UCP2 transcript levels (AU) were measured using qRT-PCR in total RNA 
isolated from fat depots. BAT, interscapular brown fat; DL, dorsolumbar white fat; EPI, epididymal white fat.  
Data are means ± S.E. (n = 4-8). *Significant effect of diet; †significant effect of genotype. (See Table S2 in 
online Appendix of the respective publication). 
 
 
 To assess skeletal muscle metabolism and its possible involvement in non-

shivering thermogenesis, gene expression in glycolytic gastrocnemius and oxidative 

soleus muscles were determined (Table 3). HF diet upregulated the expression of 

pyruvate dehydrogenase kinase 4 (Pdk-4) that is associated with suppression of glucose 

oxidation. Moreover, HF diet downregulated the expression of Scd-1 in all studied 

subgroups with the most potent suppression in soleus muscle of A/J HF mice. This is in 

agreement with higher plasma leptin concentrations in this muscle, since Scd-1 is 

suppressed by leptin. In addition, aminoimidazole carboxamid ribonucleotide-stimulated 

fatty acid oxidation was elevated in soleus of A/J HF mice, reflecting higher activation of 

AMPK (see publication).  

These results indicated increased fatty acid oxidation and enhanced thermogenesis 

in oxidative skeletal muscle in response to HF diet in A/J mice, with a likely involvement 

of leptin-AMPK axis. Together with increased UCP1-mediated thermogenesis in BAT, 

both mechanisms could lead to obesity resistance in A/J mice fed HF diet. 

 

My main contribution to this work was RNA isolation, reverse transcription and 

quantification of gene expression using RT-PCR. Further, I performed quantification of 

UCP1 protein in BAT and WAT by western blot analysis. 
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Table 3  Gene expression in glycolytic and oxidative skeletal muscles 

Muscle C57BL/6  A/J 

 LF HF  LF HF 

Gastrocnemius      

Acot1 0.94 ± 0.13 0.86 ± 0.06  1.00 ± 0.21 0.97 ± 0.04 

Acot2 1.55 ± 0.31 3.28 ± 0.33*†  0.88 ± 0.18 1.73 ± 0.16 

Acsl1 1.11 ± 0.22 1.36 ± 21  1.15 ± 0.28 1.33 ± 0.13 

Cox6a 0.67 ± 0.06 0.68 ± 0.07  0.59 ± 0.15 0.49 ± 0.08 

Cpt-1α 2.08 ± 0.27 2.59 ± 0.33  1.77 ±0.33 1.22 ± 0.21 † 

Cpt-1β 0.35 ± 0.04 0.50 ± 0.05  0.50 ± 0.03 0.63 ± 0.07 

Nrf-1 1.82 ± 0.21 1.84 ± 0.34  1.92 ± 0.45 1.72 ± 0.23 

Pdk-4 0.62 ± 0.09 1.11 ± 0.48*  1.11 ± 0.48† 0.93 ± 0.24 

Pgc-1α 0.71 ± 0.01 1.04 ± 0.27  1.71 ± 0.69 † 1.12 ± 0.80 

Pparα 0.43 ± 0.15 0.33 ± 0.10  0.50 ± 0.24 0.46 ± 0.23 

Scd-1 1.31 ±0.35 0.48 ± 0.05*  1.79 ± 0.47 0.82 ± 0.20* 

Sod1 1.07 ± 0.13 1.16 ± 0.13  1.23 ± 0.28 0.81 ± 0.14 

Ucp1 0.30 ± 0.01 0.44 ± 0.03  0.91 ± 0.04  † 1.10 ± 0.06 † 

Ucp3 2.09 ± 0.44 3.55 ± 0.69  2.73 ± 0.52 1.97 ± 0.45 

Soleus      

Acot1 1.31 ± 0.11 1.90 ± 0.22*  1.25 ± 0.14 1.84 ± 0.10* 

Acot2 1.62 ± 0.36 4.32 ± 0.13*  1.96 ± 0.34 3.58 ± 0.60* 

Acsl1 2.94 ± 0.28 4.14 ± 0.41*†      3.17 ± 0.30 2.83  ± 0.24 

Aox1 1.42 ± 0.12 1.64 ± 0.12  1.77 ± 0.30 1.56 ± 0.13 

Cox6a 0.72 ± 0.05 0.64 ± 0.03  0.58 ± 0.04 † 0.56 ± 0.03 

Cpt-1α 1.06 ± 0.11 1.29 ± 0.09  2.54 ± 0.12† 2.25 ± 0.12† 

Cpt-1β 0.79 ± 0.04 0.79 ± 0.04  0.76 ± 0.05 0.86 ± 0.05 

Nrf-1 0.63 ± 0.15 0.69 ± 0.07  0.61 ± 0.09 0.83 ± 0.36 

Pdk-4 1.27 ± 0.10 2.26 ± 0.15*  2.40 ± 0.60† 2.33 ± 0.23 

Pgc-1α 2.52 ± 0.64 2.14 ± 0.24  1.68 ± 0.59 † 1.38 ± 0.24† 

Pparα 1.32 ± 0.12 1.07 ± 0.12  0.77 ± 0.09 † 0.83 ± 0.14 

Scd-1 1.00 ± 0.12 0.44 ± 0.07*  2.22 ± 0.37† 0.56 ± 0.06* 

Serca1 1.21 ± 0.11 0.98 ± 0.02*  1.09 ± 0.19 0.71 ± 0.06*† 

Serca2‡ 1.18 ± 0.07 1.13 ± 0.06  1.65 ± 0.11 † 1.25 ± 0.12* 

Sod1 0.85 ± 0.03 0.82 ± 0.04  0.88 ± 0.08 0.78 ± 0.03 

Ucp1 0.36 ± 0.04 0.43 ± 0.02  0.37 ± 0.02 0.44 ± 0.01 

Ucp3 1.57 ±0.23 2.34 ± 0.18*  1.68 ± 0.11 1.90 ± 0.33 

 
Transcript levels (AU) were measured using qRT-PCR in total RNA isolated from skeletal muscles of mice 
adapted to 30 oC and fed either LF or HF diet. Data are means ± S.E. (n = 6-7). *Significant effect of diet;  
†significant effect of genotype; ‡both Serca2a and Serca2b mRNA were quantified; Acot1, cytosolic acyl-CoA 
thioesterase; Acot2, mitochondrial acyl-CoA thioesterase; Acsl1, long-chain acyl-CoA synthetase; Aox1, 
acyl-CoA oxidase 1; Cox6a, subunit VIa of mitochondrial cytochrome oxidase; Cpt-1, carnitine 
palmitoyltranferase-1; Nrf-1, nuclear respiratory factor 1; Pdk-4, pyruvate dehydrogenase kinase-4; Pgc-1α, 
peroxisome proliferator-activated receptor-γ coactivator-1α; Pparα, peroxisome proliferator-activated 
receptor-α; Scd-1, stearoyl-CoA desaturase-1; Serca, sarcoplasmic reticulum Ca2+ ATPase; Sod1, 
superoxide dismutase 1;  Ucp, uncoupling protein. (See Table 3 in the respective publication). 
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3.3 Publication C: n-3 PUFA, AMPK and insulin sensitivity 

AMP-activated protein kinase αααα2 subunit is required for the preservation of hepatic 

insulin sensitivity by n-3 polyunsaturated fatty acids 

 

Our objective was to test the hypothesis, whether AMPK is implicated in the beneficial 

effects of n-3 PUFA in the prevention of obesity, dyslipidaemia and insulin resistance.  

 

 Four-month-old whole-body AMPKα2 knock-out (AMPKα2-/-) mice on 

C57BL/6J background and their wild-type littermate controls were used in this study. 

Mice were fed either a low-fat chow diet (chow), high-fat diet (cHF), or cHF diet, in 

which 15 % of total lipids were replaced with n-3 LC-PUFA concentrate (cHF+F) for 9 

weeks.  

 When specific activities of hepatic 

AMPKα1 and AMPKα2 subunits were evaluated, 

an increase in the activity of AMPKα2 subunit in 

response to n-3 LC-PUFA supplementation was 

observed. AMPKα1 activity did not show any 

significant compensatory changes in AMPKα2-/- 

mice, however, its activity tended to be increased 

(Fig. 4).    

Administration of cHF diet resulted in 

higher body weight gain in wild-type and 

AMPKα2-/- mice when compared to chow-fed 

animals. However, the effect was less pronounced 

in AMPKα2-/-. cHF+F diet induced smaller body 

weight gain regardless of the genotype. Similarly, 

cHF+F diet decreased plasma lipids independently 

of AMPΚα2 subunit (for the data see 

publication). However, n-3 LC-PUFA-containing 

diet prevented high plasma insulin levels 

Figure 4 Liver AMPKαααα1 (A) and 
AMPKαααα2 (B) activity in wild type and 
AMPKαααα2-/- mice. The data are the 
means ± SE (n=5-8). In the AMPKα2-/- 
mice, AMPKα2 activity was below the 
detection limit. *P < 0.05 vs. genotype 
Chow; † P < 0.05 vs. genotype cHF. 
(See Figure 1 in the respective 
publication). 
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associated with cHF diet feeding only in wild-type animals. Assessment of insulin 

sensitivity by hyperinsulinemic-euglycaemic clamp revealed protective effects of n-3 LC-

PUFA from detrimental effects of cHF feeding only in wild-type mice, while no 

beneficial effects were observed in AMPKα2-/- mice. In line with these observations, 

plasma levels of insulin-sensitising hormone adiponectin, were increased (both total 

adiponectin as well as its biologically active HMW form) only in wild-type animals in 

response to n-3 LC-PUFA (Fig. 5).  

 

 
Figure 5  Adiponectin levels in plasma of wild-type and AMPKα2-/- mice fed either a Chow diet or corn 
oil-based high-fat diets without (cHF) or with 15% of the lipids in the form of n-3 LC-PUFA concentrate 
(cHF+F) for 9 weeks, and killed in ad libitum fed state. The total adiponectin levels and the distribution of 
adiponectin multimeric complexes were determined using Western blotting. The data are the means ± SE (n 
= 13-15). *P < 0.05 vs. genotype Chow; †P < 0.05 vs. genotype cHF; ‡P < 0.05 vs. wild-type on respective 
diet. Significance evaluated for the total adiponectin levels. A.U., arbitrary units; LMW – low molecular 
weight; MMW – medium molecular weight; HMW – high molecular weight. (See Supplementary Figure 2 of 
the respective publication). 

 
 

 Liver TAG under the clamp conditions were decreased by n-3 LC-PUFA in 

AMPKα2-dependent manner. Moreover, experiments on isolated hepatocytes confirmed 

AMPK-dependent induction of fatty acid oxidation by n-3 LC-PUFA in the liver (see 

publication). The composition of hepatic lipids is very important for insulin sensitivity. 

While hepatic ceramides and phospholipids were not affected, the content of 

polyunsaturated DAG was modified by both diet and genotype. Dietary supplementation 

by n-3 LC-PUFA prevented accumulation of total DAG in wild-type mice compared to 

mice without functional AMPKα2 subunit (for details see publication). 
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 To summarise, our results suggest that regulatory α2 subunit of AMPK is not 

necessary for anti-obesity and hypolipidemic effects of n-3 LC-PUFA, however, it is 

required for the preservation of insulin sensitivity, especially in the liver. Nevertheless, 

the activation of AMPKα2 by n-3 LC-PUFA is likely independent of their on direct 

interaction since it is most probably mediated by n-3 LC-PUFA-dependent increase in 

adiponectin plasma concentration and subsequent AMPK activation in target tissues. 

 

My main contribution to this work was the measurement of enzymatic activity of AMPK 

and the assessment of adiponectin multimeric complexes in plasma of experimental 

animals.   
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3.4 Publication D: Sex-based differences of adipose tissue function 

Sex differences during the course of diet-induced obesity in mice: adipose tissue 

expandability and glycaemic control 

 

Our objective was to evaluate sex-based differences in adipose tissue plasticity with 

respect to adipose tissue inflammation and propensity to deterioration of insulin 

signalling between male and female mice. 

 

This study was performed on 

male and female mice of C57BL/6N 

strain. Mice were randomly assigned to a 

control (3.4 % wt/wt of fat; ST) or high 

fat (35 % wt/wt of fat; HF) diet at the 

time of weaning (four weeks of age) and 

remained on their respective diets for 15 

or 35 weeks. These time points were 

chosen to compare different states of 

body weight development after long-

term HF diet administration (lower body 

weight in female compared to male mice 

at week 15; equalised body weight in 

female and male mice at week 35). Mice 

on HF diet became significantly heavier 

than their ST diet-fed controls and males 

weighed more than females until week 

20. From the week 20 onwards, body weights of males and females equalised, which 

suggests higher propensity to fat accumulation in response to HF-feeding in female mice 

(Fig. 6).  

 In control mice, no significant differences either in weight of gonadal (gWAT) or 

subcutaneous (scWAT) adipose tissue were observed between the sexes, although males 

Figure 6  Growth curves. Mice of both sexes were 
weaned to either ST or HF diet at four weeks of age 
(week 0). Some mice (n=10 from each sex) were 
killed at week 15, while the remaining mice were 
killed at week 35. Data are means ± SE (n=20 
between week 0-15; and n=10 between week 16-
35). Intraperitoneal glucose tolerance test (GTT) was 
performed at week 10, 25 and 33, respectively. (See 
Figure 1 of the respective publication). 
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tended to accumulate more fat. In mice fed HF-diet, the situation was opposite, i.e. 

females tended to have greater gWAT and scWAT depots than males at week 15. The 

differences were more pronounced at week 35, when females exhibited significantly 

larger scWAT and even ~3.8-fold larger gWAT compared to males (Table 4). Higher 

adiposity in females at week 35 were also reflected in higher plasma leptin levels in these 

animals (Table 5).  

 

Table 4  Growth characteristics, adiposity, liver weight and TAG content      

 ST  HF 
 Male Female  Male Female 
BW (g)      

Week 0 17.8 ± 0.2 14.3 ± 0.3*  18.2 ± 1.0 14.3 ± 0.3* 
Week 15 28.5 ± 0.4 24.1 ± 0.4*  43.6 ± 1.9 # 36.4 ± 1.7#* 
Week 35 35.3 ± 0.7 27.6 ± 0.8*  55.4 ± 2.2 # 57.7 ± 2.6# 

BWG (g)      
Week 15 11.6 ± 0.6 10.6 ± 0.5  27.2 ± 1.4 # 23.1 ± 2.3#* 
Week 35 17.5 ± 0.6 13.2 ± 0.6  37.2 ± 1.8# 43.4 ± 2.4# 

FC (kJ/g/day)       
Week 4-14 2.39 ± 0.01 2.53 ± 0.04  1.88 ± 0.03 2.64 ± 0.10* 

Week 17-30 1.99 ± 0.01 2.32 ± 0.03*  1.38 ± 0.09 1.42 ± 0.02 
gWAT (mg)      

Week 15 484 ± 31 364 ± 26  1881 ± 158# 2147 ± 301# 
Week 35 1032 ± 107 711 ± 97  1565 ± 95 5989 ± 470 #* 

scWAT (mg)      
Week 15 217 ± 14 195 ± 11  797 ± 95# 873 ± 117# 
Week 35 312 ± 35 271 ± 24  1297 ± 113# 1590 ± 133#* 

Liver (mg)      
Week 15 1247 ± 55 1144 ± 29  1606 ± 130# 1236 ± 56* 
Week 35 1544 ± 51 1160 ± 56*  2541 ± 231# 1806 ± 111#* 

Liver TAG (mg/g of tissue)      
Week 15 28 ± 1 32 ± 3  109 ± 20# 72 ± 6#* 
Week 35 34 ± 3 38 ± 3  197 ± 27# 121 ± 8#* 

 
Male and female mice weaned at four weeks of age (week 0) onto ST or HF diet were analysed after 15 
weeks or 35 weeks (n=10) feeding of their respective diets. BW, body weight; BWG, body weight gain 
since week 0; FC, mean food consumption; gWAT, gonadal white adipose tissue; scWAT, subcutaneous 
white adipose tissue; TAG, triglycerides. Data are means ± SE. P < 0.05, *significant differences between 
sexes within diet, #significant differences between diets within sex (ANOVA). (See Table 1 of the 
respective publication). 
 
 
 HF-feeding induced accumulation of TAG in the livers of both sexes with a more 

pronounced effect in male mice that also resulted in higher liver weight (Table 4). Higher 

TAG accumulation in the liver together with smaller gWAT and scWAT suggested 

decreased capacity for adipose tissue enlargement and thereby higher ectopic lipid 

deposition in male mice as compared to their female counterparts. Since ectopic lipid 
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accumulation is known to be associated with insulin resistance, blood glucose levels in 

response to meal ingestion were elevated after a period of fasting at week 15. 

 

Table 5  Plasma hormones 

 ST  HF 
 Male Female  Male Female 
Insulin (ng/ml)      

Week 15 0.88 ± 0.21 0.38 ± 0.04*  2.71 ± 0.54# 1.15 ± 0.23#* 
Week 35 0.97 ± 0.16 0.21 ± 0.03*  4.68 ± 0.45# 2.30 ± 0.46#* 

Leptin (ng/ml)      
Week 15 6.2 ± 0.7 8.8 ± 0.8  45.5 ± 7.6# 41.7 ± 8.0# 
Week 35 17.7 ± 2.0  9.1 ± 1.7*  71.9 ± 4.7 # 89.6 ± 2.8#* 

Adiponectin (A.U.)      
Week 15      

HMW 0.45 ± 0.03  0.62 ± 0.05*   0.33 ± 0.02# 0.63 ± 0.03* 
MMW 0.46 ± 0.02  0.65 ± 0.04*  0.44 ± 0.02 0.60 ± 0 .03* 
LMW 0.02 ± 0.00 0.02 ± 0.00  0.01 ± 0.00 0.02 ± 0.00* 
Total 0.94 ± 0.05  1.29 ± 0.08*   0.78 ± 0.03# 1.25 ± 0.05* 

Week 35      
HMW 0.46 ± 0.04 0.86 ± 0.10*  0.40 ± 0.06  0.63 ± 0 .07#* 
MMW 0.55 ± 0.03 0.80 ± 0.06*  0.50 ± 0.02 0.78 ± 0. 07* 
LMW 0.04 ± 0.01    0.03 ± 0.00  0.02 ± 0.00 #      0.03 ± 0.00 
Total 1.06 ± 0.06 1.69 ± 0.15*  0.92 ± 0.07 1.44 ± 0.13* 

 

Male and female mice weaned at four weeks of age onto ST or HF diet were analysed after 15 weeks or 
35 weeks (n=10) feeding of their respective diets. A.U., arbitrary units; HMW, high molecular weight; 
MMW, medium molecular weight; LMW, low molecular weight. Data are means ± SE. *significant 
differences between sexes within diet; #significant differences between diets within sexes (ANOVA). 
(See Table 2 of the respective publication). 
 
 
Mice of both sexes fed ST diet together with female mice fed HF diet showed the ability 

to decrease plasma glucose levels in response to fasting. The opposite was observed in 

male mice fed HF diet, which demonstrated the inability to decrease blood glucose, 

indicating metabolic inflexibility in these animals (Fig. 7a). Furthermore, glucose 

homeostasis was evaluated by three subsequent intraperitoneal glucose tolerance tests (IP 

GTT) at weeks 10, 25 and 33. Fasting blood glucose levels already suggested better 

glucose tolerance in female mice fed ST diet in comparison with males at all three time 

points analysed. HF-feeding exacerbated glucose intolerance associated with aging in 

both sexes, however, male mice were affected earlier (already at week 10) in contrast to 

females, and exhibited much earlier deterioration of glucose tolerance (Fig. 7b,c). To 

further characterise glucose homeostasis, at week 33 plasma insulin levels were 

determined at the baseline and 30 minutes after glucose load during IP GTT, when the 

highest response of insulin is expected. Mice of both sexes on ST diet showed similar 
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insulin levels at both time points. Animals fed HF diet differed from ST-fed animals 

already at the baseline, when they exhibited significantly higher fasted insulin levels. 

Insulin increased further in response to glucose load with a more pronounced increase in 

male mice (Fig. 7d). Moreover, female mice exhibited substantially decreased insulin 

levels also in ad libitum fed state (Table 5) at week 15 and week 35. These results suggest 

that females need lower insulin levels to maintain the same glucose tolerance as males. 

 
Figure 7 Glucose homeostasis. (a) Plasma glucose levels in fasted and fed mice at week 15 (see text for 
details). (b-d) Intraperitoneal glucose tolerance (GTT) test was performed at week 10, 25 and 33, 
respectively, after weaning to either ST or HF diet (see also Supp. Fig. 1). (b) Fasting blood glucose (FBG) 
at time 0 of the GTT performed at week 10, 25 and 33, respectively. (c) Area under the glycaemic curve 
(AUC) of the tests performed at week 10, 25 and 33, respectively. (d) Plasma insulin levels at time 0 and 30 
min of the test performed at week 33. Data are means ± SE (n=10; at week 10, only part of mice was 
randomly selected for the testing). *significant difference between sexes within diet, #significant difference 
between diets within sexes (ANOVA), ‡significant difference before and after respective treatment (RM 
ANOVA). (See Figure 3 of the respective publication). 
 
 
Moreover, this could delay the exhaustion of pancreatic β-cells and the onset of type 2 

diabetes. Since adiponectin possess substantial insulin-sensitising effect mediated 

through activation of AMPK, better sensitivity to insulin action in females can be also 
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related to higher plasma adiponectin levels including the biologically active HMW form 

(Table 5). 

The above results showed a lower ectopic fat storage and better metabolic profile 

of female mice in spite of higher degree of obesity. Therefore, further analysis of adipose 

tissue was performed, as insulin resistance is closely associated with adipose tissue 

inflammation and correlates with adipocyte size. Histological analysis of gWAT and 

scWAT combined with morphometry of adipocytes showed that adipocyte size in 

animals fed ST diet was similar in both sexes, and it did not differ between week 15 and 

35, while almost no macrophages were detected in gWAT and scWAT (see publication). 

This leads us to a conclusion that adipose tissue of ST-fed lean animals is populated only 

with resident macrophages without any inflammatory activity. The opposite situation was 

observed in HF-fed animals. As 

expected, HF-feeding increased 

adipocyte size as well as 

macrophage infiltration, 

detected as a frequency of 

CLS, in gWAT and scWAT of 

both sexes. In agreement with a 

widely accepted concept that 

adipocyte size correlates with 

adipose tissue inflammation, 

males demonstrated adipocyte 

hypertrophy accompanied by a 

markedly increased number of 

CLS especially in gWAT both 

at week 15 and 35.  

Surprisingly, the dissociation 

of adipocyte size from 

macrophage infiltration was 

observed in female mice. At 

week 15, adipocyte size tended 

Figure 8  Quantification of gene expression in gWAT of 
male and female mice fed ST or HF diet at (a) week 15 and 
(b) week 35. Expression of selected genes was evaluated using 
qRT-PCR and standardised relative to ST diet fed male mice at 
week 15. Data are means ± SE (n=7-10). *significant difference 
between sexes within diet, #significant difference between diets 
within sexes (ANOVA). Mcp-1, monocyte chemoattractant 
protein-1; Tnf-α tumour necrosis factor α; Cd68, Cd68 antigen. 
(See Figure 5 of the respective publication). 
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to be larger in female gWAT and scWAT than in male and at week 35, the difference 

reached the statistical significance. However, adipose tissue macrophage infiltration 

remained considerably lower in females (see publication).  

To further characterise the inflammatory status of adipose tissue of HF-fed mice, 

gene expression of several pro-inflammatory markers was assessed in gWAT, since this 

depot showed higher inflammatory response. As shown in Fig. 8a,b, HF-feeding 

markedly induced expression of Mcp-1, Tnf-α and Cd68 in both sexes. At week 15, 

females fed HF diet showed lower expression of all three genes (although the decrease in 

did not reach statistical significance) as compared to males. Although at week 35 only a 

trend for decreased expression of Tnf-α and Cd68 in female gWAT was observed, 

histological analysis clearly demonstrated lower degree of inflammation in adipose tissue 

depots of female mice, independent from the expression levels of pro-inflammatory 

markers. 

To conclude, using a model of morbid dietary obesity in mice, females 

demonstrated higher adiposity as reflected by larger adipocytes and higher leptinaemia as 

compared to males. However, in spite of larger adipocytes, frequency of CLS was 

reduced in both gWAT and scWAT in female mice. Together with substantially lowered 

insulin levels, markedly increased adiponectin and less pronounced hepatosteatosis, these 

results indicate that better insulin sensitivity in female as compared to male mice 

challenged with HF-feeding might be due to their increased capacity for adipocyte 

enlargement and generally greater adipose tissue expandability. 

 

My main contribution to this work was the management and coordination of all the 

experiments, biochemical analysis of plasma samples, assessment of adiponectin 

multimeric complexes by western blot technique, determination of glucose homeostasis 

(except of measuring insulin levels (ZMJ),  and quantification of gene expression.  
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4 DISCUSSION 

Diet-induced obesity represents a marked risk for developing metabolic syndrome, a 

cluster of diseases posing a substantial health threat for the human population. 

Understanding the principles and mechanisms connecting obesity with the propensity to 

develop metabolic syndrome is important for designing treatment strategies for the 

prevention of disturbed metabolic states. The results of publications described in this 

thesis contribute to our understanding of obesity development and are also relevant to 

approaches for the treatment of metabolic syndrome. Briefly, the first publication is 

related to the topic of dietary lipid composition, specifically with respect to dietary 

supplementation with EPA/ DHA concentrates and chemical DHA-derivatives, thereby 

modulating lipid accumulation, impaired glucose tolerance and WAT inflammation 

(Publication A). The second publication relates to the induction of muscle thermogenesis 

by HF-feeding in obesity-resistant A/J mice by means of increased leptinaemia and 

subsequent activation of AMPK (Publication B). Third paper deepens our knowledge 

about the mechanism, by which EPA/ DHA exert their beneficial effects on metabolism, 

and whether AMPK is involved in the process (Publication C). Finally, the last part of my 

work concerned the examination of different properties of adipose tissue associated with 

distinct predisposition for suffering from metabolic syndrome in male and female mice 

(Publication D).  

 Type of dietary lipids plays an important role in the development of obesity and 

associated diseases. The ingestion of saturated fat contributes to the onset of obesity and 

subsequently to the appearance of metabolic syndrome. To the contrary, PUFA, and 

particularly PUFA of n-3 series, are known to provide health benefits. Replacing a part of 

dietary lipids with EPA and especially with DHA confers the anti-inflammatory action in 

obese adipose tissue, improves metabolic profile, while in rodents it also prevents lipid 

accumulation (99;100). Inflammation of WAT represents a dysfunctional state of adipose 

tissue with a dysregulated secretory profile, which is characterised by a shift from 

releasing anti-inflammatory cytokines like adiponectin to the production of pro-

inflammatory molecules. Adipocytokines such as TNF-α, MCP-1 or IL-6 are released 

from WAT, act at the local as well as systemic level and thereby worsen insulin 
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sensitivity in peripheral tissues (17). Additionally, obese adipose tissue, characterised by 

hypertrophied adipocytes, has limited capacity for TAG storage. Thus, it leads to ectopic 

fat accumulation in muscle and liver, further promoting insulin resistance. Given the fact 

that naturally occurring PUFA have beneficial effects in ameliorating obesity and 

associated metabolic disturbances (99), chemical derivatives of DHA have been 

developed with the view of improved action. In our study, four DHA derivatives were 

tested. Substance 2 (α-ethyl DHA ethyl ester) proved to be the most effective in 

prevention and reversal of obesity and impaired glucose tolerance (Publication A). It 

reduced macrophage WAT infiltration, thereby improving insulin resistance, as 

macrophages are the main source of pro-inflammatory cytokines counteracting insulin 

action (2). Substance 2 further reduced accumulation of TAG by simultaneous activation 

of lipogenesis (Scd-1, Fdps) and lipid catabolism (Aox-1, Cp1-1α), suggesting futile 

substrate cycling. Therefore, it could be qualified as a novel promising drug in the 

treatment of obesity and insulin resistance.  

 AMPK represents another notable drug target for diabetes and metabolic 

syndrome. The most widespread antidiabetic drugs, such as thiazolidinediones and 

metformin, act through the activation of AMPK (120;121). Furthermore, we showed for 

the first time, that AMPKα2 subunit is required for the effect of n-3 LC-PUFA to 

preserve hepatic insulin sensitivity (Publication C). The study was performed using 

transgenic mice with the whole-body inactivation of the catalytic α2 subunit of AMPK. 

First, we showed that AMPKα2 is activated in response to dietary n-3 LC-PUFA in wild-

type but not in transgenic mice. However, concerning AMPK activation in response to n-

3 LC-PUFA, contradictory results were obtained previously (122;123). This discrepancy 

could be caused by the differences in dietary intake of n-3 LC-PUFA or by the nutritional 

state of experimental animals. Moreover, no AMPK activation was observed in cultured 

hepatocytes treated directly with n-3 LC-PUFA (26). This suggests that AMPKα2 is 

activated by n-3 LC-PUFA indirectly, possibly by the stimulation of adiponectin release 

(124), since adiponectin is known to activate AMPK (61) and improve insulin sensitivity. 

Additionally, accumulation of DAG in the liver could mediate hepatic insulin resistance 

(125), and we showed that hepatic DAG levels are regulated in AMPKα2-dependent 

manner in response to dietary n-3 LC-PUFA.  
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 Besides adiponectin, AMPK is also activated by other important adipocytokine, 

leptin. Leptin stimulates fatty acids oxidation and induces energy expenditure through 

AMPK, thereby protecting from ectopic fat accumulation. We demonstrated that leptin 

induced muscle non-shivering thermogenesis in an AMPK-dependent manner in response 

to HF-feeding in obesity resistant A/J, but not in obesity prone C57BL/6 mice 

(Publication B). HF-feeding exert stronger obesogenic effect in C57BL/6  mice compared 

to A/J. Low energy expenditure in A/J, which presumably predisposes these mice to 

obesity, is markedly enhanced by HF-feeding when compared with C57BL/6 mice. 

Increased energy expenditure is accompanied by higher body temperature and stronger 

induction of UCP1 in BAT. It has been shown before, that A/J mice are able to retain the 

sensitivity of adipose tissue to leptin (126) and β-adrenergic stimuli (127). Additionally, 

we demonstrated stronger AMPK phosphorylation/ activation and higher VO2 in 

oxidative muscle in A/J mice, suggesting a preferential use of lipids for non-shivering 

thermogenesis. Increased lipid oxidation was also supported by higher Scd-1 (128) and 

lower Pdk-4 (129) expression. To conclude, our results suggest that UCP1 mediated 

thermogenesis in BAT together with non-shivering skeletal muscle thermogenesis 

contribute to the resistance to dietary obesity in A/J mice.   

  The above discussion outlines possibilities for the prevention and treatment of 

obesity and metabolic syndrome. Studies on animal models help to develop treatment 

strategies for numerous diseases including the metabolic syndrome. However, it is 

important to realise that significant differences resulting from biological diversity 

between the sexes exist regarding the manifestation of these diseases. Therefore, in the 

context of treating metabolic syndrome it is important to understand the inherent 

differences between the sexes regarding adipose tissue biology and the ability of an 

organism to cope with the HF diet challenge. We documented profound differences in a 

capability of adipose tissue to handle excess calories during the long-term administration 

of HF diet (Publication D). A murine model of morbid obesity with equalised BW of 

males and females was used, so that the differences in metabolic phenotypes cannot be 

attributed to a lower BW and smaller fat cells in female mice as described previously 

(94;110). Moreover, sex-dependent differences in adipocyte size and the frequency of 

CLS in WAT were demonstrated. In contrast to a generally accepted view that 
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hypertrophy of adipocytes correlates with macrophage infiltration of WAT (91;93), 

female mice exhibited a markedly reduced number of CLS in spite of their larger fat 

cells. This suggests a higher capacity of females’ adipocytes to expand and thereby keep 

the adipose tissue inflammation at a relatively low level as compared to males that 

demonstrate considerable macrophage WAT infiltration. Increased expandability of 

WAT in females likely resulted in lower ectopic fat deposition and therefore lower 

lipotoxicity. Furthermore, our results confirm previously published data on sex-

dependent differences in insulin sensitivity (90;130), as documented by females 

exhibiting later onset of impaired glucose tolerance associated with lower insulin levels 

to maintain the same glycaemia as compared to males. Another factor likely contributing 

to a better insulin sensitivity in female mice, while possess anti-inflammatory action (61), 

is adiponectin, showing consistently increased plasma levels in female as compared to 

male mice. 

 In summary, the results presented in this thesis help to understand primary 

mechanisms linking dietary obesity to metabolic syndrome and outline possible concepts 

for the prevention and treatment of these metabolic diseases with respect to sex-

dependent differences in the way how the organism handle energy surplus.   
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5 CONCLUSIONS 

Concerning the specific aims of this thesis, the following conclusions may be formulated: 

 

1. Naturally occurring n-3 LC-PUFA exhibited beneficial effects in the prevention 

and treatment of obesity and metabolic syndrome. However, chemical DHA-

derivatives manifested the same range of health benefits, but with a higher 

efficacy. Substance 2 (α-ethyl DHA ethyl ester) profoundly reduced adipocyte 

size and adipose tissue inflammation in obese mice, which was associated with 

improved insulin sensitivity.  

 

2. Differences in plasma leptin levels between obesity resistant A/J and obesity 

prone C57BL/6 mice were identified. A/J mice exhibited a cold sensitive 

phenotype when fed LF diet. However, HF diet normalised cold tolerance by 

inducing both, UCP1 mediated thermogenesis and non-shivering thermogenesis in 

oxidative skeletal muscle. Muscle thermogenesis was accompanied by a 

preferential oxidation of lipids, suggesting the involvement of leptin-AMPK axis. 

 

3. α2 subunit of AMPK was required for the preservation of hepatic insulin 

sensitivity mediated by n-3 LC-PUFA in mice fed HF diet. Dietary n-3 LC-PUFA 

modulated the type of accumulated hepatic DAG and completely prevented an 

increase of polyunsaturated DAG in AMPKα2-dependent manner.  

 

4. Sex-dependent differences in adipose tissue in response to HF-feeding were 

described. Female mice demonstrated higher adiposity, however, in spite of larger 

adipocytes, the frequency of CLS was significantly lower than in males. Females 

accumulated less fat in non-adipose tissues, which together with lower 

inflammation of WAT and constantly increased adiponectin levels corresponded 

with their improved sensitivity. Thus, adipose tissue expandability and its 

capability to handle energy surplus rather than total body fat content contributed 

to a resistance of female mice to metabolic derangements associated with obesity.  
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IntroductIon
Obesity, and especially abdominal obesity, is a risk factor for 
insulin resistance (IR), type 2 diabetes, and  cardiovascular dis-
ease. “Dysfunctional” adipose tissue, which cannot properly 
handle the energy surplus resulting from a  sedentary lifestyle 
combined with excessive calorie consumption, plays a central 
role in obesity-associated IR and type 2  diabetes (1). In  general, 
IR develops as a consequence of exposure of insulin-responsive 
tissues to elevated dietary nutrients,  resulting in the accumu-
lation of lipid-derived metabolites and  impairment of inter-
organ communication networks that are mediated by peptide 
hormones and inflammatory molecules (2). Lifestyle modifi-
cation therapies, such as reduced caloric intake and increased 
physical activity, for the obesity-associated IR and metabolic 

abnormalities have proved to be difficult for the general popu-
lation. However, current pharmacological  interventions often 
require the use of multiple agents and are also associated with 
adverse side effects, as documented in the case of the thiazolid-
inediones (3). Therefore, new treatment strategies are sought.

At the same time, the quality of dietary lipids is important. 
The n-3 long-chain polyunsaturated fatty acids (n-3 LC-PUFA), 
namely, eicosapentaenoic acid (EPA; 20:5n-3) and docosahex-
aenoic acid (DHA; 22:6n-3), which are abundant in marine fish 
oils, act as potent hypolipidemics in both rodents (4–6) and 
humans (7). The n-3 LC-PUFA also  prevented development of 
obesity and IR in rodents fed high-fat diets (8). However, their 
beneficial effect on body weight and IR in overweight patients 
was only apparent when n-3 LC-PUFA were combined with 
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a weight-loss regimen (9). In general, the insulin-sensitizing 
effects of n-3 LC-PUFA in subjects with impaired glucose 
 tolerance (IGT) are  minimal (10).

The hypolipidemic and antiobesity actions of n-3 LC-PUFA 
depend on a suppression of lipogenesis combined with 
increased fatty acid oxidation in the liver (4,11). However, 
enhanced mitochondrial biogenesis and β-oxidation in white 
adipose tissue (WAT) may also contribute (12). Moreover, n-3 
LC-PUFA reduce WAT inflammation associated with obes-
ity (13), while stimulating secretion of the insulin-sensitizing 
hormone adiponectin (6,14). The effects of n-3 LC-PUFA are 
largely mediated by peroxisome proliferator–activated recep-
tors (PPARs), with PPAR-α and PPAR-δ (-β) representing the 
main targets for n-3 LC-PUFA (15,16); however, other factors, 
such as liver X receptor, hepatocyte nuclear factor-4α, and 
sterol-regulatory element binding protein, are also involved 
(for review see refs. 17,18). Decreased binding of both sterol-
regulatory element binding protein–1c and nuclear factor-Y to 
promoters of lipogenic genes (19), as well as activation of AMP-
activated protein kinase (20), may be of great importance for 
the liver effects. In addition to being ligands themselves, n-3 
LC-PUFA might also act indirectly through their metabolites, 
eicosanoids, and other lipid molecules (21).

Concerning new pharmacotherapies for obesity-associated 
IR and type 2 diabetes, mixed agonists of various PPARs (22) 
or higher-affinity analogues of currently available agonists are 
being developed. Based on a relatively low efficiency of EPA/
DHA in the treatment of IR in humans, the aim of this study 
was to explore several chemical DHA derivatives, substituted 
at the C(2)-position, as potential antiobesity and antidiabetic 
agents. In a mouse model of high-fat feeding, the efficiency of 
DHA derivatives in the prevention and reversal of obesity, IGT, 
dyslipidemia, WAT inflammation, and lipid accumulation in 
nonadipose tissues was analyzed.

Methods and Procedures
animals and experimental design
Male mice of either C57BL/6N genetic background (Charles River, 
Sulzfeld, Germany) or C57BL/6J background were maintained on a 
12:12-h light–dark cycle at 22 °C (2–4 animals/cage). Mice were allowed 
an unrestricted access to water and a standard chow (STD; extruded 
Ssniff R/M-H diet; Ssniff Spezialdieten GmbH, Soest, Germany). At 
3 months of age, mice were randomly assigned to a composite high-fat 
diet (cHF; lipids ~35% wt/wt, mostly corn oil), while some mice were 
maintained on STD diet. Energy content of STD and cHF diet was 13.0 
and 22.8 kJ/g, respectively (see http://www.ssniff.com, and (5)). STD 
diet served as a control for the obesogenic effect of the HF diet. Two 
experimental approaches were used (see also Figure 1):

1. In the “prevention study,” various DHA derivatives (Substance 1–4; 
see below) were admixed to the cHF diet (1.5% of dietary lipids 
replaced by a DHA derivative) and administered to the 3-month-
old C57BL/6N mice for a period of 4 months. The DHA derivatives 
were tested in three separate experiments A, B, and C (Experiment 
A: Substance 1; Experiment B: Substance 2 and 3; Experiment C: 
Substance 4).

2. In the “reversal study,” obesity and IGT were induced in C57BL/6J 
mice by feeding cHF diet for a period of 4 months prior to the 
subsequent 2-month-long administration of Substance 2 admixed 
to the cHF diet (1.5% of dietary lipids). To analyze potential 

 contribution of a lower food intake in the beneficial effect of Sub-
stance 2 on glucose homeostasis (as observed in the “prevention 
study”), food intake in a subgroup of cHF-fed mice was reduced 
by 12% compared with mice fed cHF diet ad libitum during the 
final 2 months of the “reversal study.” A separate experiment was 
also performed to evaluate the effect of EPAX1050 TG (Pronova 
BioPharma AS, Lysaker, Norway), a triglyceride concentrate of 
EPA (~15%) and DHA (~45%; EPA/DHA), as well as of pure DHA 
(~99%; ethyl ester; Pronova BioPharma AS) in ad libitum–fed 
mice; compared with all the experiments with DHA derivatives, 
a tenfold higher fraction of dietary lipids (i.e., 15% of lipids) was 
replaced by either EPA/DHA or DHA alone (see also our previous 
studies (5,6) and Figure 1).

The cHF-fed mice always served as controls. Body weight and food 
intake were monitored weekly, while a fresh ration was offered daily. 
Mice were killed by cervical dislocation under diethylether anesthe-
sia between 9–11 am, subcutaneous dorsolumbar and epididymal 
WAT, interscapular brown adipose tissue, liver, and skeletal muscle 
(musculus quadriceps femoris) were dissected and snap-freezed in liq-
uid nitrogen. Truncal blood was collected into the EDTA-containing 
tubes and plasma was isolated by centrifugation at 5,000g for 10 min at 
4 °C. Tissues and plasma were stored at −70 °C for future analyses. The 
experiments were conducted under the guidelines for the use and care 
of laboratory animals of the Institute of Physiology.

chemical α-substituted dha derivatives
DHA derivatives (for chemical structures, see Supplementary Figure S1 
online) were provided by Pronova BioPharma AS, including α-methyl 
DHA ethyl ester (Substance 1), α-ethyl DHA ethyl ester (Substance 2), 
α,α-di-methyl DHA ethyl ester (Substance 3), and α-thioethyl DHA 
ethyl ester (Substance 4).

Prevention

Weaning

IPGTT

Dissection Dissection

IPGTT

0 1 2 4 6 9

Birth

Reversal

Reversal

cHF ± Substances (1–4) STD

STD

cHFSTD

cHF-CR

cHF ±
Substance-2

cHF

STD

cHF ±
EPAX1050 TG
or
DHA

STD

Age (months)

3 5 7 108

Figure 1 Timeline of experiments. In the “prevention study,” 3-month-old 
mice were switched from a low-fat chow (STD) diet to either composite 
high-fat (cHF) diet, or cHF diets containing 1.5% of their lipids as DHA 
derivatives (Substance 1–4). In the “reversal study,” 3-month-old mice 
were fed a cHF diet for a period of 4 months, followed by the treatment 
with Substance 2 for additional 2 months. A group of mice were also 
subjected to a 12% caloric restriction diet (cHF-CR; relative to food 
intake in the cHF group). In the “reversal study,” an intraperitoneal 
glucose tolerance test (IPGTT) was performed 1 week before the 
end as well as 1 week before the initiation of dietary treatments. In a 
separate “reversal study” experiment, the effect of EPA/DHA concentrate 
(EPAX1050 TG) and DHA on ad libitum–fed mice was also studied using 
cHF diets containing 15% of their lipids as the tested compounds (using 
cHF-fed mice as controls).
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Preparation of dha derivatives
The NMR spectra were recorded in CDCl3, with a Bruker Avance DPX 
200 instrument. Mass spectra were recorded with a LC/MS Agilent 
1100 series, with a G 1956 A mass spectrometer (electrospray, 3000 V). 
(University of Oslo, Norway). All reactions were performed under 
nitrogen or argon atmosphere.

ethyl (all-Z)-2-methyl-4,7,10,13,16,19-docosahexaenoate 
(substance 1)
In this phase, n-Butyllithium (1.6 mol/l in hexane, 228 ml, 370 mmol) 
was added dropwise to a stirred solution of diisopropylamine (60 ml, 
420 mmol) in dry tetrahydrofuran (THF; 800 ml) at 0 °C under N2. 
The resulting solution was stirred at 0 °C for 30 min, cooled to −78 °C 
and stirred an additional 30 min before dropwise addition of ethyl (all-
Z)-4,7,10,13,16,19-docosahexaenoate (100 g, 280 mmol) in dry THF 
(500 ml) during 2 h. The resulting solution was stirred at −78 °C for 
30 min before methyl iodide (28 ml, 450 mmol) was added. The solu-
tion was allowed to reach −20 °C during 1.5 h and then poured into 
water (1.5 l). The resulting mixture was extracted with heptane (2 × 
800 ml). The combined organic extracts were washed with 1 mol/l HCl 
(1 l), dried (Na2SO4) and evaporated in vacuo. The residue was purified 
by flash chromatography (SiO2, heptane/ethyl acetate 99:1). Yield: 50 g 
(48%) as a slightly yellow oil. 1H-NMR (200 MHz, CDCl3): δ 1.02 (t, J = 
7.5 Hz, 3H), 1.20 (d, J = 6.8 Hz, 3H), 1.29 (t, J = 7.1 Hz, 3H), 2.0–2.6 (m, 
5H), 2.8–3.0 (m, 10H), 4.17 (t, J = 7.1 Hz, 2H), 5.3–5.5 (m, 12H), MS 
(ESI): 393 [M+Na+]+.

ethyl (all-Z)-2-ethyl-4,7,10,13,16,19-docosahexaenoat 
(substance 2)
n-Butyllithium (1.6 mol/l in hexane, 440 ml, 670 mmol) was added 
dropwise to a stirred solution of diisopropylamine (111 ml, 780 mmol) 
in dry THF (750 ml) at 0 °C under N2. The resulting solution was cooled 
to −78 °C and stirred an additional 45 min before dropwise addition of 
ethyl (all-Z)-4,7,10,13,16,19-docosahexaenoate (200 g, 560 mmol) in 
dry THF (1.6 l) during 4 h. The resulting solution was stirred at −78 °C 
for 30 min before ethyl iodode (65 ml, 810 mmol) was added. The solu-
tion was allowed to reach −40 °C before an additional amount of ethyl 
iodide (5 ml, 60 mmol) was added, and finally reach −15 °C (during 3 h 
from −78 °C) before the mixture was poured into water. The result-
ing mixture was extracted with hexane (2×). The combined organic 
extracts were washed with 1 mol/l HCl and water, dried (Na2SO4) and 
evaporated in vacuo. The residue was purified by flash chromatography 
(SiO2, heptane/ethyl acetate 99:1–50:1). Yield: 42 g (20%) as a yellow 
oil. 1H-NMR (200 MHz; CDCl3): δ 0.8–1.0 (m, 6H), 1.2–1.4 (m, 4H), 
1.5–1.7 (m, 2H), 2.12 (m, 2H), 2.3–2.5 (m, 2H), 2.8–3.0 (m, 10H), 4.18 
(t, J = 7.1 Hz, 2H), 5.3–5.6 (m, 12H), MS (ESI): 407 [M+Na+]+.

ethyl (all-Z)-2,2-dimethyl-4,7,10,13,16,19-docosahexaenoate 
(substance 3)
n-Butyllithium (1.6 mol/l in hexane, 100 ml, 170 mmol) was added 
dropwise to a stirred solution of diisopropylamine (28 ml, 200 mmol) 
in dry THF (100 ml) at 0 °C under N2. The resulting solution was stirred 
at 0 °C for 30 min, cooled to −78 °C before dropwise addition of (50 g, 
140 mmol) in dry THF (200 ml). The resulting solution was stirred at 
−78 °C for 30 min before methyl iodide (17 ml, 280 mmol) was added. 
The solution was allowed to reach −10 °C and then poured into water. 
The resulting mixture was extracted with hexane (2×). The combined 
organic extracts were washed with 1 mol/l HCl, dried (Na2SO4) and 
evaporated in vacuo. This procedure was repeated, but the crude prod-
uct was used instead of ethyl (all-Z)-4,7,10,13,16,19-docosahexaenoate. 
The residue was purified by flash chromatography (SiO2, heptane/ethyl 
acetate 99:1–98:2). Yield: 32 g (59%) as a slightly yellow oil.1H-NMR 
(200 MHz; CDCl3): δ 1.01 (t, J = 7.5 Hz, 3H), 1.21 (s, 6H), 1.28 (t, J = 
7.1 Hz, 3H), 2.08 (m, 2H), 2.34 (d, J = 6.8 Hz, 2H), 2.8–3.0 (m, 10H), 
4.15 (q, J = 7.5 Hz, 2H), 5.3–5.6 (m, 12H) 13C-NMR (50 MHz; CDCl3): 
δ 14.7, 21.0, 25.3, 26.0, 26.1, 38.3, 42.8, 60.7, 125.8, 127.4, 128.3, 128.5, 
128.6, 128.7, 129.0, 130.7, 132.4, 177.9, MS (ESI): 385 [M+H+]+.

ethyl (all-Z)-2-thioethyl-4,7,10,13,16,19-docosahexaenoate 
(substance 4)
Step 1: Synthesis of ethyl (all-Z)-2-iodo-4,7,10,13,16,19-docosahex-
aenoate. n-Butyllithium (1.6 mol/l in hexane, 158 ml, 253 mmol,) 
was added dropwise to a stirred solution of diisopropylamine (42 ml, 
298 mmol) in dry THF (150 ml) at 0 °C under N2. The resulting solu-
tion was cooled to −78 °C and stirred for 35 min before dropwise 
addition of ethyl (all-Z)-4,7,10,13,16,19-docosahexaenoate (75 g, 
210 mmol) in dry THF (300 ml). The resulting solution was stirred at 
−78 °C for 30 min before iodine (91 g, 359 mmol) in THF (200 ml) was 
added dropwise. The solution was stirred at −78 °C for 20 min, then 
poured into water (200 ml). The resulting mixture was extracted with 
heptane (300 ml). The organic extract was washed with 1 mol/l HCl 
(150 ml) and water (200 ml), dried (Na2SO4) and evaporated in vacuo. 
The residue was purified by flash chromatography (SiO2, heptane/ethyl 
acetate 100:1). Yield: 26 g (26%) as a yellow oil. 1H-NMR (200 MHz, 
CDCl3): δ 0.94 (t, J = 7.5 Hz, 3H), 1.24 (t, J = 7.1 Hz, 3H), 2.04 (quint, 
J = 7.1 Hz, 2H), 2.69–2.84 (m, 12 H), 4.17 (q, J = 7.1 Hz, 2H), 4.22  
(t, J = 7.9 Hz, 1H), 5.24–5.49 (m, 12 H), 13C NMR (50 MHz, CDCl3): 
δ 13.7, 14.2, 25.5, 26.0 (2 signals), 25.8, 34.0, 61.7, 126.1, 127.0, 127.4, 
127.8, 127.9, 128.0, 128.2, 128.5, 128.5, 131.6, 131.9, 170.9 (4 signals 
hidden), MS (ESI): 505 [M+Na+]+.

Step 2: Synthesis of ethyl (all-Z)-2-thioethyl-4,7,10,13,16,19-docosahex-
aenoate. Sodium ethyl thiolate (2.1 g, 25 mmol) was added to a solu-
tion of ethyl (all-Z)-2-iodo-4,7,10,13,16,19-docosahexaenoate (11.0 g, 
23 mmol) in THF (100 ml) at 0 °C under N2. The resulting mixture was 
stirred at 0 °C for 1 h. 1 mol/l HCl was added followed by heptane. The 
phases were separated and the organic phase was washed with water 
(2×), dried (Na2SO4) and evaporated in vacuo. The residue was puri-
fied by flash chromatography (SiO2, heptane/ethyl acetate 30:1. Yield: 
7.3 g (76 %) as a pale yellow oil. 1H-NMR (200 MHz, CDCl3): δ 1.1–1.3  
(m, 9H), 2.05 (m, 2H), 2.3–2.7 (m, 4H), 2.7–2.9 (m, 10H), 3.25 (m, 1H), 
4.17 (q, J = 7.1 Hz, 2H), 5.3–5.5 (m, 12H), MS (ESI): 439 [M+Na+]+.

Plasma metabolites, hormones, and enzymes
Blood glucose was measured using calibrated glucometers OneTouch 
Ultra (Life Scan, Milpitas, CA). Plasma triglycerides, cholesterol, aspar-
tate aminotransferase, alanine aminotransferase, and creatine kinase 
were measured using a clinical analyzer and enzymatic kits from Roche 
Diagnostics (Mannheim, Germany). Nonesterified fatty acids (NEFA) 
were measured by a kit from Waco Chemicals (Neuss, Germany). 
Plasma insulin levels were determined by the Sensitive Rat Insulin RIA 
Kit (LINCO Research, St Charles, MO), and total immunoreactive adi-
ponectin and leptin were measured by a 2-site ELISA (R&D Systems, 
Minneapolis, MN; (6)).

Glucose tolerance test
An intraperitoneal glucose tolerance test was performed after an 
overnight fasting (15–16 h). Blood glucose was assessed by tail 
bleeds at the baseline (fasting blood glucose; FBG) and after the 
injection of d-glucose (1 g/kg body weight). In the “reversal study,” 
intraperitoneal glucose tolerance test was performed 1 week before 
the start (baseline) and 1 week before the end (final) of the 2- 
month-long treatment period. Results were expressed either as area 
under the curve (AUC) for glucose or as a change in blood glucose 
levels (∆Blood glucose; final–baseline), derived from the glycemic 
curves of intraperitoneal glucose tolerance test measured before and 
after the treatment. In the latter case, the greater was the beneficial 
effect on glucose tolerance after the treatment, the greater was the 
negative deviation of a glycemic curve from the baseline.

rna extraction and real-time quantitative Pcr analysis
Total RNA was isolated from samples of WAT, liver, and skeletal mus-
cle stored in RNAlater Solution (Ambion, Austin, TX) by using TRIzol 
Reagent (Invitrogen, Carlsbad, CA). Muscle samples were grinded 
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under liquid nitrogen prior to homogenization. A quantity of 0.5 µg of 
total RNA was reverse transcribed to cDNA, and gene expression was 
analyzed by real-time PCR, using the LightCycler Instrument (Roche 
Diagnostics, Mannheim, Germany) as before (6). Oligonucleotide 
primers, described in Supplementary Table S1 online, were designed 
using Lasergene software (DNAStar, Madison, WI). Gene expression 
data were expressed as a percentage of the cHF-fed controls.

tissue triglycerides
Tissue fragments (~50 mg) were digested in 0.15 ml of 3 mol/l alco-
holic KOH and the resulting homogenates were diluted tenfold with 
H2O. After neutralization by 2.5 N HClO4, deliberated glycerol was 
assayed in supernatants (4 µl) by Free Glycerol Reagent (Sigma-
Aldrich, Prague, Czech Republic). Tissue triglyceride concentration 
was calculated relative to a glycerol standard (1 mg/ml; Sigma-Aldrich, 
Prague, Czech Republic) using a ratio of 1:10 for molecular weights of 
glycerol:triglyceride.

Light microscopy and immunohistochemical analysis
Samples of epididymal WAT and liver were fixed in 4% formalde-
hyde, embedded in paraffin and cut into 5 µm-sections. The liver 
sections were stained by hematoxylin-eosine, while the sections 
of epididymal fat were processed to detect a macrophage marker, 
MAC-2/galectin-3, by the use of specific antibodies (23). Digital 
images were captured using Olympus AX70 light microscope and 
a DP 70 camera (Olympus, Tokyo, Japan). Adipocyte morphom-
etry was performed using a Lucia IMAGE version 4.81 (Laboratory 
Imaging, Prague, Czech Republic).

statistical analysis
Data are presented as means ± s.e. Data were analyzed by a one-way 
ANOVA or two-way Repeated Measures ANOVA (only the analysis 
of glucose tolerance in the “reversal study”) using SigmaStat statistical 

software. Logarithmic transformation was used to stabilize variance in 
cells when necessary. The Holm–Sidak test for multiple comparisons 
was used. Threshold of significance was defined at P < 0.05.

resuLts
reduction of body weight and adiposity  
by dha derivatives
The effect of four different DHA derivatives (Substance 1–4) 
on body weight, food intake, and adiposity in the “prevention 
study” is summarized in Table 1. Compared to the cHF-fed 
mice, all DHA derivatives except Substance 3 reduced weight 
gain and Substance 2 exerted the strongest effects. Mice fed 
Substance 2 had a reduced food intake, and the feeding effi-
ciency was decreased by ~70% in these animals. Substance 2 
reduced the weight of subcutaneous and epididymal WAT by 
73 and 42%, respectively, while the remaining DHA derivatives 
had less effect on adiposity. The dramatic effect of Substance 2 
could be partly explained by a reduction of cellularity of WAT, 
as reflected by a 66% decrease in the DNA content of epididy-
mal WAT. Furthermore, Substance 2 and 3 also decreased the 
weight of interscapular brown adipose tissue.

The effect of the most potent DHA derivative, Substance 
2, was also examined in dietary obese mice in the “reversal 
study” (Table 2). Administration of Substance 2 for a period of 
2 months resulted in a net weight loss in obese mice. This effect 
could be explained, at least in part, by a decreased weight of 
fat depots, which was accompanied by a reduction of cellular-
ity (DNA data in Table 2). In line with the “prevention study,” 
the average food intake in Substance 2-fed mice was decreased 

table 1 the effect of dha derivatives on energy balance and tissue parameters in the “prevention study”

STD cHF Substance 1 Substance 2 Substance 3 Substance 4

Whole-body parameters

 Body weight (g) 32.4 ± 0.7* 49.6 ± 0.6 44.0 ± 1.5* 30.1 ± 1.1* 46.3 ± 1.6 45.9 ± 1.1*

 Weight gain (g)a 7.8 ± 0.4* 25.2 ± 0.5 20.2 ± 1.3* 6.4 ± 0.8* 22.4 ± 1.4 21.7 ± 0.9*

 Food intakeb 3.64 ± 0.04* 2.70 ± 0.02 2.64 ± 0.03 2.38 ± 0.05* 2.62 ± 0.02 100 ± 1

 Feeding efficiencyc 0.13 ± 0.02* 0.62 ± 0.08 0.48 ± 0.07 0.17 ± 0.03* 0.57 ± 0.06 0.55 ± 0.06

Tissue weight (mg)

 Subcutaneous WAT 345 ± 31* 1,361 ± 55 916 ± 57* 357 ± 39* 1,189 ± 71 1,417 ± 131

 Epididymal WAT 980 ± 102* 1,551 ± 99 2,029 ± 176 877 ± 112* 2,427 ± 186* 2,449 ± 194*

 BAT 130 ± 9* 263 ± 7 251 ± 24 91 ± 9* 194 ± 14* 260 ± 29

 Liver 1,612 ± 30* 2,122 ± 71 2,055 ± 220 2,404 ± 95 2,405 ± 175 2,109 ± 161

Epididymal WAT DNA

 µg DNA/depot 300 ± 37* 1043 ± 86 ND 355 ± 56* ND ND

 µg DNA/mg tissue 0.31 ± 0.02* 0.74 ± 0.08 ND 0.42 ± 0.05* ND ND

Triglycerides (mg/g tissue)

 Liver 36 ± 2* 122 ± 8 ND 74 ± 10* ND ND

 Skeletal muscle 25 ± 3* 56 ± 6 ND 22 ± 2* ND ND

The data represent the mean ± s.e. (STD, n = 13; cHF, n = 27; Substance 1–4, n = 8); the data for cHF-fed mice were pooled from three experiments (see also METHODS 
AND PROCEDURES and Supplementary Table S2 online).
BAT, brown adipose tissue; cHF, composite high-fat diet; ND, not determined; STD, low-fat chow diet; WAT, white adipose tissue.
aCalculated for a period of 16 weeks, from the start of feeding until the time point, when glucose tolerance test was performed one week before the killing of animals. 
bMeasured weekly and expressed as grams of diet consumed by a mouse per day. cCalculated as body weight gained for each week divided by the amount of food 
consumed for that week (grams/grams). *P < 0.05 vs. cHF. 1.5% of dietary lipids was replaced by a DHA derivative.
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by 9%. A separate experiment revealed that the reduction in 
body weight gain induced by either DHA alone or EPA/DHA 
 concentrate (admixed at a tenfold higher dose to cHF diet as 
compared to Substance 2; that is, replacing 15% vs. 1.5% of die-
tary lipids) was relatively mild, while no effect on food intake 
was observed (Supplementary Table S2 online).

Prevention of adipocyte hypertrophy and macrophage 
infiltration of Wat by substance 2
In the “prevention study,” histological analysis of epididymal 
WAT (Figure 2a,b,c) revealed adipocyte hypertrophy in the 
cHF-fed mice, resulting in a approximately twofold increase 
in the mean cell size. This effect was completely prevented by 
Substance 2 (Figure 2d). Moreover, Substance 2 also com-
pletely prevented obesity-associated macrophage infiltration 
of WAT, as revealed by immunohistochemical detection of 
Mac-2 (Figure 2; white arrows). Macrophages aggregate in 
crown-like structures surrounding individual adipocytes (23). 
While the density of crown-like structures was ~77-fold 
higher in cHF-fed compared with STD-fed mice, Substance 
2 completely prevented this effect (Figure 2e). Moreover, in 

epididymal WAT Substance 2 reduced mRNA levels of CD68 
and monocyte chemoattractant protein-1 (MCP-1), two 
 factors that are closely linked to macrophage function, by 91 
and 56%, respectively (Supplementary Table S4 online). In 
the “reversal study,” Substance 2 reduced the accumulation 
of macrophages in epididymal WAT by 65% (not shown) and 
expression of CD68 and MCP-1 by 32 and 50%, respectively 
(Supplementary Table S4 online). Thus, Substance 2 com-
pletely prevents and even partially reverses adipocyte hyper-
trophy and macrophage infiltration of WAT, induced by the 
obesogenic cHF diet.

Given the strong effect of Substance 2 on adiposity and 
obesity-associated inflammation of WAT, two major adipok-
ines, leptin and adiponectin, were evaluated after 2 months of 
treatment in the “prevention study.” Compared with cHF-fed 
mice, plasma leptin levels were strongly reduced by Substance 
2 (4.4 ± 0.3 vs. 86.0 ± 6.2 ng/ml; P < 0.00001) and reached the 
levels observed in the STD-fed mice (6.9 ± 0.9 ng/ml). Plasma 
adiponectin levels were also slightly reduced (Substance 2, 
7.1 ± 0.6 vs. cHF, 9.3 ± 0.5; P < 0.05) and were similar to those 
observed in STD-fed mice (6.9 ± 0.4 ng/ml).

the effects on liver and muscle
In both “prevention” (Table 1) and “reversal” (Table 2) study, 
cHF diet significantly increased liver weight. Compared to 
cHF-fed mice, Substance 2 increased the liver weight in the 
“reversal study.” Importantly, in both studies, Substance 
2 reduced the accumulation of triglycerides in liver and 
skeletal muscle, normally induced after cHF feeding. The 
induction of liver steatosis by cHF diet and a decrease of 
triglyceride accumulation by Substance 2 in the “reversal 

table 2 the effect of substance 2 in the “reversal study”

STD cHF Substance 2

Whole-body parameters

 Body weight (g) 34.8 ± 1.1* 52.8 ± 1.9 41.2 ± 1.5*

 Weight gain (g)a 1.38 ± 0.30* 5.88 ± 1.19 −7.61 ± 1.11*

 Food intakeb ND 3.19 ± 0.05 2.89 ± 0.07*

Tissue weight (mg)

 Subcutaneous WAT 622 ± 66* 1,872 ± 191 986 ± 122*

 Epididymal WAT 1,146 ± 147* 2,021 ± 90 1,364 ± 134*

 BAT 158 ± 5* 330 ± 32 158 ± 11*

 Liver 1,596 ± 28* 2,556 ± 161 3,017 ± 60*

Epididymal WAT DNA

 µg DNA/depot 335 ± 11* 750 ± 72 515 ± 47*

 µg DNA/mg tissue 0.31 ± 0.04 0.37 ± 0.03 0.40 ± 0.04

Tissue triglycerides (mg/g tissue)

 Liver 66 ± 14* 268 ± 22 83 ± 7*

 Skeletal muscle 49 ± 6* 190 ± 31 77 ± 10*

Blood/plasma

 Triglycerides  
 (mmol/l)

1.56 ± 0.09 1.60 ± 0.09 0.72 ± 0.06*

 NEFA (mmol/l) 0.89 ± 0.08 0.97 ± 0.05 0.73 ± 0.04*

 Cholesterol (mmol/l) 1.76 ± 0.14* 5.24 ± 0.27 3.90 ± 0.13*

 FBG (mg/dl) 86 ± 5* 118 ± 4 99 ± 4*

 Insulin (ng/ml) 1.12 ± 0.54* 4.34 ± 0.33 1.40 ± 0.33*

The data are means ± s.e. (STD, n = 4; cHF, n = 9; Substance 2, n = 9).
BAT, brown adipose tissue; cHF, composite high-fat diet; FBG, fasting blood 
glucose; ND, not determined; NEFA, nonesterified fatty acids; STD, low-fat chow 
diet; WAT, white adipose tissue. aCalculated for a period of 7 weeks, from the 
start of feeding until the time point, when glucose tolerance test was performed 
one week before the killing of  animals. bMeasured weekly and expressed as 
grams of diet consumed by a mouse per day. *P < 0.05 vs. cHF. 1.5% of dietary 
lipids was replaced by Substance 2.
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Figure 2 The effect of Substance 2 on adipose tissue morphology 
and macrophage infiltration in the “prevention study.” The amount of 
MAC-2 immunoreactive macrophages (brownish color) was analyzed in 
epididymal fat. Sections were counterstained with hematoxylin-eosin.  
(a) Mice fed a low-fat chow (STD) diet. (b) Composite high-fat (cHF) 
diet. (c) Substance 2. Arrows indicate crown-like structures (CLS) 
surrounding individual adipocytes, where the majority of macrophages 
are lozalized. Bar = 50 µm. (d) Size of adipocytes. (e) CLS density. The 
morphometry data are based on >1,000 cells taken randomly from 5 
different areas per animal (n = 3). *P < 0.05 vs. cHF diet (ANOVA).
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study” were also confirmed by light microscopy (Figure 3). 
Importantly, livers from mice treated with Substance 2 con-
tained small  parenchymal cells of normal morphology, a 
picture  compatible with active regeneration and extensive 
remodelling of the tissue.

While aspartate aminotransferase levels in plasma of 
Substance-2-treated mice were unchanged (not shown), 
alanine aminotransferase levels were increased (Substance 2, 
11.33 ± 2.61 vs. cHF, 1.04 ± 0.11 µkat/l; P < 0.01) in the “preven-
tion study.” Plasma levels of creatine kinase, a marker of mus-
cle cell integrity, were unchanged (not shown). In the “reversal 
study,” Substance 2 increased both aspartate aminotransferase 
(Substance 2, 12.07 ± 2.30 vs. cHF, 4.98 ± 0.55 µkat/l; P < 0.05) 
and alanine aminotransferase (Substance 2, 11.19 ± 2.45 vs. 
cHF, 0.97 ± 0.17 µkat/l; P < 0.05). The elevated plasma levels 
of hepatic markers in Substance-2-treated mice, especially in 
the “reversal study,” can be explained by intense regeneration 
of liver parenchyma accompanying removal of lipid-engorged 
hepatocytes.

The expression of genes involved in fatty acid oxidation in 
the liver, such as acyl-CoA oxidase-1 (Aox-1) and carnitine 
palmitoyltransferase-1α (Cpt-1α), was higher in animals 
fed cHF compared with STD diet. This was evident in both 
the “prevention” and the “reversal” study. These genes were 
even more upregulated by Substance 2. There was a stronger 

induction of the peroxisomal (Aox-1) than the mitochon-
drial (Cpt-1α) pathway. In both cases, the induction was 
stronger in the “reversal” than in the “prevention” study 
(Supplementary Table S4 online and Figure 3f). In a sepa-
rate “reversal study” experiment, EPA/DHA concentrate and 
to a lesser extent also DHA alone upregulated Cpt-1α (but not 
Aox-1) mRNA levels. However, these changes were  relatively 
small compared to the effects of Substance 2 admixed at a 
tenfold lower dose to cHF diet. Strong induction of Aox-1 
and Cpt-1α expression by Substance 2 correlated well with a 
marked increase in the expression of their regulatory tran-
scription factor PPAR-α (Supplementary Table S4 online).

n-3 LC-PUFA are known to decrease expression of lipo-
genic genes like stearoyl-coenzyme A desaturase-1 (Scd-1), 
as well as other genes (Spot 14 and farnesyl diphosphate 
 synthase (Fdps); (19)). Expression of Scd-1, Spot 14, and 
Fdps was downregulated by cHF when compared with STD 
diet. In the “reversal study,” expression of Scd-1 and Spot 14 
was decreased by both EPA/DHA and by DHA alone. In con-
trast, expression of Scd-1 and Fdps was markedly induced by 
Substance 2, namely in the “reversal study” (Supplementary 
Table S4 online).

In the skeletal muscle, Substance 2 exerted negligible effects 
on gene expression except for a downregulation of Scd-1 
(Supplementary Table S4 online).

table 3 the effect of dha derivatives on plasma markers of lipid metabolism in the “prevention study”

STD cHF Substance 1 Substance 2 Substance 3 Substance 4

Triglycerides 89 ± 6 100 ± 6 99 ± 5 47 ± 7* 79 ± 4* 101 ± 7

NEFA 122 ± 11 100 ± 9 134 ± 7* 81 ± 5* 110 ± 8 100 ± 7

Cholesterol 53 ± 1* 100 ± 4 97 ± 4 80 ± 2* 85 ± 2* 83 ± 13

The data are expressed as percentages of the control cHF diet (~ 100%). 1.5% of dietary lipids was replaced by a DHA derivative. Means ± s.e. (STD, n = 13; cHF,  
n = 7–13; Substance 1–4, n = 8); the data for cHF-fed mice were pooled from three experiments (see METHODS AND PROCEDURES and Supplementary Table S2 
online).
STD, low-fat chow diet; cHF, composite high-fat diet; NEFA, nonesterified fatty acids.
*P < 0.05 vs. cHF.
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Beneficial effects of dha derivatives on systemic markers 
of lipid metabolism
In the “prevention study” study, Substance 2 reduced plasma 
levels of total triglycerides, NEFA, and total cholesterol by 53, 19, 
and 20%, respectively (Table 3). The other substances exerted 
less pronounced lipid-lowering effects, while Substance 1 
even increased plasma NEFA by 34%. In the “reversal study,” 
Substance 2 lowered plasma triglycerides, NEFA, and choles-
terol levels by 55, 24, and 25%, respectively (Table 2). A sepa-
rate experiment revealed that DHA alone admixed at a tenfold 
higher dose to cHF diet compared to Substance 2 had no effect 
on plasma triglycerides, while EPA/DHA concentrate reduced 
plasma triglycerides by 40% (Supplementary Table S2 online), 
that is, similarly to Substance 2 admixed at a tenfold lower dose 
(see above).

Beneficial effects of dha derivatives on glucose 
homeostasis
In the “prevention study,” FBG and glucose tolerance were 
markedly impaired by cHF feeding, while Substance 2 improved 
FBG and both Substance 1 and Substance 2 improved glu-
cose tolerance (Figure 4). cHF-fed mice also demonstrated 
hyperinsulinemia, while Substance 2 and Substance 3 exerted 
 protective effects (Figure 4d).

Substance 2 also lowered FBG and plasma insulin in dietary 
obese mice in the “reversal study” (Table 2). Importantly, glu-
cose tolerance was also improved by Substance 2 (Figure 5). In 

contrast, neither EPA/DHA nor DHA alone (both admixed at 
a tenfold higher dose to cHF diet as compared to Substance 2) 
exerted significant effects on FBG and glucose tolerance (total 
AUC glucose) in dietary obese mice in the “reversal study,” 
although there was a trend for EPA/DHA to improve glucose 
tolerance (Supplementary Table S2 online).

Because Substance 2 reduced food intake by 12% during the 
“prevention” study, the effect of a 12% calorie restriction on 
glucose tolerance was analyzed in the “reversal study.” Except 
for increasing FBG, calorie restriction did not have any signifi-
cant effect on glycemia during intraperitoneal glucose toler-
ance test (Figure 5a) or on total AUC (Figure 5b) in obese 
cHF diet-fed mice. In contrast, calorie restriction decreased 
body weight by 1.25 ± 0.62 g as compared to a weight loss of 
6.89 ± 1.23 g induced by Substance 2 (P < 0.001).

dIscussIon
We report for the first time the metabolic effects of DHA 
derivatives substituted at the C(2)-position of the molecule. 
We show that replacement of 1.5% of dietary lipids by  various 
DHA derivatives affected the development of diet-induced 
obesity and associated metabolic traits in C57BL/6 mice fed 
a high-fat diet. Substance 2 (α-ethyl DHA ethyl ester) com-
pletely prevented and even partially reversed the development 
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of obesity, fat accumulation, IGT, dyslipidemia, and WAT 
inflammation. Therefore, besides the general characterization 
of various DHA derivatives, our study was largely focused on a 
detailed description of the action of Substance 2.

In agreement with its effect on body weight and adiposity, 
Substance 2 profoundly affected WAT properties. Similar to 
the effect of EPA/DHA (5,13), Substance 2 reduced (i) tissue 
cellularity, (ii) the size of adipocytes, and (iii) macrophage 
infiltration of WAT. Small adipocytes are more insulin sensitive 
and less lipolytic, while releasing less inflammatory cytokines, 
including MCP-1 (24). The reduction of macrophage infiltra-
tion should have beneficial systemic effects, as macrophages 
represent an additional source of proinflammatory cytokines, 
which induce IR and contribute to a state of chronic low-level 
inflammation in obesity (25). Similar to the effects of n-3 
LC-PUFA (5), Substance 2 also partially prevented downregula-
tion of Glut4 in WAT, otherwise induced by high-fat diet. WAT 
is also a source of antiinflammatory and insulin- sensitizing 
adipokines, leptin and adiponectin. Circulating leptin levels 
reflect adiposity and obesity is associated with leptin resist-
ance (26,27). Substance 2 markedly decreased plasma leptin 
levels, reflecting the reduction of adiposity. However, down-
regulation of Scd-1 in skeletal muscle of Substance-2-treated 
mice could also imply improved muscle leptin sensitivity and 
elevated fatty acid oxidation (28). In contrast to the induc-
tion of adiponectin by EPA/DHA (6), Substance 2 decreased 
plasma adiponectin by ~25% despite dramatically improving 
glucose tolerance. However, similar plasma adiponectin levels 
in Substance-2-treated mice and mice fed a low-fat STD diet 
suggest that plasma adiponectin might not be the best predic-
tor of the metabolic state in this mouse model.

A relatively strong suppression of insulin levels by Substance 2 
could hardly represent an indirect effect secondary to improve-
ments in insulin sensitivity. It has been shown that n-3 LC-PUFA 
reversed glucose-stimulated insulin hypersecretion, normally 
induced by obesogenic diet, in rat islets (29,30). Therefore, in 
addition to its effects in other tissues, Substance 2 might act 
directly on pancreatic β-cells via reduction of insulin secretion. 
However, further studies are required to clarify this issue.

As published by others (31), DHA derivatives with a 
hydrophilic substituent at the C(4)-position could lower 
 glucose levels in animal models of diabetes. However, they did 
not lower blood triglycerides. In contrast, Substance 2 not only 
prevented and even partially reversed IGT, but it also lowered 
plasma triglycerides, NEFA, and cholesterol levels. Substance 
2 strongly reduced the accumulation of triglycerides in both 
liver as well as skeletal muscle, resembling the effects of n-3 
LC-PUFA (30). The reduced lipid accumulation in the liver 
and muscle might be a major mechanism, by which Substance 
2 counteracted development of IGT.

Substance 2, and to a lesser extent also EPA/DHA concen-
trate and DHA alone, upregulated Ppar-α and its target genes 
Aox-1 and Cpt-1α in the liver, documenting induction of lipid 
catabolism and suggesting that Substance 2 acted as a potent 
PPAR-α agonist (18). In agreement with the known induction 
of lipogenic genes by pharmacological stimulation of PPAR-α 

in mouse liver (32), lipogenic Scd-1 and Fdps were strongly 
induced by Substance 2. Importantly, hepatic Scd-1 gene 
expression has been shown to be upregulated by PPARs directly, 
through a mechanism distinct from the regulation of this gene 
by polyunsaturated fatty acids (33). A set of  sterol-regulatory 
element binding protein–1c target genes (Scd-1, Spot 14, and 
Fdps) was downregulated by EPA/DHA concentrate or DHA 
alone as expected (19).

The induction of Scd-1 and other lipogenic genes by Substance 
2 seems to be liver specific because it did not occur in skeletal 
muscle, where Substance 2 even downregulated Scd-1 expres-
sion. The simultaneous stimulation of in situ lipogenesis and 
lipid oxidation by Substance 2 in the liver suggests induction of 
futile substrate cycling, which may be responsible for the reduced 
accumulation of triglycerides in the tissue and possibly also for 
decreased feeding efficiency of Substance-2-treated mice.

Besides increasing the expression of fatty acid oxidation 
genes, Substance 2 also lowered FBG in both “prevention” and 
“reversal” study, suggesting a reduction in hepatic glucose pro-
duction and gluconeogenesis. This finding is in disagreement 
with previously published reports, linking increased oxidation 
of fatty acids to the activation of gluconeogenesis in the liver 
(34,35). However, the coordinated regulation of these meta-
bolic pathways by physiological stimuli such as fasting (35) 
might be dramatically different from the situation, when 
hepatic fatty acid oxidation is stimulated by pharmacological 
activation of PPAR-α. In fact, improved liver insulin sensi-
tivity in response to PPAR-α agonist treatment, as evidenced 
by lower  endogenous glucose production, has been already 
observed before (36).

The efficacy of Substance 2 is striking because the dose used 
in our experiments (1.5% of dietary lipids replaced by the DHA 
derivative) was approximately six- to tenfold lower compared 
either with the dose of EPA/DHA concentrate (or DHA alone) 
also used in this study or with other animal studies in which 
significant effects of EPA and DHA on body weight, adiposity, 
and plasma lipids (5,6), or IR (8) were observed. Substance 2 
reduced body weight gain in association with a reduced feed-
ing efficiency; however, food intake was also slightly reduced. 
Calorie restriction itself exerts beneficial effects on lipid and 
glucose metabolism (6,37). However, the “reversal study,” 
which also included the calorie-restricted cHF diet-fed mice, 
indicated that Substance 2 reversed glucose intolerance inde-
pendently of the reduction in food intake. Nevertheless, the 
contribution of body weight change to improved glucose tol-
erance in Substance-2-treated mice could not be directly esti-
mated. In contrast to Substance 2 and in agreement with human 
studies (10), EPA/DHA or DHA alone could not reverse estab-
lished glucose intolerance.

In summary, among the four DHA derivatives tested, 
Substance 2 (α-ethyl DHA ethyl ester) appeared to exhibit a 
similar range of beneficial effects on obesity and associated 
metabolic traits as naturally occurring n-3 LC-PUFA, but with 
a higher efficacy. Therefore, this compound could qualify as 
a novel drug for the treatment of obesity, dyslipidemia, and 
 insulin resistance.
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Kus V, Prazak T, Brauner P, Hensler M, Kuda O, Flachs P,
Janovska P, Medrikova D, Rossmeisl M, Jilkova Z, Stefl B,†
Pastalkova E, Drahota Z, Houstek J, Kopecky J. Induction of muscle
thermogenesis by high-fat diet in mice: association with obesity-resis-
tance. Am J Physiol Endocrinol Metab 295: E356–E367, 2008. First
published May 20, 2008; doi:10.1152/ajpendo.90256.2008.—The obe-
sogenic effect of a high-fat (HF) diet is counterbalanced by stimula-
tion of energy expenditure and lipid oxidation in response to a meal.
The aim of this study was to reveal whether muscle nonshivering
thermogenesis could be stimulated by a HF diet, especially in obesity-
resistant A/J compared with obesity-prone C57BL/6J (B/6J) mice.
Experiments were performed on male mice born and maintained at
30°C. Four-week-old mice were randomly weaned onto a low-fat (LF)
or HF diet for 2 wk. In the A/J LF mice, cold exposure (4°C) resulted
in hypothermia, whereas the A/J HF, B/6J LF, and B/6J HF mice were
cold tolerant. Cold sensitivity of the A/J LF mice was associated with
a relatively low whole body energy expenditure under resting condi-
tions, which was normalized by the HF diet. In both strains, the HF
diet induced uncoupling protein-1-mediated thermogenesis, with a
stronger induction in A/J mice. Only in A/J mice: 1) the HF diet
augmented activation of whole body lipid oxidation by cold; and 2) at
30°C, oxygen consumption, total content, and phosphorylation of
AMP-activated protein kinase (AMPK), and AICAR-stimulated
palmitate oxidation in soleus muscle was increased by the HF diet in
parallel with significantly increased leptinemia. Gene expression data
in soleus muscle of the A/J HF mice indicated a shift from carbohy-
drate to fatty acid oxidation. Our results suggest a role for muscle
nonshivering thermogenesis and lipid oxidation in the obesity-resis-
tant phenotype of A/J mice and indicate that a HF diet could induce
thermogenesis in oxidative muscle, possibly via the leptin-AMPK
axis.

nonshivering thermogenesis; leptin; adenosine monophosphate-acti-
vated protein kinase

MANY HEALTH PROBLEMS IN AFFLUENT SOCIETIES are linked to the
increased incidence of obesity. Especially meals with high
content of fat are obesogenic, due to a low energetic cost of
nutrient storage and a low potency of fat intake to promote fat
oxidation (20). Induction of lipid catabolism is crucial for
adaptive thermogenesis, which is regulated by the sympathetic
nervous system, thyroid hormones, insulin (reviewed in Refs.
19 and 26), and leptin (see below) and is possibly involved in
the regulation of body weight in humans (12, 26, 49). How-

ever, the mechanisms and organs contributing to adaptive
thermogenesis need to be better characterized.

In small mammalian species, hibernators, and mammalian
neonates, adaptive thermogenesis largely depends on uncou-
pling protein-1 (UCP1), which is located in brown adipose
tissue. Thermogenesis in brown fat could be activated in
response to both cold exposure and a meal (6), and its capacity
is increased by adaptation to cold or intake of high-fat (HF)
diets. Diet can even act as a preacclimation to cold (6, 36), and
brown fat thermogenesis serves to maintain both body temper-
ature and energy balance. However, the capacity does not
exceed 60% of total adaptive nonshivering thermogenesis (re-
viewed in Ref. 19), suggesting a role for other organs in this
process (16, 24, 50). Whether skeletal muscle can mediate
adaptive nonshivering thermogenesis in mammals is a matter
of a long-lasting controversy. Skeletal muscle is an important
site of whole body energy expenditure, which can account for
20–30% of the total oxygen uptake in the resting state (6, 19,
25). Differences in resting muscle metabolism explain part of
the variance in resting metabolic rate among adult humans and
may play a role in the pathogenesis of obesity (55).

A unique role in the complex control of energy homeostasis
and thermogenesis is played by adipocyte hormone leptin,
which acts both centrally in the hypothalamus and also directly
in the peripheral tissues (reviewed in Ref. 35). The adminis-
tration of leptin reverts reduced metabolic rate, depression of
body temperature, and excessive adiposity in genetically obese
ob/ob mice lacking functional leptin (31). Even in normal
mice, leptin induces the capacity for UCP1-mediated thermo-
genesis (38), and it also stimulates lipid oxidation and uptake
of glucose in skeletal muscle by activating AMP-activated
protein kinase [AMPK (29)]. The direct thermogenic effect of
leptin was also demonstrated in murine skeletal muscle, where
exogenous leptin stimulated oxygen consumption (41). Lep-
tin’s effects occurred primarily in the oxidative but not glyco-
lytic type of muscle (29, 41).

We hypothesized that muscle nonshivering thermogenesis
could be complementary to that mediated by UCP1 in brown
fat and could be activated under the conditions of a strong
thermogenic response to a HF diet, possibly in association with
obesity resistance. Therefore, mice of two different inbred
strains were studied: 1) obesity-prone C57BL/6J (B/6J) mice
and 2) A/J mice, which are relatively resistant to the obeso-
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genic environment (45, 46, 53). The different propensities to
obesity have previously been shown to be associated with a
stronger activation of thermogenesis mediated by UCP1 and
UCP2 in brown (17, 48, 52) and white (8, 13, 48, 52) adipose
tissue of A/J mice. Mice of the A/J strain also showed a much
stronger induction of leptin by the HF diet especially during the
early postweaning period (47, 52). In our experiments, to
eliminate the confounding effect of cold-induced thermogene-
sis, all mice were born and maintained at 30°C, i.e., close to
their thermoneutral temperature (1), weaned onto a low-fat
(LF) or HF diet, and studied 2 wk after weaning. In contrast to
B/6J mice, A/J mice could not maintain their body temperature
in cold when fed the LF diet, reflecting their relatively low
metabolic rate at 30°C. Our results suggest that HF diet
induced nonshivering thermogenesis in oxidative skeletal mus-
cle of A/J mice.

METHODS

Animals and study design. All procedures were in accordance with
the guidelines for the use and care of laboratory animals of the
Institute of Physiology, the directive of the European Communities
Council (86/609/EEC), and the Principles of Laboratory Animal Care
(NIH publication no. 85-23, revised 1985). B/6J and A/J mice were
obtained from the Jackson Laboratory (Bar Harbor, ME) and bred at
the Institute of Physiology for several generations. Animals were
housed in a controlled environment (22°C; 12:12-h light-dark cycle;
light from 6:00 AM) with free access to water and chow, a LF diet
(ST-1 diet; Velaz, Prague, Czech Republic). The LF diet contained 25,
9, and 66% calories as protein, fat, and carbohydrate, respectively. To
obtain animals for this study, pregnant mice were transferred to 30°C
1 wk before delivery, and newborn mice were maintained at this
temperature until the end of the experiment. When indicated, some
animals born and reared at 22°C were also analyzed. Only male pups
were used. Mice were weaned at 4 wk of age, caged singly in
Eurostandard type II mouse plastic cages (�6,000 ml; Techniplast,
Milan, Italy), and assigned randomly to either the LF or HF diet. The
HF diet, proven to be obesogenic in B/6J mice (22), contained 15, 59,
and 26% calories as protein, fat, and carbohydrate, respectively. Fatty
acid composition of both diets (LF vs. HF, in mol%) was character-
ized (29.7 vs. 19.6 for saturated fatty acid, 28.3 vs. 55.2 for mono-
unsaturated fatty acid, and 42.1 vs. 25.2 for polyunsaturated fatty
acid), and energy densities of LF and HF diets were 3.4 and 5.3 kcal/g,
respectively (37). To eliminate the confounding effect of the large
differences in adiposity, all analyses described below were performed
2 wk after weaning, except for 1) 24-h food consumption measure-
ments, which were performed at 2, 4, 9, and 13 days after weaning
(Table 1); and 2) a separate experiment at 30°C, in which the effect
of the diet on body weight was followed until 4 mo after weaning
(Fig. 1). For the collection of plasma and tissues, ad libitum-fed mice
were killed by cervical dislocation between 9:00 and 10:00 AM.
EDTA-plasma was prepared from truncal blood and stored at �70°C.
Subcutaneous (dorsolumbar) and epididymal white adipose tissue,
interscapular brown fat, and gastrocnemius and soleus muscles were
dissected and stored in liquid nitrogen for analysis of gene expression.
For measurements of oxygen consumption and fatty acid oxidation,
freshly dissected muscles were used. For Western blot analysis, soleus
muscle was dissected under pentobarbital sodium anesthesia and
jet-frozen in liquid nitrogen (see below).

Body temperature and shivering during cold exposure. Two weeks
after weaning, singly caged mice fed either the LF or HF diet were
transferred to 4°C. Core body temperature was measured just before
cold exposure (time 0) and at 1, 2, 3, 24, 48, and 72 h in the cold, using
a temperature probe (Thermocouple Thermometer; Cole Parmer, Ver-
non Hills, IL) inserted into the colon. During the cold exposure,
animals had free access to food and water.

Shivering was monitored in a separate group of mice by means of
electromyography (EMG). Before the experiment, mice were trans-
ferred to 20°C and anesthetized using diethyl ether, and 0.5-cm Ni-Cr
wire (150 �m diameter) electrodes were inserted under the skin. Two
recording electrodes were placed above the left and right shoulders of
the forelimbs, and a reference electrode was implanted above the rear
back. Immediately after recovery from anesthesia, mice were caged
singly without bedding, water, or food. Action potentials were ampli-
fied (5,000 times), filtered (300–6,000 Hz), and digitized (32-bit
resolution, 32 kHz), and data were stored for analysis performed using
custom-made software (AcX; Andre A. Fenton, Institute of Physiol-
ogy, Prague, Czech Republic). After a 20-min period of initial
recording at 20°C, the cages were transferred to 4°C, and recording
was performed for 50 min. After the experiment, mice were killed by
cervical dislocation. During offline analysis of the data, moving
artifacts were eliminated on the basis of their high amplitude and time
intervals. Voltage values were integrated over 10-min periods.

Indirect calorimetry. Energy expenditure was evaluated using the
indirect calorimetry system INCA (Somedic, Horby, Sweden) as
described before (1). To minimize stress in the animals, measurements
were performed in the standard cages, in which animals had been
maintained since weaning (see above), and they were transferred into
sealed chambers equipped with thermostatically controlled heat ex-
changers. Calibration of oxygen sensors was performed before each
measurement. Measurements proceeded under a constant airflow rate
(1,000 ml/min). Oxygen consumption (V̇O2) and carbon dioxide
production (V̇CO2) were recorded every 2 min. The system allowed for
four individually housed mice to be monitored simultaneously. During
the measurements, lasting for 46 h and starting at 3:00 PM (12:12-h
light-dark cycle; light from 6:00 AM), animals had ad libitum access
to food (i.e., LF or HF diet, see above). During the initial 23 h, the
temperature was set to 30°C followed by a drop to 15°C during a
30-min interval at the beginning of the second 23-h period and kept at
15°C until the end of the measurement. The level of substrate
partitioning was estimated by calculating respiratory exchange ratio
(RER; i.e., V̇CO2/V̇O2 ratio). To compare subtle differences between
subgroups, the percent relative cumulative frequency (PRCF) curves
were also drawn (see Fig. 5), based on RER values pooled from all
animals within a given subgroup (24, 34).

Table 1. Growth characteristics and plasma parameters

B/6J A/J

LF HF LF HF

BW, g 18.6�0.3 18.4�0.5 17.0�0.7 18.4�0.7
BWG, g 5.63�0.39 4.91�0.20 4.71�0.50 5.31�0.28
FC, kcal/day 7.74�0.8 7.78�0.4 8.06�0.7 8.11�0.4
Weight of fat

depots, mg
BAT 90�3 57�3* 69�3† 61�3*
DL 152�4 180�10* 167�9 252�14*†
EPI 160�8 239�21* 163�14 292�26*

Plasma levels
TG, mg/dl 148�12 133�19 139�11 130�7
NEFA, �M 264�2 346�18* 274�10 273�18
Leptin, ng/ml 4.48�0.38 5.21�0.54 3.35�0.34† 9.42�1.15*†
T4, nmol/l 37�2 46�2* 45�1† 45�3
T3, nmol/l 1.5�0.2 1.9�0.2* 1.9�0.2† 1.9�0.2

Six-week-old mice reared at 30oC and weaned at 4 wk after birth onto
low-fat (LF) or high-fat (HF) diets were analyzed. Mean body weight at time
of weaning was similar in all subgroups of mice (12.3–13.5 g). BW, body
weight at 6 wk of age; BWG, body weight gain during 2 wk period after
weaning; FC, mean food consumption measured at days 2, 4, 9, and 13 after
weaning; BAT, interscapular brown fat; DL, dorsolumbar white fat; EPI,
epididymal white fat; TG, triglyceride; NEFA, nonesterified fatty acid; T4,
thyroxine; T3, triiodothyronine. Data are means � SE (n � 11–14). *Signif-
icant effect of diet; †significant effect of genotype.
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Norepinephrine-stimulated metabolic rate (NEMR) was measured
in anesthetized mice as described before (42) and calculated as a
difference between V̇O2 measured 15–20 min before and after intra-
peritoneal injection of L-norepinephrine D-bitartrate (Sigma-Aldrich;
in 5% D-glucose at a dose of 0.6 mg/kg body wt).

Lipids, metabolites, and hormones in plasma. Triglycerides (TG)
were estimated using diagnostic kit no. 320-A (Sigma-Aldrich). The
concentration of nonesterified fatty acids (NEFA) was evaluated
enzymatically using a NEFA C kit (Wako Chemicals, Richmond,
VA). Leptin content was assessed by a Mouse Leptin RIA Kit (Linco
Research, St. Charles, MO). Serum triiodothyronine (T3) and thyrox-
ine (T4) levels were determined with total T4 and total T3 RIA kits
(Immunotech, Beckman Coulter, Czech Republic).

Measurements of V̇O2 in skeletal muscles. Dissected soleus or
gastrocnemius muscle (10 mg wet wt) was placed in a respiratory
chamber of Oroboros Oxygraph [Paar, Graz, Austria (15)] filled with
2 ml of freshly oxygenated (95% O2, 5% CO2) Krebs-Ringer bicar-
bonate buffer (pH 7.4), containing 10 mM glucose and warmed to
37°C. V̇O2 was measured continuously and recorded at 1-s intervals
between 10 and 35 min after the start of incubation by use of a
computer data acquisition system (Datlab; Oroboros, Innsbruck, Aus-
tria). Mean values of V̇O2 were calculated for 5-min intervals. Results
were normalized to wet weight of the tissue and also to protein content
estimated in the tissue homogenate by using the bicinchoninic acid
procedure and BSA as a standard (40), prepared after the respirom-
etry.

Measurements of fatty acid oxidation in muscles. Soleus and
gastrocnemius muscle was incubated as described above, except that
the final volume was 3 ml, and the Krebs-Ringer bicarbonate buffer
contained 5 mM glucose and fatty acid-free bovine serum albumin (5
mg/ml, ICN Biomedicals, High Wycombe, UK) complexed (1:3) with
palmitic acid (Sigma-Aldrich) and [U-14C]palmitate (0.1 �Ci/ml;
LACOMED, Czech Republic); see online APPENDIX for details. Mus-
cles from left and right limb were incubated in the absence or presence
of AMPK activator 5-aminoimidazole-4-carboxamide-1-�-D-ribo-
furanoside (AICAR; Sigma-Aldrich) added at a 2 mM final concen-
tration. After 1 h of shaking at 37°C in a closed glass vial (15 ml total
volume), the reaction was terminated by injecting 0.3 ml of 5 M
H2SO4 into the vial, and liberated CO2 was trapped in 0.3 ml of
hyamine hydroxide (PerkinElmer, Waltham, MA) contained in an
Eppendorf tube inserted into the incubation vial. After 60 min of CO2

trapping, 14CO2 in hyamine hydroxide was quantified by liquid
scintillation counting, and oxidation rate was normalized to tissue
protein as above.

Gene expression analysis. Total RNA was isolated (Tri Reagent;
MRC, Cincinnati, OH), and levels of different transcripts were eval-
uated using real-time quantitative PCR (qRT-PCR), a DyNamo Cap-
illary SYBR Green qPCR kit (Finnzymes, Espoo, Finland), and a
LightCycler 2.0 instrument (Roche Diagnostics, Mannheim, Ger-
many) as before (11). Lasergene software (DNA Star, Madison, WI)
was used to design oligonucleotide primers (see online APPENDIX,
Supplemental Table S1). To correct for intersample variations, the
level of each transcript was normalized to elongation factor-1� (EF-
1�), used as an internal standard, and expressed in arbitrary units
(AU). Similar results were obtained using cyclophilin-� as an internal
standard (not shown).

Evaluation of UCP1 and protein content. UCP1 was quantified by
Western blots (39) in crude cell membranes (100,000 g) prepared
from homogenates of adipose tissue, using purified UCP1 as a
standard (23). Total protein concentration was assessed as above (40).

Quantification of AMPK and acetyl-CoA carboxylase (ACC) in
soleus muscle. Muscle lysates were prepared as before (27). Total
amount of the �1 and �2 catalytic subunits of AMPK (AMPK�1,
AMPK�2) and the phosphorylated form of AMPK (p-AMPK) were
determined by Western blotting using a mixture of primary antibod-
ies: 1) sheep antibodies against AMPK�1 and -�2 [1:3,500; kind gift
from D. Grahame Hardie, University of Dundee, UK (53)], and
2) phosphospecific rabbit antibodies against the Thr172 of the �-sub-
units of AMPK (1:1,000; no. 2535, lot no. 6; Cell Signaling Tech-
nology, Danvers, MA). As secondary antibodies, a mixture of infrared
dye-labeled antibodies was used: 1) donkey anti-sheep IgG conju-
gated to infrared dye 680 (1:5,000, no. A-21102, Lot no. 93C2-1;
Alexa fluor 680 donkey anti-sheep IgG; Molecullar Probes, Leiden,
The Netherlands), and 2) donkey anti-rabbit IgG conjugated to infra-
red dye 800 (1:5,000, no. 611-732-127, Lot no. 13176; infrared dye
800 anti-rabbit IgG donkey; Rockland, Gilbertsville, PA). Both total
and p-AMPK were quantified on the same blot using the Odyssey IR
Imaging Systems (Li-Cor Biosciences, Lincoln, NE). Total content of
ACC and its phosphorylated form were quantified using Western
blotting and specific antibodies as before (3). Prestained protein Mr

standards (PageRuler Prestained Protein Ladder; Fermentas, Burling-
ton, ON, Canada) were used to locate positions of AMPK or ACC on
the blots. Signals on different blots were compared using a standard
prepared from the liver of adult LF diet-fed B/6J mice and expressed
in arbitrary units. The value for each mouse represents the mean of
values obtained from the left and right soleus muscles.

Statistics. The data were analyzed by a two-way ANOVA, using
SigmaStat statistical software. Logarithmic transformation was used

Fig. 1. Body weights in B/6J and A/J mice during prolonged feeding by low-fat (LF) and high-fat (HF) diets. Mice were born and maintained at 30°C. At 4 wk
of age (week 0), animals were caged singly and weaned either on LF or HF diet. Data are means � SE (n �7–8). *Significant effect of diet; there was also a
significant interaction between diet and genotype (repeated-measures ANOVA).
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to stabilize variance in cells when necessary. Repeated ANOVA
measurements were performed to analyze V̇O2 in muscles. To the
analyze statistical significance of differences in PRCF of RER values
in the indirect calorimetry (see Indirect calorimetry), data from each
mouse were treated separately. The PRCF curves were fitted with
sigmoidal dose-response (variable slope) function using GraphPad
Prism v. 4.03 for Windows (GraphPad Software, San Diego, CA).
Both log EC50 and Hill slope values were compared in a two-way
ANOVA (diet � temperature). Tukey’s test for all pairwise multiple
comparisons was used. All values are presented as means � SE.
Comparisons were judged to be significant at P � 0.05.

RESULTS

Gross phenotypes and plasma parameters. B/6J and A/J
mice were born and maintained at 30°C, weaned onto LF or HF
diet at 4 wk of age, and killed 2 wk later. At weaning, as well
as at the time of euthanasia, mice of both strains had similar
body weights independent of the type of diet. Accordingly,
body weight gains during the 2-wk postweaning period were
similar in all animal subgroups (Table 1). Caloric intake was
also similar in all the subgroups. Feeding mice of both strains
the HF diet resulted in a decrease of interscapular brown fat
(with a significant effect only in B/6J mice). In accord with a
previous study (52) performed at 20°C and using a HF diet of
a similar composition as in our experiments, the weight of
white fat depots was increased by HF diet at 2 wk after
weaning, with a stronger effect seen in A/J mice (Table 1).
However, when the animals were fed the HF diet for up to 4
mo while still maintained at 30°C, B/6J mice gained more
weight than A/J mice, and only in the former mice a strong
obesogenic effect of the HF diet on body weight was observed
(Fig. 1). Thus, in adult mice, the different propensity to dietary
obesity, as detected in previous studies in B/6J and A/J mice
maintained at 20–22°C (45, 46, 53), became clearly apparent
even close to thermoneutrality, indicating that obesity resis-
tance of A/J mice did not depend on the induction of energy
expenditure by cold. On the other hand, the induction of
adiposity by HF diet in both strains after weaning may reflect
relatively low protein intake for actively growing mice.

At 2 wk after weaning, plasma levels of TG and NEFA were
not affected by the diet in either genotype, except for a small
induction of NEFA by the HF diet in B/6J mice (Table 1). As
expected (47, 52), the HF diet strongly increased (�2.8-fold)
leptin levels in A/J mice, whereas no significant induction of
leptin could be detected in B/6J mice (Table 1). In contrast,
plasma levels of both T4 and T3 were not affected by the HF
diet in A/J mice, but they were increased in B/6J mice,
indicating the stimulatory effect of the HF diet on thyroid
function in B/6J but not in A/J mice (Table 1).

Body temperature and shivering during cold exposure. As-
suming that the difference between B/6J and A/J mice in their
propensity to HF diet-induced obesity reflected different ther-
mogenic capacity of these two strains, sensitivity of the ani-
mals to acute cold exposure might be affected by the diet. To
verify this hypothesis, the mice adapted to 30°C were exposed
to an ambient temperature of 4°C, and their deep body tem-
perature was measured (Fig. 2). Before the cold exposure (time
0), body temperature was similar in all the subgroups, whereas
the temperature tended to be increased by HF diet specifically
in A/J mice (legend to Fig. 2). During the first hour in the cold,
body temperature decreased in all the subgroups, while the
most pronounced decrease (�2.5°C) was observed in the A/J
LF mice. However, LF diet-fed mice of both strains showed
similar activation of shivering in the cold (Fig. 3). During the
next 2 h, body temperature remained stable in all subgroups
except for the A/J LF mice, which became hypothermic, and
this prompted us to terminate the experiment in this subgroup
(Fig. 2). In contrast, all the other mice were able to maintain
their body temperature relatively stable up to 3 days in the cold
(not shown). The strain-specific response to cold was not
apparent in mice born and reared at 22°C, since under these
conditions even A/J LF mice were able to maintain their body
temperature above 36°C during a 3-day period in the cold (not
shown). Thus, the adaptation of the A/J LF mice to the
temperature close to thermoneutrality was essential for un-
masking the relatively low thermogenic potential of these mice

Fig. 2. Deep-body temperature in mice during cold exposure. Singly caged mice maintained at 30°C and fed either LF or HF diet for 2 wk after weaning were
used. Animals in their cages containing food, water, and bedding were transferred from 30 to 4°C, and their colonic temperature was measured just before
(36.24 � 0.11, 36.31 � 0.07, 36.05 � 0.11, and 36.43 � 0.13°C in B/6J LF, B/6J LH, A/J LF, and A/J HF, respectively) and during cold exposure. In A/J LF
mice, cold exposure was finished after 3 h due to the development of severe hypothermia, whereas all the other mice could maintain their body temperature
relatively constant for 3 days in the cold (not shown). Data are means � SE (n � 7–8). *Significant effect of diet.
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when exposed to cold and for demonstration of the induction of
the thermogenic capacity of the A/J mice by HF diet.

Whole body energy expenditure in awake animals. To char-
acterize whole body energy expenditure and its changes in
response to diet in mice of both genotypes, indirect calorimetry
was used to analyze V̇O2 and RER in ad libitum-fed mice
reared at 30°C. Continuous monitoring in individually caged
mice was performed for 23 h at 30°C, followed by a period of
23 h at 15°C (Fig. 4). When measured at 30°C and during the
light phase of the day, energy expenditure in the A/J mice was
affected by the type of diet, with a significant 38% increase in
response to HF diet (Table 2). In fact, this increase was related
to a relatively low V̇O2 during the light phase in the A/J LF
mice compared with all other subgroups, and the V̇O2 values in
A/J HF mice were similar to that in B/6J mice (Table 2). No
effect of diet on energy expenditure was detected in the B/6J
mice. During the dark phase, V̇O2 was not affected by diet in
either strain of mice (Table 2). Upon a decrease of ambient
temperature from 30 to 15°C, mean V̇O2 values increased
approximately twofold in all the subgroups and the differences
in V̇O2 between the genotypes and diets disappeared (Table 2).

The HF diet lowered RER in all animal subgroups, espe-
cially during the dark phase (Table 2), suggesting a shift
toward lipid oxidation. This shift was also illustrated by the
PRCF curves of RER values pooled from all the measurements
performed within the same ambient temperature (Fig. 5). Since
all the PRCF curves represented normally distributed data (not
shown), the mean RER values corresponded to the 50th per-
centile values of the PRCF curves (34). In A/J but not in B/6J
mice, RER values were also decreased in response to the lower
ambient temperature. This shift was more significant in mice
fed the HF compared with the LF diet (Table 2), resulting also
in the steepest PRCF curve in the A/J HF mice when measured

at 15°C (Fig. 5). The slope of the PRCF curve is a marker of
metabolic flexibility, with a bigger slope suggesting a lower
metabolic flexibility between oxidation of lipids and carbohy-
drates (34). Therefore, the results highlighted modulation of
the resting energy expenditure in A/J mice by the dietary
treatments and high reliance of A/J mice on fatty acid oxidation
during cold exposure.

UCP1-mediated nonshivering thermogenesis. Capacity for
UCP1-mediated thermogenesis was assessed as an increment
in metabolic rate after the injection of norepinephrine to
anesthetized animals (NEMR; Refs. 16, 19, 42). NEMR was
similar in LF diet-fed mice of both genotypes, it was stimulated
by HF diet, and the stimulation was higher in A/J than in B/6J
mice (Fig. 6). UCP1 protein content in interscapular brown fat
was also increased by HF diet, and this increase was signifi-
cantly higher in A/J mice (�10-fold) compared with B/6J mice
(�3-fold), resulting in approximately twofold higher UCP1
levels in brown fat in A/J than in B/6J mice. Expression of
UCP1 was also detected in subcutaneous white fat (see online
APPENDIX, Table S2) and skeletal muscles (Table 3; see also
Ref. 2) of mice of both genotypes, but the levels of UCP1 in
these tissues were by at least two orders of magnitude lower
than in the interscapular fat, indicating a negligible quantitative
importance for thermogenesis. In some of the previous studies,
UCP2 transcript levels in white fat have also been correlated
with obesity resistance in A/J mice (13, 48, 52). However, in
our experiments, UCP2 expression was similar in all fat
depots studied, including interscapular brown and subcuta-
neous and epididymal white fat, and no effect of either
genotype or diet on UCP2 expression was observed (see
online APPENDIX, Table S2).

Thus, in both genotypes, the stimulation of NEMR by HF
diet could be explained by the induction of UCP1 protein in the
interscapular brown fat. A relatively strong induction in A/J
mice was associated with the development of cold tolerance of
these mice. On the other hand, the cold sensitivity of the A/J
LF mice could be attributed to their relatively low whole body
energy expenditure during the light phase of the day and could
not be explained by an insufficient capacity of either UCP1-
mediated energy expenditure or shivering thermogenesis, since
no differences in this respect were detected between A/J and
B/6J mice fed the LF diet.

Gene expression in muscles. A marked increase of V̇O2 in
response to the HF diet in A/J mice during the light phase of
the day, when the locomotor activity of animals is minimal (9),
suggested involvement of an adaptive mechanism of energy
expenditure, compatible with a sustained induction of nonshiv-
ering thermogenesis in muscle via the leptin-AMPK axis (see
introductory remarks). Therefore, to characterize muscle me-
tabolism, expression of several genes was assessed in gastroc-
nemius (a predominantly fast, glycolytic fiber type) and soleus
(a predominantly slow, oxidative fiber type) muscle (Table 3).
Strong effects of both diet and genotype were detected in the
case of stearoyl-CoA desaturase-1 (SCD-1), a gene that is
specifically repressed by leptin, which also stimulates fatty
acid oxidation (4, 7). In both strains and in both types of
muscles, the expression of SCD-1 was downregulated by the
HF diet. The strongest suppression, approximately fourfold,
was observed in the soleus muscle of A/J mice. These results
were in agreement with the assumption that leptin was in-

Fig. 3. Shivering during cold exposure. Singly caged B/6J (open symbols) and
A/J (filled symbols) mice maintained at 30°C and fed LF diet for 2 wk after
weaning were used. After implantation of recording and reference electrodes
during anesthesia at 20°C, animals in their cages without food, water, and
bedding were transferred to 4°C, and EMG recording was performed before
(time 0) and during 50 min of cold exposure. Voltage values were integrated
over 10-min periods before the indicated time points. Data are means � SE
(n � 7–8). In mice of both strains, shivering tended to be increased during the
first 10 min, but the effect was not statistically significant.
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volved in the induction of nonshivering thermogenesis in
soleus muscle of A/J mice by HF diet.

There was no effect of genotype or diet on genes engaged in
the control of mitochondrial biogenesis and oxidative capacity,
as assessed by quantification of the transcripts for nuclear

respiratory factor-1 and subunit VIa of mitochondrial cyto-
chrome oxidase (21), respectively. The expression of PPAR	
coactivator-1� (PGC-1�), which links nuclear receptors to the
transcriptional program of mitochondrial biogenesis and oxi-
dative metabolism (33), could not explain the stimulatory

Fig. 4. Time course of V̇O2 measurements in mice
maintained at 30°C and fed either LF or HF diet for 2
wk after weaning. Indirect calorimetry was performed
on singly caged mice with free access to water and diet
initially at 30°C for a period of 23 h followed by 23 h
at 15°C. V̇O2 data were sampled at 60 s for every 2 min;
however, only mean values of single recordings at 1-h
intervals are shown. Arrows indicate beginning of a
30-min period during which the temperature was
dropped. Gray areas represent the dark phases of diur-
nal cycle. A biphasic circadian rhythm of V̇O2 was
observed in B/6J mice, with 2 maxima: 1 in the middle
of the day and the other at the end of the dark phase.
This pattern was only marginally affected by diet. In
contrast, in A/J mice, a monophasic rhythm of V̇O2 was
recorded, with maximum around the beginning of the
dark phase of the day and lower V̇O2 values recorded
during the light phase. Data are means � SE (n �
6–8). For statistical analysis of these data, see Table 2.

Table 2. Indirect calorimetry

30oC 15oC

B/6J A/J B/6J A/J

LF HF LF HF LF HF LF HF

V̇O2, ml �kg–1 �min–1

23 h 54.6�3.4 56.9�2.6 46.9�4.3 56.3�2.8 101.9�5.6 106.7�2.5 105.5�5.9 113.9�3.8
Light 51.2�1.8 56.3�2.8 35.6�2.6† 49.2�1.9* 103.3�2.9 103.5�3.1 92.0�3.8 104.9�2.6
Dark 63.7�2.1 64.7�2.4 59.2�4.2 63.7�3.8 109.7�2.2 113.6�2.4 119.1�3.6 117.6�3.4

RER
23 h 0.91�0.02 0.81�0.02* 0.91�0.01 0.83�0.01* 0.89�0.01 0.81�0.01* 0.89�0.01 0.80�0.01*‡
Light 0.86�0.03 0.83�0.01 0.87�0.01 0.83�0.01 0.88�0.01 0.81�0.01* 0.85�0.02 0.79�0.01*‡
Dark 0.90�0.02 0.82�0.01* 0.94�0.01 0.84�0.01* 0.90�0.01 0.81�0.01* 0.92�0.01 0.81�0.01*

Singly caged mice were born and maintained at 30oC and fed LF or HF diet from weaning. Measurements proceeded at 30oC for 23 h, followed by exposure
to 15oC for 23 h. V̇O2, O2 consumption; RER, respiratory exchange ratio. See also Figs. 4 and 5. Data are means � SE (n � 6–8, with �700 data points per
mouse per 23 h). *Significant effect of diet; †significant effect of genotype; ‡significant effect of temperature. All V̇O2 data were significantly affected by ambient
temperature.
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effect of HF diet on energy expenditure in skeletal muscle of
A/J mice either (Table 3). These results were in agreement with
the lack of any effect of HF diet on the activity of cytochrome
oxidase in soleus muscle of A/J mice (not shown).

The HF diet induced expression of mitochondrial acyl-CoA
thioesterase, with the most pronounced effect in the soleus
muscle of B/6J mice, and only in B/6J mice did it also
upregulate UCP3 (Table 3). This was in agreement with the
known stimulatory effect of thyroid hormones (30) on the
expression of UCP3 and mitochondrial acyl-CoA thioesterase
genes and with the B/6J strain-specific stimulation of thyroid
status by HF diet (see above). The induction of UCP3 in both
muscles of B/6J mice was associated with upregulation of
long-chain acyl-CoA synthetase (required for activation and
transport of fatty acid into mitochondria), whereas expression
of cytosolic acyl-CoA thioesterase was unchanged (Table 3).

These results suggest thyroid hormone-dependent induction of
a mechanism of lipid handling by HF diet, which may preserve
the CoASH pool in mitochondria, specifically in B/6J mice,
independently of thermogenesis (18).

The expression of superoxide dismutase-1, a marker of
reactive oxygen species formation, was similar in all the
subgroups. Except for muscle type-specific differences in gene
expression, relatively small variations in mRNA levels of
PPAR�, UCP1 (see above and Ref. 2), acyl-CoA oxidase-1,
and the “muscle” isoform of carnitine palmitoyltransferase I
(CPT IB) were observed in response to the diet. In contrast,
strain-specific differences in the expression of CPT IA (“liver”
isoform) were observed both in soleus and in gastrocnemius
muscles. In this case, the expression was affected more by the
genotype than by the diet, with the most pronounced effect in
the soleus muscle, resulting in an approximately twofold
higher CPT IA expression in A/J than in B/6J mice. An
opposite effect of the genotype on the expression of CPT IA
was observed in the gastrocnemius muscle of HF diet-fed mice
(Table 3). Furthermore, high levels of mRNA for isoenzyme 4
of pyruvate dehydrogenase kinase (PDK-4) were found in
soleus muscles of A/J mice, indicative of sustained lipid
delivery and oxidation (Table 3; Ref. 44). Expression of
PDK-4 mRNA in A/J mice was not affected in response to the
HF diet; however, its expression was stimulated in both the
soleus and the gastrocnemius muscles of B/6J mice. All to-
gether, the results above suggested a strain-specific loss of
regulation of glucose/fatty acid partitioning in the soleus mus-
cle of A/J mice, favoring oxidation of fatty acids.

Oxidative metabolism in muscles and AMPK. To analyze a
possible induction of oxidative metabolism by HF diet in
skeletal muscles of A/J mice, ex vivo measurements were
performed. First, the rate of endogenous V̇O2 in the gastrocne-
mius and soleus muscles was assessed during a 35-min period
(Fig. 7 and Table 4). Feeding mice the HF diet tended to
increase the respiratory rate in gastrocnemius muscle of both
B/6J and A/J mice, but this effect was not statistically signif-
icant. On the contrary, in the soleus muscle of A/J mice, HF

Fig. 6. Norepinephrine (NE)-induced thermogenesis. Mice maintained at 30°C
and fed either LF or HF diet for 2 wk after weaning were anesthetized by
pentobarbital sodium, and NE metabolic rate (NEMR) was measured as
difference between V̇O2 before and after ip injection of NE. Before injection,
V̇O2 values were similar in all subgroups of anesthetized mice (28.1 � 3.1,
29.5 � 3.0, 26.2 � 2.7, and 25.6 � 2.1 ml �kg�1 �min�1 in B/6J LF, B/6J HF,
A/J LF, and A/J HF mice, respectively). Data are means � SE (n � 6–9).
*Significant effect of diet.

Fig. 5. Plots of percent relative cumulative frequency (PRCF) of respiratory
exchange ratio (RER) values obtained by indirect calorimetry. RER data from
the experiment (described in Table 2 and Fig. 4) were used to construct PRCF
curves, each of which represents the data pooled from all mice (n � 6–8)
within a given subgroup (�4,200–5,600 RER measurements per curve). For
statistical analysis, see METHODS. Values of log EC50 (50th %ile values; see
also corresponding RER data in Table 2) are significantly different between
HF- and LF-fed mice within each genotype and irrespective of experimental
temperature (P 
 0.001). Only in A/J HF mice, values of log EC50 at 15 and
30°C are also significantly different (P � 0.004). At 15°C, the Hill-slope
values are significantly different between HF- and LF-fed mice within each
genotype, whereas at 30°C a significant difference between HF- and LF-fed
mice was found only in B/6J mice.
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diet increased the respiration �1.8-fold, while no effect was
observed in B/6J mice.

Second, oxidation of exogenous palmitate in the muscles
was measured (Table 5). In either genotype, no significant
effect of HF diet on palmitate oxidation was observed. How-
ever, when palmitate oxidation was evaluated in the presence
of AICAR, an AMPK activator, an �70% increase in the rate
of oxidation was observed in the soleus muscle of the A/J HF
mice. No stimulatory effect of AICAR was observed in the
soleus muscle of either the A/J LF mice or the B/6J mice fed
both types of diets. In the gastrocnemius muscle, no stimula-
tion by AICAR or diet was detected in mice of either genotype
(not shown).

To further investigate a possible involvement of AMPK in
the strain-specific effect of HF diet, AMPK content and phos-

phorylation (p-AMPK) were measured in the soleus muscle
(Fig. 8). In B/6J mice, the HF diet had no effect on either total
AMPK or p-AMPK muscle content. In contrast, in A/J mice
the HF diet caused an �1.7- and �1.4-fold increase in the
content of AMPK and pAMPK, respectively; however, only
the effect on total AMPK content reached statistical signifi-
cance (two-way ANOVA). The stimulatory effect of HF diet
on AMPK in soleus muscle of A/J mice was further confirmed
by assessing the level of phosphorylation of ACC, a down-
stream target of AMPK, which showed an �1.4-fold increase
in response to HF diet, whereas no effect on ACC phosphor-
ylation was found in B/6J mice (not shown). These results
indicated a genotypic difference in the effect of HF diet on
energy expenditure in soleus muscle, where the inducibility of
respiration by HF diet in the A/J mice was associated with a
relatively high potency of the AMPK regulatory pathway.

DISCUSSION

The principal finding of this study is the stimulation of
muscle thermogenesis and lipid oxidation by HF diet in obe-
sity-resistant A/J mice. Our results indicate that an HF diet
could induce nonshivering thermogenesis in oxidative muscle,
possibly by the leptin-AMPK axis.

We have demonstrated, for the first time, a profound differ-
ence between A/J and B/6J mice in their ability to resist acute
cold exposure, providing that the animals were first adapted to
the temperature close to thermoneutrality and maintained on an
LF diet. Nevertheless, a relatively low whole body energy
expenditure of the A/J LF mice, which would predispose these
animals to obesity, was enhanced in response to the HF diet.
This induction was apparently stronger than in B/6J mice,
which exhibited higher energy expenditure than A/J mice when
fed the LF diet but are prone to HF diet-induced obesity. That
the HF diet induced a larger increase in whole body energy
expenditure in A/J than in B/6J mice was also in agreement
with the tendency of HF diet to increase body temperature in
the former mice in this and in the previous study (47).

Without preacclimation to ambient temperatures around 20–
22°C, as used in previous studies (8, 17, 48, 52), the capacity
of nonshivering thermogenesis in brown adipose tissue was
relatively low, but it was similar in both strains of mice, unless
it was stimulated by HF diet. Since the ability to activate
shivering was also similar in both B/6J and A/J mice fed the LF
diet (Fig. 3), the cold sensitivity of the A/J LF mice could be
explained, at least in part, by their relatively low V̇O2 as
measured at 30°C during the light phase of the day. Although
locomotor activity was not assessed in this study, it could have
contributed to the differences in V̇O2 as well in cold sensitivity
(5, 9, 14).

The stronger obesogenic effect of HF diet in B/6J compared
with A/J mice has been previously explained by strain-specific
differences in the adrenergic control of thermogenesis (8) and
sensitivity to leptin (32), with only A/J mice retaining sensi-
tivity of adipose tissue to both stimuli after several weeks of
feeding on a HF diet. The present study confirmed the previous
results (8, 17, 48, 52), indicating that the differential response
to HF diet could be attributed to the relatively high induction
of UCP1 in the interscapular brown fat of A/J mice. In
addition, our study demonstrated a HF diet-induced increase of
V̇O2 in soleus muscle, which was specific for A/J mice, and

Table 3. Gene expression in glycolytic and oxidative skeletal
muscles

Muscle

B/6J A/J

LF HF LF HF

Gastrocnemius
ACOT1 0.94�0.13 0.86�0.06 1.00�0.21 0.97�0.04
ACOT2 1.55�0.31 3.28�0.33*† 0.88�0.18 1.73�0.16
ACSL1 1.11�0.22 1.36�21 1.15�0.28 1.33�0.13
COX6a 0.67�0.06 0.68�0.07 0.59�0.15 0.49�0.08
CPT IA 2.08�0.27 2.59�0.33 1.77�0.33 1.22�0.21†
CPT IB 0.35�0.04 0.50�0.05 0.50�0.03 0.63�0.07
NRF-1 1.82�0.21 1.84�0.34 1.92�0.45 1.72�0.23
PDK-4 0.62�0.09 1.11�0.48* 1.11�0.48† 0.93�0.24
PGC-1� 0.71�0.01 1.04�0.27 1.71�0.69† 1.12�0.80
PPAR� 0.43�0.15 0.33�0.10 0.50�0.24 0.46�0.23
SCD-1 1.31�0.35 0.48�0.05* 1.79�0.47 0.82�0.20*
SOD1 1.07�0.13 1.16�0.13 1.23�0.28 0.81�0.14
UCP1 0.30�0.01 0.44�0.03 0.91�0.04† 1.10�0.06†
UCP3 2.09�0.44 3.55�0.69 2.73�0.52 1.97�0.45

Soleus
ACOT1 1.31�0.11 1.90�0.22* 1.25�0.14 1.84�0.10*
ACOT2 1.62�0.36 4.32�0.13* 1.96�0.34 3.58�0.60*
ACSL1 2.94�0.28 4.14�0.41*† 3.17�0.30 2.83�0.24
AOX1 1.42�0.12 1.64�0.12 1.77�0.30 1.56�0.13
COX6a 0.72�0.05 0.64�0.03 0.58�0.04† 0.56�0.03
CPT IA 1.06�0.11 1.29�0.09 2.54�0.12† 2.25�0.12†
CPT IB 0.79�0.04 0.79�0.04 0.76�0.05 0.86�0.05
NRF-1 0.63�0.15 0.69�0.07 0.61�0.09 0.83�0.36
PDK-4 1.27�0.10 2.26�0.15* 2.40�0.60† 2.33�0.23
PGC-1� 2.52�0.64 2.14�0.24 1.68�0.59† 1.38�0.24†
PPAR� 1.32�0.12 1.07�0.12 0.77�0.09† 0.83�0.14
SCD-1 1.00�0.12 0.44�0.07* 2.22�0.37† 0.56�0.06*
SERCA1 1.21�0.11 0.98�0.02* 1.09�0.19 0.71�0.06*†
SERCA2‡ 1.18�0.07 1.13�0.06 1.65�0.11† 1.25�0.12*
SOD1 0.85�0.03 0.82�0.04 0.88�0.08 0.78�0.03
UCP1§ 0.36�0.04 0.43�0.02 0.37�0.02 0.44�0.01
UCP3 1.57�0.23 2.34�0.18* 1.68�0.11 1.90�0.33

Transcript levels (AU) were measured using qRT-PCR in total RNA isolated
from skeletal muscles of mice adapted to 30oC and fed LF or HF diet. Within
a particular transcript, all groups can be compared. Data are means � SE (n �
6–7). *Significant effect of diet; †significant effect of genotype; ‡both
SERCA2a and SERCA2b mRNA were quantified; §both UCP1 transcript
(qRT-PCR) and protein (measured by Western blots, not shown; see also
METHODS) were detected at levels that were at least �200-fold lower vs. that in
BAT of mice reared at 20oC. ACOT1, cytosolic acyl-CoA thioesterase;
ACOT2, mitochondrial ACOT; ACSL1, long-chain acyl-CoA synthetase;
AOX1, acyl-CoA oxidase-1; COX6a, subunit VIa of mitochondrial cyto-
chrome oxidase; CPT I, carnitine palmitoyltransferase I; PGC-1, PPAR	
coactivator 1; NRF-1, SERCA, sarcoplasmic reticulum Ca2� ATPase; nuclear
respiratory factor 1; PDK-4, pyruvate dehydrogenase kinase-4; SOD1, super-
oxide dismutase-1.
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suggested activation of nonshivering thermogenesis in this
muscle. The association with increased leptin levels, and the
selective involvement of the oxidative muscle, strongly sug-
gested the involvement of the leptin-AMPK axis (29, 41).
AMPK plays a major role in the regulation of fatty acid
oxidation in skeletal muscle while inhibiting ACC by phos-
phorylation, reducing malonyl-CoA levels, and, thus, enhanc-

ing activity of CPT I and �-oxidation of fatty acids (7, 29).
Direct stimulation of muscle thermogenesis ex vivo required
both AMPK and phosphatidylinositol 3-kinase and could be
prevented by pharmacological inhibition of AMPK, and acti-
vation of the AMPK axis was required for leptin-induced
substrate cycling between de novo lipogenesis and lipid oxi-
dation (41).

Table 4. V̇O2 in skeletal muscles

Muscle

B/6J A/J

LF HF LF HF

Gastrocnemius 112�13 136�23 111�15 125�9.0
Soleus 155�26 174�14 145�27 255�30*†

V̇O2 was measured in muscles dissected from mice adapted to 30oC and fed
LF of HF diet, as described also in Fig. 4. Data are means � SE for the 5-min
interval, beginning 10 min after insertion of tissue fragments into measuring
chambers. Results were normalized to tissue protein and expressed as pmol
O2 �mg protein–1s–1 (n � 7–9). *Significant effect of diet; †significant effect of
genotypes. Similar results were observed when data were normalized to tissue
wet weight (not shown).

Table 5. Palmitate oxidation in soleus muscle

Palmitate Oxidation, dpm � mg protein–1 � s–1

B/6J A/J

LF HF LF HF

–AICAR 10.6�1.3 11.1�1.6 10.9�1.8 11.4�1.5
�AICAR 13.0�2.2 12.1�1.2 14.6�1.3 19.2�1.2*†

Palmitate oxidation was assessed in soleus muscle dissected from mice
adapted to 30oC and fed LF or HF diet. Measurements were performed at 37°C
using [U-14C]palmitate in the absence or presence of 2 mM 5-aminoimidazole-
4-carboxamide-1-�-D-ribonucleoside (AICAR). Data are means � S.E (n �
8). *Significant effect of diet; †significant effect of genotype.

Fig. 7. Ex vivo muscle V̇O2 during 35-min incubation period at 37°C. Muscle samples were obtained from mice adapted to 30°C and fed either LF or HF diet.
Fragments of gastrocnemius or whole soleus muscles were incubated in freshly oxygenated (95% O2-5% CO2) Krebs-Ringer bicarbonate buffer (pH 7.4)
containing 10 mM glucose, and V̇O2 was measured using polarography (see also Table 4). Data are means � SE for a 5-min interval, beginning 10 min after
insertion of tissue fragments into measuring chambers. Results were normalized to tissue protein (n � 7–9). *Significant effect of diet (repeated-measures
ANOVA: diet vs. time).
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The acute stimulation of AMPK by leptin reflects an in-
creased phosphorylation of Thr172 in the enzyme �-subunit
(29). On the other hand, chronic hyperleptinemia in rats re-
sulted in an increased content of both total AMPK and p-
AMPK and increased phosphorylation of ACC (43) similarly
to the results of our experiments. Our results have documented
the HF diet-induced increase of AICAR-dependent fatty acid
oxidation in soleus muscle of A/J but not B/6J mice. These
results suggest a much higher inducibility of lipid oxidation by
AMPK in the soleus muscle of A/J than in B/6J mice. How-
ever, without AICAR, no effect on fatty acid oxidation was
noticed. Perhaps, oxidation of the exogenously added fatty
acids could be limited by the transport of fatty acids from the
medium, unless the AMPK and CPT I activities are maximally
stimulated by AICAR. In resting soleus muscle, exogenous
fatty acid provide only a very small fraction (�2%) of total
lipid metabolized while catabolism of intramuscular lipid rep-
resents the bulk [�98% (10)]. Oxidation of intramuscular lipid
should be better reflected by the ex vivo measurements of
endogenous respiration in the muscle. However, the quantita-
tive interpretation of these measurements, even in a relatively
small whole soleus muscle, is limited due, for example, to a
diffusion barrier for oxygen or a release of electrolytes (par-
ticulary potassium), which can alter the respiration. Neverthe-

less, the combined results of both approaches strongly suggest
induction of energy expenditure by HF diet in the soleus
muscle of A/J mice involving AMPK-stimulated fatty acid
oxidation.

The strongest suppression of SCD-1 expression, accompa-
nied by the highest levels of PDK-4 transcript in soleus muscle
of the A/J HF mice, further supports the preferential use of
lipids for adaptive thermogenesis in the muscle. Downregula-
tion of SCD-1 results in increased �-oxidation of fatty acids,
enhanced thermogenesis, and resistance to obesity (reviewed in
Refs. 4, 7, 25), whereas activation of PDK-4 leads to suppres-
sion of glucose oxidation (44). Of note, upregulation of PDK-4
was also detected in soleus muscle of cold-acclimated UCP1
knockout mice (50). A relatively high expression of CPT IA,
the liver isoform of the enzyme, in the soleus muscle of the A/J
HF mice is also in favor of intense �-oxidation of fatty acids,
since it is primarily the muscle isoform that is more sensitive
to inhibition by malonyl-CoA (28).

That lipid oxidation was important for the cold defense
abilities of the A/J HF mice was further documented by
indirect calorimetry. Lowering of ambient temperature during
the measurements augmented the activation of lipid oxidation
by HF diet in A/J but not in B/6J mice (see the PRCF data in
Fig. 5, and RER data in Table 2). This strain-specific enhance-
ment of the whole-body lipid oxidation in cold probably
reflected the increased capacity for both UCP1-mediated and
muscle thermogenesis by HF diet. On the other hand, the HF
diet-induced elevation of V̇O2 during the light phase in A/J
mice maintained at 30°C probably resulted from the sustained
increase in muscle nonshivering thermogenesis, induced by
leptin and independent of acute stimulation of sympathetic
activity due to cold or meal (see also Ref. 6).

The role and mechanism of leptin-mediated adaptive ther-
mogenesis have recently been investigated by Ukropec et al.
(51) using ob/ob mice with a targeted inactivation of UCP1
gene (Ucp1�/�.Lep�/� mice). These mice could not adapt to
temperatures below 12°C unless they were administered either
leptin or T3 (51). Thermogenesis was possibly activated due to
the induction of Ca2� cycling associated with an increased
expression of sarcoplasmic reticulum Ca2� ATPase-2 (SERCA2) in
oxidative muscle (51). On the contrary, the stimulation of
thermogenesis in the oxidative muscle of the A/J HF mice was
not associated either with upregulation of SERCA2 (in fact, in
both the experiments on Ucp1�/�.Lep�/� mice and in our
study, both SERCA2a and SERCA2b mRNA were quantified
together) or with changes of the thyroid hormone status (Tables
1 and 3). The qualitative difference in the thermogenic re-
sponse between Ucp1�/�.Lep�/� and A/J mice may thus
reflect a much higher induction of thermogenic mechanisms
required to substitute for defective UCP1-mediated thermogen-
esis in the transgenic mice. Additional thermogenic mecha-
nisms may function in this transgenic model that do not operate
in A/J mice. However, in both Ucp1�/�.Lep�/� and A/J mice,
oxidative but not glycolytic muscle was involved in the adap-
tive thermogenesis, supporting further the importance of lipid
catabolism and mitochondria for muscle thermogenesis.

Our results do not answer the question whether the induction
of muscle thermogenesis by leptin could result from a direct
interaction of leptin with muscle or whether it is mediated
centrally via the activation of the adrenergic system (29). With
respect to a possible extrapolation to human subjects, where

Fig. 8. Content and phosphorylation of AMPK in soleus muscle of B/6J and
A/J mice. Mice maintained at 30°C and fed either LF (open bars) or HF (filled
bars) diet for 2 wk after weaning were used. Total amount of AMPK
(AMPK�1 � -�2) was assessed in tissue extracts with a mixture of primary
antibodies against AMPK�1 and -�2 , whereas phosphorylated (p-)AMPK was
detected using primary antibodies specific for phosphorylated Thr172. Both
forms of AMPK were visualized and quantified on the same blot using two
different secondary infrared dye-labeled antibodies and the Odyssey IR
Imager. A: picture of representative blot with muscle samples (15 �g protein/
lane) from A/J mice, liver standards isolated from adult LF diet-fed B/6J mice
(10 and 15 �g protein/lane), and prestained Mr standards. B: quantification of
total amount of AMPK. C: quantification of p-AMPK. Data are means � SE
(B/6J, n � 7–8; A/J, n � 10–11). *Significant effect of diet.
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the control and significance of adaptive nonshivering thermo-
genesis is less defined than in rodent species, an increase of
sympathetic activity is known to be critical for resistance to
obesity (see other references in Ref. 9).

In summary, our results demonstrate that both the UCP1-
mediated thermogenesis in brown fat and muscle thermogen-
esis are associated with resistance to dietary obesity in mice.
Only in the model of obesity-resistant A/J, but not in obesity-
prone B/6J mice, stimulation of thermogenesis in oxidative
skeletal muscle in response to an HF diet was observed. Our
results further suggest the involvement of the leptin-AMPK
axis, with a preferential use of lipids as metabolic substrates, in
the induction of nonshivering thermogenesis in oxidative mus-
cle by HF diet. Thus, at least in mice, the adaptive stimulation
of lipid oxidation and muscle thermogenesis in response to
increased fat content in the diet might contribute to cold
resistance and obesity resistance.
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OBJECTIVE—The induction of obesity, dyslipidemia, and insu-
lin resistance by high-fat diet in rodents can be prevented by n-3
long-chain polyunsaturated fatty acids (LC-PUFAs). We tested a
hypothesis whether AMP-activated protein kinase (AMPK) has a
role in the beneficial effects of n-3 LC-PUFAs.

RESEARCH DESIGN AND METHODS—Mice with a whole-
body deletion of the �2 catalytic subunit of AMPK (AMPK�2�/�)
and their wild-type littermates were fed on either a low-fat chow,
or a corn oil-based high-fat diet (cHF), or a cHF diet with 15%
lipids replaced by n-3 LC-PUFA concentrate (cHF�F).

RESULTS—Feeding a cHF diet induced obesity, dyslipidemia,
hepatic steatosis, and whole-body insulin resistance in mice of
both genotypes. Although cHF�F feeding increased hepatic
AMPK�2 activity, the body weight gain, dyslipidemia, and the
accumulation of hepatic triglycerides were prevented by the
cHF�F diet to a similar degree in both AMPK�2�/� and wild-
type mice in ad libitum-fed state. However, preservation of
hepatic insulin sensitivity by n-3 LC-PUFAs required functional
AMPK�2 and correlated with the induction of adiponectin and
reduction in liver diacylglycerol content. Under hyperinsuline-
mic-euglycemic conditions, AMPK�2 was essential for preserv-
ing low levels of both hepatic and plasma triglycerides, as well as
plasma free fatty acids, in response to the n-3 LC-PUFA
treatment.

CONCLUSIONS—Our results show that n-3 LC-PUFAs prevent
hepatic insulin resistance in an AMPK�2-dependent manner and
support the role of adiponectin and hepatic diacylglycerols in the
regulation of insulin sensitivity. AMPK�2 is also essential for
hypolipidemic and antisteatotic effects of n-3 LC-PUFA under
insulin-stimulated conditions. Diabetes 59:2737–2746, 2010

N
aturally occurring n-3 long-chain polyunsatu-
rated fatty acids (LC-PUFAs)—namely, eicosa-
pentaenoic acid (20:5n-3) and docosahexaenoic
acid (22:6n-3)—which are abundant in sea fish,

act as hypolipidemics, reduce cardiac events, and de-
crease the progression of atherosclerosis [reviewed in refs
(1,2).]. Studies of obese humans have also demonstrated a
reduction in adiposity after n-3 LC-PUFA supplementation
(3,4). In rodents fed a high-fat diet, n-3 LC-PUFAs effi-
ciently prevented the development of obesity, hepatic
steatosis, and dyslipidemia (5–8), as well as impaired
glucose tolerance (8–10). However, in diabetic patients,
n-3 LC-PUFAs appear to have little effect on glycemic
control (3,11,12).

The hypolipidemic and antiobesity effects of n-3 LC-
PUFAs depend on both the suppression of lipogenesis and
the increase in fatty acid oxidation in several tissues,
including the liver (13,14), adipose tissue (6), and intestine
(15). This metabolic switch may reduce the accumulation
of toxic fatty acid derivatives, while protecting insulin
signaling in the liver and muscle (9,10,16). Our previous
work has documented that the preservation of whole-body
insulin sensitivity by n-3 LC-PUFAs in mice fed a high-fat
diet mainly reflects improved hepatic insulin sensitivity
(8). The effects of n-3 LC-PUFAs and their active metabo-
lites (17,18) are mediated by peroxisome proliferator-
activated receptors (PPAR), with PPAR-� and PPAR-� (-�)
being the main targets (14,16), although PPAR-�, liver X
receptor-�, hepatic nuclear factor-4, sterol regulatory ele-
ment binding protein-1c (SREBP-1c) and carbohydrate-
responsive element-binding protein are also involved
(16,19–21).

It has been demonstrated that n-3 LC-PUFAs enhanced
AMP-activated protein kinase (AMPK) activity in the liver
(22), intestine (23), and adipose tissue (18,24). AMPK is a
heterotrimeric protein consisting of a catalytic �-subunit
and regulatory �- and �-subunits, with multiple isoforms
identified for each subunit [�1, �2, �1, �2, �1, �2, and �3;
reviewed in ref (25)]. Experiments using whole-body
AMPK�2 null [AMPK�2�/�; ref (26)] mice showed the
importance of the AMPK�2 subunit for whole-body insulin
action, while liver-specific AMPK�2 knockout mice (27) as
well as adenovirus-mediated activation of AMPK�2 in the
liver (28) implicated the hepatic AMPK�2 isoform in the
suppression of hepatic glucose production and mainte-
nance of fasting blood glucose levels. Furthermore, AMPK
controls metabolic fluxes in response to changing cellular
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energy levels, namely, the partitioning between lipid oxi-
dation and lipogenesis (29,30).

We hypothesized that the effects of n-3 LC-PUFA on
insulin sensitivity and lipid metabolism in mice fed an
obesogenic high-fat diet require a functional AMPK�2
isoform. To test this hypothesis in vivo, AMPK�2�/� and
wild-type mice were fed either a low-fat chow diet (Chow),
a corn oil-based high-fat (cHF) diet, or cHF diet in which
15% of the lipids were replaced by n-3 LC-PUFA concen-
trate (cHF�F). Our results demonstrate an AMPK�2-
dependent action of n-3 LC-PUFAs, in 1) the preservation
of hepatic and muscle insulin sensitivity; 2) the changes in
hepatic diacylglycerol content and composition; and 3) the
antisteatotic effect in the liver and hypolipidemic effect
under insulin-stimulated conditions, such as during hyper-
insulinemic-euglycemic clamp, but not when the organism
depends on lipids as substrates.

RESEARCH DESIGN AND METHODS

Four-month-old whole-body AMPK�2�/� mice (29) backcrossed to C57BL/6J
mice for nine generations, and wild-type littermate controls were fed on either
Chow, cHF, or cHF�F diet for nine weeks. Body weight and food consump-
tion were recorded, and EDTA-plasma and tissues were collected for various
analyses as described in the online appendix, available at http://diabetes.
diabetesjournals.org/cgi/content/full/db09-1716/DC1. Male mice were used for
all the experiments, except for the measurements of hepatic AMPK activity,
which were performed on female mice. The experiments were conducted
under the guidelines for the use and care of laboratory animals of the Institute
of Physiology and followed the “Principles of laboratory animal care” (Na-
tional Institutes of Health publication no. 85-23, revised 1985).
Blood and plasma parameters. Blood glucose was measured using cali-
brated glucometers (LifeScan, Milpitas, CA). Nonesterified fatty acids (NE-
FAs), triglycerides, and total cholesterol were determined in plasma using the
following enzymatic photometric tests: NEFA-C (Wako Chemicals, Neuss,
Germany), triacylglycerols liquid, and cholesterol liquid (Pliva-Lachema Diag-
nostika, Brno, Czech Republic), respectively. Plasma insulin was measured
using the Sensitive Rat Insulin RIA Kit (LINCO Research, St. Charles, MO).
Total adiponectin levels and adiponectin multimeric complexes were deter-
mined using Western blotting (31).
Lipid content and gene expression in the liver. The tissue content of
triglycerides was estimated in ethanolic KOH tissue lysates as described
before (8). The content and fatty acid composition of the phospholipid,
diacylglycerol, triglyceride, and ceramide fractions were assessed in tissue
lipid extracts; gene expression was evaluated using real-time RT-PCR (see
online appendix).
Activity of �1 and �2 AMPK isoforms. Livers were collected by freeze-
clamping, AMPK was immunoprecipitated from tissue extracts, and the
activity was assayed using a peptide substrate (32); see the online appendix.
Hyperinsulinemic-euglycemic clamp. Five days before the experiment, an
indwelling catheter was placed into the left femoral vein under anesthesia
(33). Mice were allowed to recover for 5–7 days, followed by a 6-h fast (8:00
A.M.–2:00 P.M.) prior to the experiment. The whole-body glucose turnover was
determined under basal (nonstimulated) and insulin-stimulated conditions
(hyperinsulinemic-euglycemic clamp), using separate groups of mice. Insulin
(Actrapid, Novo Nordisk Pharma, Denmark) was infused at a constant rate of
4.8 mU/kg�min for 3 h, while D-[3-3H]glucose (Perkin Elmer, Boston, MA) was
infused at a rate of 15.9 kBq/min. Throughout the infusion, glucose concen-
tration and D-[3-3H]glucose specific activity (during the last hour of infusion)
were determined in tail blood. Euglycemia (�5.55 mmol/l) was maintained by
periodically adjusting a variable infusion of 33% glucose (33). At the end of a
3-h infusion period, mice were first anesthetized by diethylether, exsangui-
nated through the cervical incision, and then killed by cervical dislocation,
and tissues (liver and quadriceps muscle) and EDTA-plasma were collected
for biochemical analyses (see supplementary Table 1 and Research Design
and Methods of the online appendix for details on basic clamp parameters and
methodology).
Primary cultures of hepatocytes. Hepatocytes were isolated from livers of
fed mice by a modification of the collagenase method (34) and seeded at a
density of 0.5 � 106 cells per each 35-mm Petri dish. Rates of basal and
insulin-stimulated de novo lipogenesis and AICAR-stimulated fatty acid oxi-
dation were measured using [1-14C] acetate and [1-14C] palmitate, respectively
(see online appendix).

Statistics. All values are presented as means 	 SE. Data were analyzed by
two-way ANOVA. Comparisons were judged to be significant at P � 0.05.

RESULTS

Enhancement of hepatic AMPK�2 activity by n-3
LC-PUFAs. Specific activities of AMPK�1 and AMPK�2
were evaluated in the liver of ad libitum-fed mice after
nine weeks of the differential dietary treatment (Fig. 1). No
significant effect of either diet (Chow, cHF, and cHF�F) or
genotype (wild-type versus AMPK�2�/�) on AMPK�1-
specific activity was observed, although the AMPK�1
activity tended to be higher in the AMPK�2�/� mice (Fig.
1A). In contrast, AMPK�2 activity was stimulated by n-3
LC-PUFAs (cHF�F diet; Fig. 1B). AMPK�2 activity was
not detected in the AMPK�2�/� mice (Fig. 1B). No
changes were detected in the activity of AMPK�1 and
AMPK�2 in the quadriceps muscle in response to n-3
LC-PUFAs (not shown).
AMPK�2 is not required for antiobesity and hypolipi-
demic effects of n-3 LC-PUFAs in ad libitum-fed mice.
At four months of age, at the beginning of dietary treat-
ments, wild-type and AMPK�2�/� mice fed the Chow diet
exhibited similar body weights (Table 1). In mice of both
genotypes, cHF-feeding for nine weeks resulted in greater
body weight gain compared with the Chow-fed mice.
However, this effect was less pronounced in AMPK�2�/�
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mice (Table 1). In both wild-type and AMPK�2�/� mice,
the cHF�F diet induced smaller body weight gain than the
cHF diet (Table 1 and supplementary Figure 1). None of
the differences in body weight gain could be explained by
caloric intake, which was similar in all experimental
groups (Table 1). The weight of fat depots increased in
response to cHF feeding, while the cHF�F diet partially
prevented this increase (Table 1). Triglycerides and NEFA
levels in plasma of ad libitum-fed mice were similar in the
Chow- and cHF-fed mice, while cholesterol levels were
markedly and significantly elevated by the cHF diet. n-3
LC-PUFAs lowered plasma lipid levels independently of
AMPK�2. Triglycerides and NEFA levels were strongly
reduced, even below the levels observed in the Chow-fed
mice (Table 1).
AMPK�2 is essential for the preservation of insulin
sensitivity in response to n-3 LC-PUFAs. After nine
weeks of dietary treatment, no change was observed in
blood glucose, but elevations were observed in plasma
insulin levels in response to the cHF diet in ad libitum-fed
mice of both genotypes. However, the increase in plasma
insulin levels was less pronounced in AMPK�2�/� mice,
closely reflecting the genotype-dependent differences in
body weight gain (Table 1). A similar pattern of changes in
insulin levels was also observed in fasted mice, in which
n-3 LC-PUFAs significantly reduced insulin levels only in
wild-type animals (Table 1). As expected, plasma levels of
total as well as high molecular weight form of adiponectin,
an adipokine associated with increased insulin sensitivity
(35), were increased �1.4- and �1.2-fold, respectively, in
wild-type mice in response to n-3 LC-PUFA supplementa-
tion (Table 1 and supplementary Fig. 2, available in an
online appendix); however, no significant increase of
plasma adiponectin by n-3 LC-PUFAs was observed in
AMPK�2�/� mice.

In further experiments, hyperinsulinemic-euglycemic

clamps were performed to evaluate whole-body insulin
sensitivity. Under basal conditions, glucose turnover rate
(GTO; i.e., glucose uptake in peripheral tissues) was
similar in all groups of mice (supplementary Table 1).
Under insulin-stimulated conditions (Fig. 2A–F), the
amount of exogenous glucose required to maintain eugly-
cemia during the clamp, i.e., the glucose infusion rate
(GIR), was �1.3-fold lower in AMPK�2�/� than in wild-
type mice fed the Chow diet (Fig. 2A). On the other hand,
GIR was decreased by the cHF diet to a similar level in
mice of both genotypes, manifesting diet-induced insulin
resistance. This was attributed to a decreased GTO and, in
particular, to an impaired suppression of hepatic glucose
production (HGP) by insulin, with HGP being �8.5-fold
higher in the cHF-fed compared with the Chow-fed wild-
type mice (Fig. 2C). In wild-type mice, cHF�F diet feeding
increased GIR and GTO (�1.9- and �1.2-fold increase,
respectively) as compared with cHF-fed mice, while HGP
was lowered to a similar level as in the Chow-fed mice.
These results document the protective effects of n-3 LC-
PUFAs from high-fat diet-induced insulin resistance in
wild-type mice, namely, at the level of HGP. In contrast,
none of these beneficial effects of n-3 LC-PUFAs was
observed in AMPK�2�/� mice, in which neither the GIR
(Fig. 2A) nor the GTO (Fig. 2B) differed between the
cHF�F-fed and the cHF-fed mice, whereas the rate of HGP
was even higher in the cHF�F-fed than in the cHF-fed
AMPK�2�/� mice (Fig. 2C). Although whole-body glycol-
ysis was similar in all the groups (Fig. 2D), the rate of
whole-body glycogen synthesis, which reflects insulin sen-
sitivity of muscle glucose metabolism, was dependent on
both diet and genotype (Fig. 2E). In the Chow-fed mice,
the rate of whole-body glycogen synthesis tended to be
higher in wild-type mice than in AMPK�2�/� mice. Only in
the former mice was it significantly affected by dietary
treatment. Thus, in wild-type mice, glycogen synthesis was

TABLE 1
Metabolic and plasma parameters in wild-type and AMPK�2�/� mice

Wild-type AMPK�2�/�

Metabolic parameters Chow cHF cHF�F Chow cHF cHF�F

Food consumption (kJ/g � day) 2.0 	 0.1 1.8 	 0.1 1.9 	 0.0 2.0 	 0.1 1.8 	 0.1 2.0 	 0.1
Initial body weight (g) 27.8 	 0.5 27.9 	 0.5 27.7 	 0.5 27.1 	 0.3 27.7 	 0.4 27.3 	 0.4
Body weight gain (g) 1.4 	 0.2 7.0 	 1.1* 2.8 	 0.7† 1.8 	 0.3 4.6 	 0.7*‡ 1.2 	 0.4†
Adiposity
Epididymal AT (g) 0.43 	 0.02 1.52 	 0.19* 1.12 	 0.14*† 0.37 	 0.03 1.19 	 0.16*‡ 0.64 	 0.07*†‡
Subcutaneous AT (g) 0.20 	 0.01 0.54 	 0.05* 0.42 	 0.04*† 0.17 	 0.01 0.34 	 0.03*‡ 0.23 	 0.01†‡
Epididymal adipocytes size (
m2) ND 15,971 	 1,784 10,232 	 185† ND 13,298 	 1,632 8 593 	 896†
Subcutaneous adipocytes size (
m2) 2,916 	 610 6,775 	 1,718* 7,311 	 1,308* 3,395 	 139 6,625 	 926* 5,432 	 648*
Plasma metabolites
Triglycerides (mmol/l) 1.17 	 0.08 1.23 	 0.11 0.62 	 0.07*† 1.04 	 0.06 1.22 	 0.08 0.73 	 0.06*†
NEFAs (mmol/l) 0.90 	 0.05 0.94 	 0.05 0.59 	 0.04*† 0.88 	 0.04 0.99 	 0.06 0.68 	 0.04*†
Cholesterol (mmol/l) 2.25 	 0.08 4.12 	 0.25* 3.10 	 0.20*† 2.10 	 0.06 3.94 	 0.18* 2.75 	 0.14*†
Glucose (mmol/l) 9.9 	 0.4 10.7 	 0.5 10.4 	 0.3 9.7 	 0.4 10.0 	 0.4 9.4 	 0.4
Plasma hormones
Insulin fed (ng/ml) 0.66 	 0.11 1.73 	 0.29* 1.47 	 0.28* 0.60 	 0.07 1.34 	 0.20* 0.95 	 0.12*
Insulin fasted (ng/ml) 0.13 	 0.01 0.39 	 0.06* 0.19 	 0.05† 0.16 	 0.02 0.22 	 0.03‡ 0.15 	 0.01
Total adiponectin (A.U.) 1.15 	 0.09 0.97 	 0.10 1.33 	 0.09† 0.82 	 0.09‡ 0.80 	 0.07 0.97 	 0.08‡
HMW: total adiponectin 0.38 	 0.02 0.36 	 0.02 0.44 	 0.02† 0.35 	 0.02 0.34 	 0.02 0.39 	 0.02

Data are means 	 SE of 27–30 mice for metabolic parameters and 13–15 mice for other measures. AMPK�2�/� and wild-type mice were fed
either a Chow diet, cHF, or cHF�F for nine weeks. Food consumption was measured weekly for nine weeks. Body weight gain (see
supplementary Fig. 1) and plasma parameters were assessed in ad libitum-fed mice after nine weeks. Plasma insulin levels were also assessed
in fasted mice after eight weeks. AT, adipose tissue; A.U., arbitary units; HMW, total adiponectin, ratio of high molecular weight to total
adiponectin (for levels of all molecular weight forms of adiponectin; ND, no data; see supplementary Fig. 2); *P � 0.05 vs. genotype Chow;
†P � 0.05 vs. genotype cHF; ‡P � 0.05 vs. wild-type on respective diet.
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decreased �2.4-fold in response to the cHF diet, while n-3
LC-PUFAs provided a partial protection from this decrease
(Fig. 2E). A similar pattern of changes in the glycogen
synthesis rate in response to n-3 LC-PUFAs was observed
when measured directly in the skeletal muscle (Fig. 2F).
Thus, in accordance with the previous study (26), the
results of clamp studies suggested impairment of insulin
sensitivity in response to whole-body ablation of AMPK�2
in Chow-fed mice. However, AMPK�2�/� mice seemed to
be partially protected against cHF-induced insulin resis-
tance, while AMPK�2 was required for preservation of
insulin sensitivity in the skeletal muscle and especially in
the liver in response to n-3 LC-PUFA feeding.
Unmasking the role of AMPK�2 in the lipid-lowering
effect of n-3 LC-PUFAs under hyperinsulinemic-eu-
glycemic conditions. In addition to the ad libitum-fed
mice (Table 1), plasma lipid levels were also measured in
fasted mice, as well as in mice subjected to hyperinsuline-
mic-euglycemic clamp (supplementary Table 2). In con-
trast to the ad libitum-fed state, cHF�F diet did not affect
either triglyceride or NEFA levels under fasting condi-
tions. Under the hyperinsulinemic-euglycemic conditions,
both triglyceride and NEFA levels were lower in the
cHF�F-fed than in the cHF-fed wild-type mice (�1.6-fold
and �1.4-fold difference, respectively), but no such differ-
ence between the diets was observed in AMPK�2�/� mice.
Cholesterol levels were consistently decreased by n-3
LC-PUFAs independently of both the metabolic state and
genotype (supplementary Table 2).

In ad libitum-fed mice of both genotypes, the hepatic
triglyceride content was increased �twofold by cHF com-
pared with the Chow diet, while triglyceride accumulation

was increased only �1.3-fold by cHF�F diet in both
genotypes, documenting a protection against hepatic tri-
glyceride accumulation by n-3 LC-PUFAs (Fig. 3A). Under
hyperinsulinemic-euglycemic conditions, n-3 LC-PUFAs
also protected livers of wild-type mice against the cHF-
induced accumulation of triglycerides. However, this ef-
fect was absent in AMPK�2�/� mice (Fig. 3B). Moreover,
a strong correlation was found between plasma NEFA
levels and hepatic triglyceride content assessed under the
clamp conditions in the cHF�F-fed AMPK�2�/� mice
(R2 � 0.43, P � 0.05) but not in wild-type mice (R2 � 0.08,
P � 0.40).
Dietary n-3 LC-PUFAs increase 5-aminoimidazole-4-
carboxamide-1-�-D-ribofuranoside–stimulated fatty
acid oxidation and insulin-stimulated lipogenesis in
cultured hepatocytes from wild-type but not from
AMPK�2�/� mice. We sought to determine whether the
differential effect of n-3 LC-PUFAs on accumulation of
liver triglycerides in wild-type and AMPK�2�/� mice under
the clamp conditions could be explained by hepatic lipid
metabolism. In cultured hepatocytes isolated from mice
following the different dietary treatments, activities of
both fatty acid oxidation and de novo fatty acid synthesis
were evaluated. The stimulatory effects of 5-aminoimida-
zole-4-carboxamide-1-�-D-ribofuranoside (AICAR), an
AMPK activator, and insulin on fatty acid oxidation and
synthesis are shown in Fig. 4A and B, respectively (for
corresponding basal metabolic activities, see supplemen-
tary Table 3, available in an online appendix). In hepato-
cytes from both Chow and cHF diet-fed mice, the absence
of AMPK�2 was associated with a trend for lower AICAR-
stimulated fatty acid oxidation. Although hepatocytes
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from cHF-fed mice showed reduced stimulatory effect of
AICAR irrespective of the genotype, cHF�F feeding nor-
malized this defect in wild-type but not in AMPK�2�/�

hepatocytes (Fig. 5A), suggesting AMPK-dependent induc-
tion of capacity for fatty acid oxidation by n-3 LC-PUFAs
in the liver. The stimulatory effect of insulin on de novo
fatty acid synthesis was reduced in hepatocytes from
cHF-fed wild-type mice, whereas it was retained in the
hepatocytes from cHF-fed AMPK�2�/� mice (Fig. 4B).
cHF�F feeding tended to restore the stimulatory effect of
insulin only in wild-type hepatocytes (Fig. 4B).

To further characterize hepatic effects of differential
dietary treatment, the expression of selected genes was
quantified in total RNA isolated from the livers of mice
subjected to hyperinsulinemic-euglycemic clamp (Fig. 4C
and D). Feeding cHF diet suppressed expression of lipo-
genic genes stearoyl-CoA desaturase (SCD-1) and
SREBP-1c in all groups (except for SREBP-1c in
AMPK�2�/� mice). This suppression was partially coun-
teracted by cHF�F diet in wild-type but not AMPK�2�/�

mice (Fig. 4C and D). Together with the de novo fatty acid
synthesis data, these results further support the AMPK�2-

dependent improvement of liver insulin sensitivity by n-3
LC-PUFAs.
Changes in hepatic diacylglycerol levels are associ-
ated with insulin-sensitizing effects of n-3 LC-PUFAs.
To identify factors predisposing animals to insulin resis-
tance in an AMPK�2-dependent manner, a detailed analy-
sis of hepatic lipids in ad libitum-fed mice was performed.
No major genotype-dependent differences in the contents
of either ceramides or phospholipids were observed (sup-
plementary Table 4). In contrast, hepatic content of dia-
cylglycerols was affected in a genotype- and diet-
dependent manner (Fig. 5A). Wild-type mice fed the
cHF�F diet had lower diacylglycerol content than geno-
type-matched cHF diet-fed mice, while this effect of the
cHF�F diet was not observed in AMPK�2�/� mice. More-
over, the analysis of fatty acid composition of the diacyl-
glycerol fraction in the liver revealed that wild-type as well
as AMPK�2�/� mice fed cHF diet were characterized by
marked increase in the level of PUFA but not monounsat-
urated or saturated fatty acids (Fig. 5B, C, and D and
supplementary Table 4). The increase in the PUFA content
tended to be smaller in the wild-type compared with
AMPK�2�/� mice (�1.7-fold and �2.2-fold, respectively).
Administration of n-3 LC-PUFAs completely prevented
accumulation of hepatic polyunsaturated diacylglycerols
in wild-type mice, whereas their level in the AMPK�2�/�

animals, although decreased, was still significantly higher
compared with genotype-matched Chow-fed mice (Fig.
5B). Regarding polyunsaturated diacylglycerols, �-linole-
nic acid (18:3n-3) appeared to be by far the most differen-
tially regulated PUFA in the diacylglycerol fraction in the
two genotypes (supplementary Table 4). In addition,
cHF�F diet markedly reduced hepatic content of mono-
unsaturated diacylglycerols in wild-type but not in knock-
out animals (Fig. 5C). Hepatic diacylglycerol levels and
their fatty acid composition were also analyzed in mice
subjected to hyperinsulinemic-euglycemic clamp (supple-
mentary Table 5 and supplementary Fig. 3). No significant
differences among the groups were observed in total
diacylglycerols content or in their saturated or monoun-
saturated fatty acid fractions (supplementary Fig. 3).

DISCUSSION

Previous animal studies demonstrated that n-3 LC-PUFAs
could counteract the development of both hepatic steato-
sis (8,18,36,37) and hepatic insulin resistance (8,9,16),
while suppressing lipogenesis and augmenting lipid catab-
olism in the liver (8,13,19,21). Using mice with a whole-
body deletion of AMPK�2 and high-fat feeding, we show
for the first time that AMPK�2 is required for the effect of
n-3 LC-PUFAs to preserve whole-body, muscle, and espe-
cially hepatic insulin sensitivity, as well as to suppress
hepatic and plasma triglycerides as well as NEFA levels
under hyperinsulinemic-euglycemic clamp conditions. In
contrast, AMPK�2 was not required for protection by n-3
LC-PUFAs from hepatic lipid accumulation and dyslipide-
mia in ad libitum-fed mice.

In addition to AMPK�2, PPAR� was previously identi-
fied as an important determinant of n-3 LC-PUFA’s effect
on lipid metabolism, especially short-term modulation of
hepatic gene expression (14) and insulin sensitivity (16).
Thus, the reduction in hepatic triglyceride concentrations
by fish oil feeding did not rescue insulin action in PPAR�-
null mice, while hepatic diacylglycerol concentrations
were decreased by fish oil in a PPAR�-dependent manner
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and were associated with a preserved hepatic insulin
sensitivity (16). It is generally accepted that 1) diacylglyc-
erols rather than triglycerides or ceramides mediate he-
patic insulin resistance in mice fed a high-fat diet
(19,38,39), 2) diacylglycerol-induced insulin resistance de-
pends on activation of protein kinase C, and 3) that
polyunsaturated diacylglycerols in particular are better
protein kinase C activators than saturated diacylglycerol
species [reviewed in refs (38,39)]. Also our results showed
that cHF diet-induced insulin resistance was associated
primarily with the accumulation of PUFA in hepatic dia-
cylglycerols and that n-3 LC-PUFA completely prevented
cHF diet-induced increase in PUFA diacylglycerols in
wild-type mice, whereas in AMPK�2�/� animals, the con-
tent of these lipids was still significantly higher compared
with the control. Moreover, it was only in ad libitum-fed
mice but not in mice subjected to hyperinsulinemic-
euglycemic clamps that the levels of hepatic diacylglycer-
ols and their fatty acid compositions were associated with
hepatic insulin sensitivity. It is possible that under clamp
conditions AMPK�2-dependent effects of n-3 LC-PUFAs on
liver diacylglycerols were masked by metabolic changes
occurring during a 3-h infusion of insulin and glucose.

The failure of n-3 LC-PUFAs to decrease hepatic lipids in
AMPK�2�/� mice under clamp conditions could be due to
primary alterations in metabolic fluxes in the liver, reflect-
ing 1) increased de novo fatty acid synthesis, 2) decreased
secretion of VLDL triglycerides, or 3) reduced fatty acid
oxidation. De novo fatty acid synthesis was not the
responsible factor, because hepatocytes of the n-3 LC-
PUFA-fed AMPK�2�/� mice showed decreased insulin-
stimulated de novo fatty acid synthesis and reduced
expression of SREBP-1c and SCD-1, as compared with
hepatocytes isolated from n-3 LC-PUFA-fed wild-type
mice, reflecting probably low insulin sensitivity of the liver
in AMPK�2�/� mice. Moreover, AICAR-stimulated fatty
acid oxidation in hepatocytes from n-3 LC-PUFA-fed
AMPK�2�/� mice was markedly reduced as compared
with those from wild-type mice, suggesting decreased
hepatic capacity for fatty acid oxidation in the absence of
AMPK�2, which could contribute to enhanced lipid accu-
mulation. Therefore, these experiments supported a major
role of hepatic AMPK�2 in the regulation of both insulin
sensitivity and lipid metabolism by n-3 LC-PUFAs. How-
ever, the differential modulation of lipid accumulation by
n-3 LC-PUFAs in the livers of wild-type and AMPK�2�/�
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mice under clamp conditions could also be secondary to
the AMPK�2-dependent effects of n-3 LC-PUFAs in other
tissues, resulting in a relatively high hepatic uptake of
circulating NEFA in AMPK�2�/� mice. This is supported
by persistently elevated plasma levels of NEFA in
AMPK�2�/� mice, as well as by a significant correlation
between plasma NEFA levels and hepatic triglyceride
content observed under clamp conditions in AMPK�2�/�

but not wild-type mice fed n-3 LC-PUFA-containing diet.
Moreover, it has been shown in humans with nonalcoholic
fatty liver disease that most of hepatic triglycerides arise
from circulating NEFA (40). That plasma NEFA levels
under clamp conditions were reduced only in wild-type
but not in AMPK�2�/� mice fed n-3 LC-PUFAs may reflect
a role of AMPK�2 in muscle lipid uptake mediated by
lipoprotein lipase (41), as well as the antilipolytic effect of
AMPK in adipose tissue, documented for AMPK�1 (42). In
any case, decreased fatty acid oxidation in situ in the liver
and, possibly even more importantly, abundant supply of
circulating NEFA could be responsible for the lack of the
antisteatotic effect of n-3 LC-PUFAs in AMPK�2�/� mice
under clamp conditions (Fig. 6).

Previous studies reported contradictory results, show-
ing either 1) activation of AMPK in rat liver (22) and

murine adipose tissue (24) or 2) no changes in AMPK
activity in the liver, skeletal muscle, and heart of mice (43)
in response to dietary n-3 LC-PUFAs. These discrepancies
could be related to differences in dietary n-3 LC-PUFA
intake, nutritional state of animals, and other parameters.
In accordance with the involvement of AMPK�2 in various
effects of n-3 LC-PUFAs, our results document activation
of AMPK�2 (but not AMPK�1) in the liver of mice by
long-term n-3 LC-PUFA treatment, in the absence of sig-
nificant changes in either the AMP to ATP ratio assessed in
whole liver extracts [not shown and ref (44)] or the
phosphorylation status of LKB1, an upstream kinase for
AMPK [not shown and ref (45)]. In addition, no effect on
AMPK activity in either cultured hepatocytes (21) or
embryonic kidney cells (not shown) of n-3 LC-PUFAs
added to the cell culture medium could be detected.
Therefore, the activation of AMPK�2 by n-3 LC-PUFAs
probably does not depend on a direct interaction between
n-3 LC-PUFAs and AMPK. On the other hand, induction of
adiponectin by n-3 LC-PUFAs [results of this study and
refs (46,47)] could be involved, because adiponectin acti-
vates AMPK in both the liver and skeletal muscle (35).
Adiponectin is also required for the activation of AMPK
upon administration of PPAR� agonists thiazolidinedio-
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nes, whereas mice lacking adiponectin show decreased
hepatic insulin sensitivity and reduced responsiveness to
these compounds (48). Thus, absence of AMPK�2 may
blunt adiponectin-mediated effects of n-3 LC-PUFAs. In
accordance with the previous study (49), plasma adi-
ponectin levels tended to be reduced in AMPK�2�/� mice.
Moreover, the induction of adiponectin by n-3 LC-PUFAs
in AMPK�2�/� mice was compromised (Table 1 and
supplementary Figure 2).

AMPK�1 and AMPK�2 contribute equally to total AMPK
activity in the liver (50). In mice with liver-specific ablation
of AMPK�2 (27), hepatic AMPK�2 was essential for sup-
pressing hepatic glucose production and maintaining fast-
ing blood glucose levels; however, the absence of AMPK�2
did not affect inhibitory action of insulin on hepatic
glucose production. In our study, although fasting blood
glucose levels were unaltered by whole-body ablation of
AMPK�2, the beneficial effect of dietary n-3 LC-PUFAs on
hepatic insulin sensitivity was clearly AMPK�2-dependent.
Differential regulation of glucose homeostasis in the above
transgenic models likely reflects the complexity of whole-
body (26) versus liver-specific (27) deletion of AMPK�2. In
contrast to the previous report, showing induction of
adiposity and adipocyte hypertrophy in AMPK�2�/� mice
fed a lard-based high-fat diet (49), our study documented a
relatively low weight gain, low adiposity, and smaller fat
cells in AMPK�2�/� mice fed a corn-oil based high-fat diet.
This discrepancy could be related to the differences in the
composition of experimental high-fat diets; however, our

results are consistent with the elevated sympathetic tonus
of AMPK�2�/� mice (26), which may stimulate energy
dissipation in these animals. In any case, lower body
weight of cHF-fed AMPK�2�/� mice as compared with
their wild-type counterparts could be related to better
insulin sensitivity of the former mice, as suggested by the
differences in insulinemia, results of hyperinsulinemic-
euglycemic clamp, stimulatory effect of insulin on lipogen-
esis, and expression of lipogenic genes in the liver.

In conclusion, the preservation of hepatic insulin sensi-
tivity by n-3 LC-PUFAs in mice fed a high-fat diet depends
on AMPK�2. The accumulation of diacylglycerols, which is
regulated in an AMPK�2-dependent manner, could con-
tribute to the modulation of hepatic insulin sensitivity in
response to dietary n-3 LC-PUFAs. On the other hand, the
AMPK�2-dependent acute changes in lipid metabolism
and hepatic triglyceride accumulation, which are un-
masked under insulin-stimulated conditions such as dur-
ing hyperinsulinemic-euglycemic clamp, largely reflect the
extrahepatic action of n-3 LC-PUFAs. Our results are
relevant for the development of novel strategies for pre-
vention and treatment of the metabolic syndrome.
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Online-Only Appendix  
TABLE 1.  Blood glucose and plasma insulin levels during the insulin-stimulated (clamp) conditions and glucose turnover under 
basal (non-stimulated) conditions in wild-type and AMPKα2-/- mice 
 

 Wild-type AMPKα2-/- 
 Chow cHF cHF+F Chow cHF cHF+F 
Blood glucose before clamp (mmol/l) 7.0 ± 0.8 8.0 ± 1.0 7.8 ± 0.8 8.5 ± 0.6 5.9 ± 0.1 7.4 ± 0.9 
Steady-state blood glucose (mmol/l) 5.7 ± 0.5 5.7 ± 0.2 5.8 ± 0.2 5.8 ± 0.1 5.8 ± 0.7 5.9 ± 0.3 
End-point plasma insulin (µU/ml)  30 ± 10 29 ± 7 24 ± 8 21 ± 7 25 ± 7 28 ± 9 
Basal glucose turnover (µmol kg-1 min-1) 108 ± 11 86 ± 15 90 ± 15 118 ± 7 83 ± 23 104 ± 17 

 
The data are presented as means ± SE (n = 5-8). Wild-type and AMPKα2-/- mice were fed either a Chow diet or corn oil-based high-fat diets without (cHF) or 
with 15% of the lipids in the form of n-3 LC-PUFA concentrate (cHF+F) for 9 weeks. 
 
 
TABLE 2.  Triglycerides, NEFA and cholesterol levels in plasma of wild-type and AMPKα2-/- mice under different metabolic 
conditions 
 

 Wild-type AMPKα2-/- 
 Chow cHF cHF+F Chow cHF cHF+F 
Triglycerides (mmol/l)       
   Fasted 0.46 ± 0.03 0.49 ± 0.03 0.46 ± 0.04 0.57 ± 0.05 0.44 ± 0.02 0.46 ± 0.02 
   Fed 1.17 ± 0.08 1.24 ± 0.11 0.62 ± 0.07*† 1.04 ± 0.06 1.22 ± 0.08 0.73 ± 0.07*†
   Clamp 0.44 ± 0.05 0.64 ± 0.09 0.41 ± 0.04† 0.38 ± 0.06 0.55 ± 0.05 0.53 ± 0.08 
NEFA (mmol/l)       
   Fasted 1.16 ± 0.07 0.84 ± 0.08* 0.78 ± 0.05* 1.34 ± 0.05‡ 0.89 ± 0.06* 0.87 ± 0.05* 
   Fed 0.90 ± 0.05 0.94 ± 0.05 0.59 ± 0.05*† 0.88 ± 0.04 0.99 ± 0.06 0.68 ± 0.04*†
   Clamp 0.25 ± 0.02 0.39 ± 0.05 0.27 ± 0.03† 0.21 ± 0.03 0.41 ± 0.11 0.37 ± 0.07 
Cholesterol (mmol/l)       
   Fasted 1.77 ± 0.07 2.81 ± 0.22 2.00 ± 0.15† 1.78 ± 0.04 2.67 ± 0.12 2.02 ± 0.08† 
   Fed 2.25 ± 0.08 4.12 ± 0.25* 3.10 ± 0.20*† 2.10 ± 0.06 3.94 ± 0.18* 2.75 ± 0.14*†
   Clamp 2.26 ± 0.13 2.98 ± 0.22 2.51 ± 0.15 1.83 ± 0.09 2.99 ± 0.24 2.63 ± 0.22 

The data are presented as means ± SE (for fasted and fed mice, n = 13-15; for clamp, n = 8-14). Wild-type and AMPKα2-/- mice were fed either a Chow diet or 
corn oil-based high-fat diets without (cHF) or with 15% of the lipids in the form of n-3 LC-PUFA concentrate (cHF+F) for 9 weeks. Plasma parameters were 
assessed at 8 weeks (fasted values) or 9 weeks (fed and clamp values), respectively. *P < 0.05 vs. genotype Chow; †P < 0.05 vs. genotype cHF; ‡P < 0.05 vs. 
wild-type on respective diet.
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TABLE 3. The basal rates of lipid metabolism in isolated hepatocytes of wild-type and AMPKα2-/- mice 
 
 Wild-type AMPKα2-/- 
 Chow cHF cHF+F Chow cHF cHF+F 
Fatty acid oxidation (pmol/h/mg protein) 13 ± 2 8 ± 1* 9 ± 1* 15 ± 2 12 ± 1‡ 6 ± 1*†
Lipogenesis (pmol/h/mg protein) 108 ± 9 74 ± 24 43 ± 10*† 79 ± 10 51 ± 6 34 ± 6*

 
The data are presented as means ± SE (n = 3 analyzed in triplets). Wild-type and AMPKα2-/- mice were fed either a Chow diet or corn 
oil-based high-fat diets without (cHF) or with 15% of the lipids in the form of n-3 LC-PUFA concentrate (cHF+F) for 9 weeks. *P < 
0.05 vs. genotype Chow; †P < 0.05 vs. genotype cHF; ‡P < 0.05 vs. wild-type on respective diet. 
 
 
TABLE 4.  The content and composition of hepatic lipids in wild-type and AMPKα2-/- mice killed in ad libitum fed state 
 
  Wild-type AMPKα2-/- 
  Chow cHF cHF+F Chow cHF cHF+F 
Total ceramide (nmol/g) 121.45 ± 9.33 119.71 ± 6.43 125.89 ± 14.66 123.34 ± 4.84 117.91 ± 7.53 123.82 ± 6.42 
Triglyceride species       
   Total fatty acids (µmol/g) 38.10 ± 3.18 116.55 ± 14.51* 80.35 ± 8.80† 50.31 ± 4.60 128.04 ± 18.59* 76.80 ± 6.63† 
   Myristic (14:0) (µmol/g) 0.38 ± 0.05 1.25 ± 0.22* 0.63 ± 0.08† 0.44 ± 0.04 1.27 ± 0.25* 0.59 ± 0.06† 
   Palmitic (16:0) (µmol/g) 11.12 ± 0.94 30.39 ± 4.10* 20.27 ± 2.88† 14.44 ± 1.06 35.25 ± 6.10* 17.17 ± 1.86† 
   Palmitoleic (16:1n7) (µmol/g) 2.82 ± 0.35 1.54 ± 0.46* 0.54 ± 0.10* 3.01 ± 0.37 1.35 ± 0.41* 0.81 ± 0.41* 
   Stearic (18:0) (µmol/g) 0.85 ± 0.09 1.90 ± 0.15* 1.60 ± 0.08* 0.98 ± 0.08 2.52 ± 0.31*‡ 1.83 ± 0.14*† 
   Oleic (18:1n9) (µmol/g) 13.23 ± 1.22 27.05 ± 3.33 15.08 ± 1.72*† 16.68 ± 1.18 30.81 ± 5.84 15.52 ± 1.60*†
   Linoleic (18:2n6) (µmol/g) 7.68 ± 0.61 47.52 ± 5.98* 25.98 ± 2.67*† 12.16 ± 2.60 49.22 ± 5.78* 25.81 ± 2.43*†
   Arachidic (20:0) (µmol/g) 0.08 ± 0.01 0.23 ± 0.04* 0.18 ± 0.01* 0.12 ± 0.02 0.28 ± 0.05* 0.19 ± 0.02† 
   α-Linolenic (C18:3n3) (µmol/g) 0.43 ± 0.03 1.42 ± 0.24* 0.81 ± 0.09† 0.56 ± 0.06 1.52 ± 0.28* 0.79 ± 0.07† 
   Behenic (22:0) (nmol/g) 71.89 ± 5.67 89.37 ± 11.63 31.13 ± 2.65*† 81.32 ± 3.67 98.81 ± 15.97 43.53 ± 7.20*†
   Arachidonic (20:4n6) (µmol/g) 0.56 ± 0.04 3.15 ± 0.58* 0.41 ± 0.04† 0.84 ± 0.12 3.72 ± 0.79* 0.47 ± 0.06† 
   Lignoceric (24:0) (nmol/g) 7.30 ± 0.80 10.28 ± 1.07 9.93 ± 1.04 8.14 ± 0.70 14.66 ± 3.10* 11.19 ± 0.89 
   Eicosapentaenoic (20:5n3) (µmol/g) 0.13 ± 0.01 0.25 ± 0.04 1.91 ± 0.21*† 0.13 ± 0.01 0.23 ± 0.05 1.33 ± 0.13*†‡
   Nervonic (24:1n9) (nmol/g) 7.43 ± 1.01 8.23 ± 0.58 10.01 ± 0.89 6.94 ± 0.28 10.04 ± 1.30* 12.30 ± 1.17* 
   Docosahexaenoic (22:6n3) (µmol/g) 0.73 ± 0.06 1.74 ± 0.29 12.90 ± 1.08*† 0.84 ± 0.05 1.75 ± 0.31 12.21 ± 1.21*†
Diacylglycerol species       
   Total fatty acids (µmol/g) 2.57 ± 0.34 2.51 ± 0.29 1.85 ± 0.18† 1.76 ± 0.11‡ 2.47 ± 0.25* 2.66 ± 0.40*‡ 
   Myristic (14:0) (µmol/g) 0.08 ± 0.01 0.08 ± 0.01 0.06 ± 0.01 0.06 ± 0.00 0.06 ± 0.01 0.06 ± 0.01 
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   Palmitic (16:0) (µmol/g) 1.02 ± 0.13 0.95 ± 0.13 0.70 ± 0.06 0.69 ± 0.05 0.90 ± 0.09 1.12 ± 0.22‡ 
   Palmitoleic (16:1n7) (µmol/g) 0.09 ± 0.01 0.03 ± 0.00* 0.01 ± 0.00* 0.06 ± 0.01‡ 0.02 ± 0.00* 0.02 ± 0.01* 
   Stearic (18:0) (µmol/g) 0.70 ± 0.18 0.54 ± 0.10 0.48 ± 0.11 0.31 ± 0.02 0.40 ± 0.04 0.65 ± 0.16 
   Oleic (18:1n9) (µmol/g) 0.28 ± 0.02 0.25 ± 0.03 0.13 ± 0.01*† 0.24 ± 0.02 0.25 ± 0.04 0.19 ± 0.03 
   Linoleic (18:2n6) (µmol/g) 0.23 ± 0.02 0.49 ± 0.07* 0.27 ± 0.03† 0.24 ± 0.02 0.57 ± 0.07* 0.36 ± 0.05† 
   Arachidic (20:0) (nmol/g) 15.23 ± 4.54 11.84 ± 1.95 11.87 ± 2.85 7.67 ± 0.56 9.47 ± 0.62 10.94 ± 0.92 
   α-Linolenic (18:3n3) (nmol/g) 12.61 ± 1.52 12.60 ± 1.88 6.55 ± 0.50*† 7.64 ± 0.64‡ 10.73 ± 1.52 13.23 ± 2.62‡ 
   Arachidonic (20:4n6) (nmol/g) 72.11 ± 3.89 83.54 ± 5.32 30.86 ± 4.35*† 65.43 ± 4.89 100.95 ± 16.46* 37.75 ± 4.28*†
   Eicosapentaenoic (20:5n3) (nmol/g) 10.43 ± 0.75 8.59 ± 0.89 19.97 ± 1.62*† 8.58 ± 0.58 8.37 ± 8.84 20.29 ± 1.27*†
   Nervonic (24:1n9) (nmol/g) 0.80 ± 0.10 1.36 ± 0.32 1.18 ± 0.12 0.83 ± 0.06 1.38 ± 0.37 1.38 ± 0.21 
   Docosahexaenoic (22:6n3) (µmol/g) 0.05 ± 0.00 0.06 ± 0.01 0.13 ± 0.01*† 0.06 ± 0.01 0.14 ± 0.05*‡ 0.17 ± 0.02* 
Phospholipid species       
   Total fatty acids (µmol/g) 67.96 ± 1.61 65.83 ± 1.09 70.75 ± 1.39† 68.20 ± 0.97 67.62 ± 1.40 74.45 ± 2.44*†
   Myristic (14:0) (µmol/g) 0.14 ± 0.01 0.22 ± 0.08 0.16 ± 0.01 0.26 ± 0.08 0.15 ± 0.02 0.15 ± 0.01 
   Palmitic (16:0) (µmol/g) 18.38 ± 0.46 13.80 ± 0.24* 17.38 ± 0.21† 18.16 ± 0.30 14.18 ± 0.34* 18.20 ± 0.87† 
   Palmitoleic (16:1n7) (µmol/g) 1.40 ± 0.12 0.17 ± 0.01* 0.25 ± 0.11* 1.36 ± 0.06 0.17 ± 0.01* 0.33 ± 0.19* 
   Stearic (18:0) (µmol/g) 11.21 ± 0.36 14.39 ± 0.28* 13.53 ± 0.47* 11.56 ± 0.25 14.81 ± 0.33* 14.30 ± 0.36* 
   Oleic (18:1n9) (µmol/g) 5.23 ± 0.21 3.34 ± 0.14* 3.80 ± 0.21* 5.02 ± 0.14 3.42 ± 0.14* 4.11 ± 0.36*† 
   Linoleic (18:2n6) (µmol/g) 12.37 ± 0.29 14.27 ± 0.39* 14.89 ± 0.42* 12.00 ± 0.21 14.38 ± 0.45* 15.91 ± 0.41*†
   Arachidic (20:0) (µmol/g) 0.10 ± 0.01 0.11 ± 0.01 0.15 ± 0.01*† 0.10 ± 0.00 0.11 ± 0.01 0.15 ± 0.01*† 
   α-Linolenic (C18:3n3) (µmol/g) 0.07 ± 0.01 0.04 ± 0.00* 0.05 ± 0.00 0.07 ± 0.01 0.05 ± 0.00* 0.06 ± 0.01 
   Behenic (22:0) (µmol/g) 0.13 ± 0.01 0.03 ± 0.01* 0.04 ± 0.01* 0.13 ± 0.01 0.02 ± 0.00* 0.04 ± 0.02* 
   Arachidonic (20:4n6) (µmol/g) 11.83 ± 0.66 13.70 ± 0.30* 5.60 ± 0.47*† 12.85 ± 0.18 13.75 ± 0.79* 6.62 ± 0.80† 
   Lignoceric (24:0) (nmol/g) 9.90 ± 1.00 15.69 ± 6.14 11.32 ± 0.70 13.82 ± 3.82 10.46 ± 0.72 10.29 ± 0.83 
   Eicosapentaenoic (20:5n3) (µmol/g) 0.44 ± 0.08 0.08 ± 0.01* 2.01 ± 0.17*† 0.27 ± 0.01 0.16 ± 0.10 1.78 ± 0.19*† 
   Docosahexaenoic (22:6n3) (µmol/g) 6.64 ± 0.39 5.64 ± 0.18 12.88 ± 0.65*† 6.42 ± 0.13 6.40 ± 0.53 12.80 ± 0.75*†

 
The data are the means ± SE (n = 8-14). Wild-type and AMPKα2-/- mice were fed either a Chow diet or corn oil-based high-fat diets without (cHF) or with 15% 
of the lipids in the form of n-3 LC-PUFA concentrate (cHF+F) for 9 weeks and killed in ad libitum fed state. *P < 0.05 vs. genotype Chow; †P < 0.05 vs. 
genotype cHF; ‡P < 0.05 vs. wild-type on respective diet.  

The intake of n-3 LC-PUFA resulted in a marked increase in EPA and DHA concentration in all lipid fractions, independently of the genotype and 
with relatively small changes in the diacylglycerol fraction. Except for EPA and DHA (and a relatively low content of arachidonic acid and high content of 
nervonic acid), levels of individual fatty acids in the triglyceride fraction reflected the total tissue content of triglycerides. The fatty acid profile of the 
phospholipid fraction was only marginally affected by either diet or genotype. In diacylglycerol fraction, the content of several fatty acids (i.e., palmitic, 
palmitoleic, oleic, and α-linolenic acid) was differentially affected by the cHF+F diet, depending on the genotype and explaining the effect of the cHF+F diet on 
total hepatic content of diacylglycerols (see Fig. 5A of the main text). α-linolenic acid was by far the most differentially affected fatty acid, with a ~1.9-fold 
decrease in response to cHF+F diet in wild-type mice, and a ~1.2-increase produced by the same diet in AMPKα2-/- mice. This fatty acid also contributed to the 
lower content of liver diacylglycerols in AMPKα2-/- compared to wild-type mice fed the Chow diet.  
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TABLE  5. The content and composition of hepatic diacylglycerols in wild-type and AMPKα2-/- mice subjected to 
hyperinsulinemic-euglycemic clamp 
 
  Wild-type AMPKα2-/- 
  Chow cHF cHF+F Chow cHF cHF+F 
Diacylglycerol species       
   Total fatty acids (µmol/g) 1.90 ± 0.21 2.43 ± 0.32 2.57 ± 0.32 1.99 ± 0.12 2.72 ± 0.35 2.43 ± 0.48 
   Myristic (14:0) (µmol/g) 0.06 ± 0.01 0.05 ± 0.01 0.07 ± 0.01 0.05 ± 0.00 0.06 ± 0.01 0.06 ± 0.01 
   Palmitic (16:0) (µmol/g) 0.58 ± 0.07 0.67 ± 0.09 0.85 ± 0.17 0.62 ± 0.03 0.73 ± 0.08 0.75 ± 0.15 

   Palmitoleic (16:1n7) (µmol/g) 0.03 ± 0.00 
0.01 ± 
0.00* 0.01 ± 0.00* 0.03 ± 0.00 0.01 ± 0.00* 0.01 ± 0.00* 

   Stearic (18:0) (µmol/g) 0.53 ± 0.18 0.41 ± 0.05 0.68 ± 0.19 0.42 ± 0.05 0.48 ± 0.10 0.68 ± 0.26 
   Oleic (18:1n9) (µmol/g) 0.24 ± 0.04 0.29 ± 0.05 0.22 ± 0.04 0.31 ± 0.05 0.33 ± 0.05 0.21 ± 0.04 

   Linoleic (18:2n6) (µmol/g) 0.29 ± 0.05 
0.81 ± 
0.15* 0.49 ± 0.09 0.35 ± 0.04 0.91 ± 0.14* 0.47 ± 0.08*† 

   Arachidic (20:0) (nmol/g) 13.16 ± 4.54 9.63 ± 0.72 14.52 ± 3.47 9.63 ± 1.08 11.94 ± 2.51 16.70 ± 6.43 

   α-Linolenic (18:3n3) (nmol/g) 17.76 ± 5.65 
13.88 ± 

3.53 13.70 ± 4.46 11.91 ± 1.68 13.03 ± 2.17 11.09 ± 2.80 

   Arachidonic (20:4n6) (nmol/g) 
83.84 ± 
14.03 

68.67 ± 
2.07 

33.82 ± 
3.17*† 

106.37 ± 
11.29 

80.26 ± 
4.40* 

39.60 ± 
4.58*† 

   Lignoceric (24:0) (nmol/g) 1.29 ± 0.21 1.09 ± 0.12 1.56 ± 0.23 1.21 ± 0.08 1.02 ± 0.13 1.08 ± 0.21 
   Eicosapentaenoic (20:5n3) 
(nmol/g) 5.73 ± 0.45 5.10 ± 0.75 

11.96 ± 
0.99*† 6.26 ± 0.82 5.40 ± 0.58 

12.48 ± 
1.12*† 

   Nervonic (24:1n9) (nmol/g) 11.63 ± 2.56 9.83 ± 2.32 11.61 ± 2.24 10.87 ± 2.25 12.37 ± 2.85 11.64 ± 1.82 
   Docosahexaenoic (22:6n3) 
(µmol/g) 0.05 ± 0.01 0.07 ± 0.01 0.16 ± 0.03*† 0.07 ± 0.01 0.08 ± 0.01 0.16 ± 0.04* 
 
The data are the means ± SE (n = 5-8). Wild-type and AMPKα2-/- mice were fed either a Chow diet or corn oil-based high-fat diets without (cHF) or with 15% of 
the lipids in the form of n-3 LC-PUFA concentrate (cHF+F) for 9 weeks. Liver tissue was collected immediately after the completion of hyperinsulinemic-
euglycemic clamp. *P < 0.05 vs. genotype Chow; †P < 0.05 vs. genotype cHF; ‡P < 0.05 vs. wild-type on respective diet.
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RESEARCH DESIGN AND METHODS 
 
Animals and treatments. Whole-body AMPKα2-/- mice and wild-type littermate controls 
generated on a hybrid C57BL/6 and 129/Sv genetic background (1) and backcrossed to 
C57BL/6J mice for nine generations were used. At four weeks of age, mice were weaned onto a 
standard laboratory Chow (lipid content ~3.4% wt/wt; extruded R/M-H diet; Ssniff 
Spezialdiäten, Soest, Germany) and maintained at 22°C on a 12 h light–dark cycle (light on from 
6 a.m.) with free access to food and water.  

Two separate experiments were performed, in which four-month-old wild-type and 
AMPKα2-/- mice (n = 13-15), caged in groups of 3-4 mice, were fed the following diets for nine 
weeks: (i) Chow; (ii) a corn oil-based high-fat diet (cHF; lipid content ~35.2% wt/wt); or (iii) a 
cHF diet supplemented with n-3 LC-PUFA concentrate (46% DHA, 14% EPA; product EPAX 
1050 TG; EPAX, a.s., Lysaker, Norway) replacing 15% of dietary lipids (cHF+F). The 
macronutrient and fatty acid composition of all diets has been described before (2). Fresh rations 
of food were distributed every two days, while food consumption and body weights were 
recorded once a week. Mice from the first experiment in ad libitum fed state were first 
anesthetized by diethylether, exsanguinated through the cervical incision, then sacrificed by 
cervical dislocation (between 8 a.m. and 10 a.m.), and EDTA-plasma, liver, quadriceps muscles, 
epididymal and subcutaneous (dorsolumbar) adipose tissues were collected for various analyses 
(see below). When indicated, plasma samples were also collected after eight weeks from mice 
fasted for 15 hours (between 8 a.m. and 11 p.m.). In order to assess insulin sensitivity, mice from 
the second experiment were studied under hyperinsulinemic-euglycemic conditions.  
 
Real-time RT-PCR analysis. Total RNA was isolated from liver samples (stored in RNAlater 
Solution; Ambion, Austin, TX) homogenized in TRIzol Reagent (Invitrogen, Carlsbad, CA). A 
single-strand cDNA was synthesized from 0.5 µg of total RNA and gene expression was 
assessed by real-time PCR, using the LightCycler® 480 Instrument and the kit LightCycler® 
480 SYBR Green I (Roche Diagnostics, Mannheim, Germany). Transcript levels were 
normalized according to the expression levels of eukaryotic elongation factor 1a (ELF-1a). The 
following oligonucleotide primers, designed by Lasergene software (DNAStar, Madison, WI), 
were used:  
SCD1:  
sense, 5'-ACTGGGGCTGCTAATCTCTGGGTGTA, 
antisense, 3'- GGCTTTATCTCTGGGGTGGGTTTGTTA;  
SREBP-1c:  
sense, 5'- TACCCGTCCGTGTCCCCCTTTTC,  
antisense, 3'- TGCGCTTCTCACCACGGCTCTG; 
ELF-1a: 
sense 5'- TGACAGCAAAAACGACCCACCAAT,  
antisense, 3'- GGGCCATCTTCCAGCTTCTTACCA. 
 
Activity of α1 and α2 AMPK isoforms. Livers were collected by freeze-clamping. AMPK was 
immunoprecipitated from tissue extracts and the activity was assayed using a peptide substrate 
(3). AMPKα1 or AMPKα2 isoforms were immunoprecipitated using specific antibodies (gift of 
Dr. D. Grahame Hardie), which were bound to Protein G Sepharose (Amersham Pharmacia 
Biotech, Little Chalfont, UK). Immunoprecipitates were mixed with AMP (1 mmol/l), [γ-
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32P]ATP (1 mmol/l) and AMARA peptide (1 mmol/l; Vidia, Prague, Czech Republic) dissolved 
in HEPES-Brij buffer. Reaction proceeded for 30 min at 30°C and it was stopped by dropping 
the filter spotted with a reaction mixture into 1% phosphoric acid solution. The activity of 1 
U/mg protein corresponds to 1 nmol 32P-AMARA peptide/mg protein per min. 
 
The analysis of blood samples from hyperinsulinemic-euglycemic clamps. To assess D-[3-
3H]glucose, 3H2O and total glucose concentrations, blood samples were firstly deproteinized by 
precipitation with a ZnSO4/Ba(OH)2, followed by centrifugation (4). The first aliquot of the 
supernatant was evaporated to dryness to determine the radioactivity corresponding to D-[3-
3H]glucose. The second aliquot was used to determine the radioactivity of both D-[3-3H]glucose 
and 3H2O. Plasma 3H2O radioactivity was then calculated as the difference between radioactivity 
in the second and the first aliquot. In the third aliquot of the supernatant, the total glucose 
concentration was assessed by the glucose oxidase method (Glukosa God 1500, PLIVA-
Lachema, Czech Republic). The D-[3-3H]glucose specific activity was calculated by dividing the 
D-[3-3H]glucose enrichment of plasma (dpm/ml) by the total plasma glucose concentration 
(mg/ml). Time points, in which the steady-state D-[3-3H]glucose specific activity varied more 
than ± 15 %, were not taken into account (4). The rates of insulin-stimulated glucose turnover 
(GTO) were determined as the ratio of the [3-3H]glucose infusion rate (dpm/min) to the specific 
activity of plasma glucose (5). The rate of glycogen synthesis in quadriceps muscle was 
quantified by measuring the incorporation of D-[3-3H]glucose into glycogen and calculated by 
dividing the radioactivity of D-[3-3H]glucosyl units in glycogen (dpm/kg) by the mean specific 
activity of D-[3-3H]glucose in plasma during the last hour of the clamp. 
 
The rate of lipogenesis in isolated hepatocytes. De novo lipogenesis was assesed using 14C-
Acetate (1uCi/ml) (PerkinElmer, USA). Cells were incubated in 2 ml of a medium (M199, 
Gibco) containing 14C acetate with or without 25 mM glucose and 100 nM insulin (Actrapid MC, 
Novoindustri, Denmark). After 2 hr of incubation at 37 °C (5% CO2 and 95% O2) cells were 
washed by PBS and harvested into 600 ul KOH (shaking at 70°C). 14C incorporation into 
saponifiable FA was estimated (6) and expressed as pmol of acetate converted to fatty acid/mg 
protein per hour. Identical incubations in parallel wells without radioactivity were performed to 
determine protein concentrations. 
 
The rate of fatty acid oxidation in isolated hepatocytes. Palmitate oxidation was assesed using 
[1-14C] palmitate  (PerkinElmer, USA). Cells were incubated for 45 min at 37°C in 800 ul of a 
medium (M199) supplemented with 1% BSA, 50 µM cold palmitate and [1-14C] palmitate (0,38 
µCi/reaction) with or without 1 mM AICAR. The reactions were terminated by aspiration of the 
media, cells were washed by PBS and then incubated in 800 ul of 5 % perchloric acid for 15 min 
at room temperature. Palmitate oxidation was determined by measuring production of 14C-
labeled acid-soluble metabolites (ASM), a measure of tricarboxylic acid cycle intermediates and 
acetyl esters. The ASM were assessed in supernatants of the acid precipitate. Identical 
incubations in parallel wells without radioactivity were conducted to determine protein 
concentrations. 
 
Total content and fatty acid composition of phospholipid, diacylglycerol, triglyceride, and 
ceramide fractions. Liver samples were pulverized in an aluminum mortar precooled in liquid 
nitrogen. The powder was transferred to a tube containing ice-cold methanol and 0.01% 
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butylated hydroxytoluene (Sigma) as an antioxidant. Internal standards (1,2-diheptadecanoin, 
triheptadecanoin and 1,2-diheptadecanoyl-sn-glycero-3-phosphatidylcholine, Larodan Fine 
Chemicals, Sweden) were then added to the samples and lipids were extracted by the method of 
Folch. The fractions of total phospholipids, triglycerides and diacylglycerols were separated by 
thin-layer chromatography (7). Lipid class standards were spotted on the outside lanes of the 
chromatography plate to enable localization of the sample lipid classes. The gel bands 
corresponding to the standards were scraped off the plates, transferred to fresh tubes and then 
transmethylated in 14% methanolic boron trifluoride (Sigma) at 100°C for either 10 or 30 
minutes (phospholipids and triglycerides). The content of resulting fatty acid methyl esters was 
determined by means of gas-liquid chromatography (8). The content of ceramides was 
determined as described previously (9) with the exception that N-palmitoyl-D-erythro-
sphingosine (C17 Base; a gift from Dr. Zdzislaw Szulc, Medical University of South Carolina) 
was used as an internal standard. 
 
FIGURE LEGENDS 
 
Supplemental Figure. 1. Body weight curves of wild-type (WT) and AMPKα2-/- (KO) mice fed 
either a Chow diet or corn oil-based high-fat diets without (cHF) or with 15% of the lipids in the 
form of n-3 LC-PUFA concentrate (cHF+F) for 9 weeks. The data are the means ± SE (n = 27-
30). 
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Supplemental Fig. 2. Adiponectin levels in plasma of wild-type and AMPKα2-/- mice fed either 
a Chow diet or corn oil-based high-fat diets without (cHF) or with 15% of the lipids in the form 
of n-3 LC-PUFA concentrate (cHF+F) for 9 weeks, and killed in ad libitum fed state. The total 
adiponectin levels and the distribution of adiponectin multimeric complexes were determined 
using Western blotting (10). The data are the means ± SE (n = 13-15). *P < 0.05 vs. genotype 
Chow; †P < 0.05 vs. genotype cHF; ‡P < 0.05 vs. wild-type on respective diet. Significance 
evaluated for the total adiponectin levels. A.U., arbitary units; LMW – low molecular weight; 
MMW – medium molecular weight; HMW – high molecular weight.  
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Supplemental Fig. 3. The composition of fatty acids in hepatic diacylglycerol fraction in wild-
type and AMPKα2-/- mice subjected to hyperinsulinemic-euglycemic clamp: total fatty acids 
(TFA; A), polyunsaturated fatty acids (PUFA; B), monounsaturated fatty acids (MUFA; C), 
saturated fatty acids (SFA; D). Animals were fed either a Chow diet or corn oil-based high-fat 
diets without (cHF) or with 15% of the lipids in the form of n-3 LC-PUFA concentrate (cHF+F) 
for 9 weeks, and then subjected to hyperinsulinemic-euglycemic clamp. Liver tissue was 
collected immediately after the completion of the clamp. Data are means ± SE (n = 5-8). *P < 
0.05 vs. genotype Chow; †P < 0.05 vs. genotype cHF.  
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Abstract  

 

Objective: Adverse effects of obesity on glucose homeostasis are linked to low-grade adipose 

tissue inflammation and accumulation of lipids in non-adipose tissues. The goal of this study was 

to evaluate the role of adipose tissue plasticity in a less severe deterioration of glucose 

homeostasis in females compared to males during the course of high-fat (HF) feeding in mice.  

Research Design: Mice of the C57BL/6N strain were fed either a chow or obesogenic HF diet 

for up to 35 weeks after weaning. Metabolic markers and hormones in plasma, glucose 

homeostasis, adipocyte size and inflammatory status of gonadal (gWAT) and subcutaneous 

(scWAT) adipose depots, and liver steatosis were evaluated at 15 and 35 weeks of HF-feeding. 

Results: HF-fed males were heavier than females until week ~20, after which the body weight 

stabilized at a similar level (55-58 g) in both sexes. Greater weight gain and fat accumulation in 

females were associated with larger adipocytes in gWAT and scWAT at week 35. While adipose 

tissue macrophage infiltration was in general less frequent in scWAT, it was reduced in both fat 

depots of female as compared to male mice, however the expression of inflammatory markers in 

gWAT was similar in both sexes at week 35. In females, later onset of the impairment of glucose 

homeostasis and better insulin sensitivity were associated with higher plasma levels of 

adiponectin (week 0, 15 and 35) and reduced hepatosteatosis (week 15 and 35). 

Conclusions:  Compared to males, female mice demonstrate increased capacity for adipocyte 

enlargement in response to a long-term HF-feeding, which is associated with reduced adipose 

tissue macrophage infiltration and lower fat deposition in the liver, and with better insulin 

sensitivity. Our data suggest that adipose tissue expandability and adiponectin levels might play 

a role in the sex differences observed in obesity-associated metabolic disorders.  

Keywords:  sex differences, inflammation, adipose tissue expandability, insulin sensitivity, mice 
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Introduction  

 

Human 1,2 as well as animal studies 3-7 demonstrate less severe obesity-related metabolic 

disorders including peripheral tissue insulin resistance and dyslipidaemia (i.e. the components of 

metabolic syndrome), and/or later onset of these adverse phenotypes in female than in male 

subjects. However, mechanisms underlying a relatively low susceptibility of females to 

metabolic syndrome remain largely unknown.  

Adverse effects of obesity depend in large on (i) the anatomical site of excessive fat 

accumulation 8,9, which differ between the sexes  1,10,11, and (ii) on whether growth of adipose 

tissue is reached by hyperplasia or hypertrophy of adipocytes. Hyperplasia rather than 

hypertrophy represents a less harmful phenotype associated with a faster turnover of fat cells 12. 

Larger adipocytes are less insulin sensitive than smaller ones 7,13,14, and small adipocytes can 

store more extra fat, while limiting ectopic accumulation of lipids in non-adipose tissues and 

lipotoxicity 15. It was suggested that adipose tissue expandability is a more important 

determinant of obesity-associated metabolic disorders than the absolute amount of adipose tissue 

an individual possesses 16. Moreover, larger fat cells are associated with a low-grade adipose 

tissue inflammation, another key factor linking obesity with insulin resistance 13,14,17-19. 

Enhanced secretion of chemoattractants in obese state, like monocyte chemoattractant protein-1 

(MCP-1),   is believed to promote migration of macrophages 20,21 as well as other immune cells 22 

into the tissue accompanied by the phenotypic switch of macrophages to proinflammatory state 

23,24. Higher release of proinflammatory cytokines, like tumor necrosis factor α (TNFα) and 

interleukin 6 (IL-6), into circulation may disrupt insulin signaling in other tissues 25-27. Recent 

studies in mice 19,28 showed that high-fat (HF) diet-induced obesity is associated with increased 

macrophage infiltration and inflammation in gonadal fat (gWAT) and to a lower extent also in 

subcutaneous fat (scWAT). Inflammatory state in gWAT correlated with systemic insulin 
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resistance 28 and with hepatic triglyceride content in rodents 20,21. It is believed that increased 

macrophage infiltration of adipose tissue in obesity is triggered by dead adipocytes 29 and that 

adipocyte size is an important determinant in cell death 30. At the same time, clearance of dead 

adipocytes by surrounding macrophages is required for remodeling of adipose tissue 28. Thus, fat 

cell size and macrophage infiltration represent interdependent variables affecting adipose tissue 

expandability. 

In contrast to proinflammatory cytokines, the major adipokines released from adipocytes, 

namely leptin and adiponectin, protect insulin signaling from lipotoxic damage via increasing 

activity of AMP-activated protein kinase (AMPK; see ref. 31), reflecting the key role of AMPK 

in the control of lipid metabolism, as well as by other mechanisms 32. While secretion of leptin 

and leptinaemia correlate with adiposity, adiponectin is downregulated in obese and diabetic 

subjects 33. This may have a major impact on health due to the antidiabetic, antiinflammatory and 

antiatherogenic effects of adiponectin 34-37. 

Most of the above studies were performed on male subjects. However, studies in humans 38-40 

as well as in mice 19 suggest that lower adipose tissue macrophage infiltration 19 and/or smaller 

fat cell size 19,40 in female subjects could contribute to the sex differences in propensity to the 

disorders of the metabolic syndrome. In this study performed in mice, we tested a hypothesis that 

due to a higher stimulation of lipogenesis and stronger antilipolytic effect of insulin in female 

adipocytes, especially those in gWAT 4,7, (i) prolonged HF-feeding may eventually result in 

larger fat cells in female than in male animals, and that (ii) glycemic control may be less affected 

by excessive adiposity in female than in male mice even in the presence of larger adipocytes in 

the females. During the course of a long-term (35-week) HF-feeding, body weights of male and 

female mice reached their maxima at a similar level. Adipocytes in both gWAT and scWAT 

became eventually larger in female than in male mice, while the density of macrophages in 

adipose tissue remained lower in females. Our results suggest that adiponectin rather than 
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adipose tissue-derived proinflammatory cytokines is associated with the differential effects of 

extreme dietary obesity on insulin sensitivity and hepatic steatosis in female and male mice. It is 

plausible that adipose tissue in female subjects is genetically programmed to store more lipids 

than in males, thus constituting an important mechanism of a harmless lipid storage.  

 

Materials and methods 

 

Animals and treatments 

All experiments were performed using F1 generation of male and female C57BL/6N mice 

imported from Charles River Laboratories (Sulzfeld, Germany; 20 mice of each sex) maintained 

(3-4 mice of the same sex per cage) at 22 °C on a 12-hour light-dark cycle (light on from 6:00 

am) and allowed free access to food and water. Four weeks after birth (week 0), mice were 

randomly assigned either to (i) chow (ST; lipid content ~3.4% wt/wt; extruded Ssniff R/M-H 

diet, SSNIFF Spezialdieten GmbH, Soest, Germany) with protein, fat and carbohydrate forming 

33, 9 and 58 energy percent or to (ii) high-fat (HF; lipid content ~35% wt/wt, mainly corn oil) 

diet with protein, fat and carbohydrate forming 15, 59 and 26 energy percent respectively (see 

ref. 41 for further details concerning the HF diet composition, including fatty acid composition of 

dietary lipids). During the treatments, fresh rations were distributed three times a week. Body 

weight of each mouse was monitored weekly, food intake per cage was monitored weekly 

between week 4 and week 14 after weaning, and every second week between week 17 and week 

30 after weaning, except for the week right after the glucose tolerance tests (see below and Fig. 

1). At week 15 or at week 35 after weaning, 10 mice of each sex were sacrificed under 

diethylether anesthesia by cervical dislocation in a random-fed state. Truncal plasma was 

collected and stored at -80°C. Liver, gWAT and dorsolumbar scWAT (i.e. fat depot forming a 

continuum with the inguinal fat 42) were rapidly dissected. Liver samples were snap-frozen in 
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liquid nitrogen and stored at -80°C for further histological analysis. Samples of gWAT for 

mRNA analysis were stored at -80°C in RNA Later (Ambion, Austin, TX). Corresponding 

contralateral adipose tissue depots were used for light microscopy and immunohistochemical 

analysis (see below).  

All experiments were performed in accordance with the directive of the European 

Communities Council (68/609/EEC), and the Principles of Laboratory Animal Care (NIH 

publication no. 85-23, revised 1985). 

 

Plasma metabolites, hormones and enzymes  

Non-estherified fatty acids (NEFA) and triglycerides (TAG) were determined in EDTA-plasma 

using respective enzymatic photometric tests: NEFA-C (Wako Chemicals, Neuss, Germany),  

and Triacylglycerols Liquid (Pliva-Lachema Diagnostika, Brno, Czech Republic). Blood glucose 

was measured using calibrated glucometers OneTouch Ultra (Life Scan, Milpitas, CA). 

Multimeric forms of adiponectin were determined similarly as before 43, using Western blotting 

and primary rabbit anti-mouse polyclonal antibodies (BioVendor, Czech Republic), followed by 

secondary donkey anti-rabbit IgG infra-red dye conjugated antibodies (IR Dye 800; Rockland, 

Gilbertsville, PA). Membranes were scanned using Odyssey IR imager (Li-Cor Biosciences, 

Lincoln, NE).  Plasma insulin levels were determined by the Sensitive Rat Insulin RIA Kit , and 

leptin content was assessed using a Mouse Leptin RIA Kit (both kits from LINCO Research, St. 

Charles, MO). 

 

Tissue TAG content 

Tissue fragments were digested in 0.15 ml of 3 M alcoholic KOH (70°C, 2 hours) and liberated 

glycerol was assessed by Triacylglycerols Liquid (Pliva-Lachema Diagnostika). TAG content 

was calculated relative to a Lyonorm Calibrator (Pliva-Lachema Diagnostika). 
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Adipose tissue DNA content 

The DNA content was measured fluorometrically after overnight digestion of the tissue using  

proteinase K as before 44. Calf thymus DNA (Sigma-Aldrich, Prague, Czech Republic) was used 

as a standard. 

 

Light microscopy and immunohistochemical analysis 

Adipose tissue samples were fixed in 10% neutral buffered formalin (Sigma-Aldrich) and 

embedded in paraffin. Sections (5 µm) were stained with hematoxylin-eosin for morphometry, or 

processed to detect MAC-2/galectin (Cedarlane Laboratories, Burlington, NC) positive 

macrophages aggregated in crown-like structures (CLS) surrounding dead adipocytes, as 

described before 29. Liver lipids were detected in cryosections (8 µm) of the tissue, fixed in 10% 

neutral buffered formalin and stained with a saturated solution of Oil red O (Sigma-Aldrich) in 

70% ethanol; sections were counterstained with hematoxylin. Digital images were captured by 

Olympus AX70 light microscope and a DP 70 camera (Olympus, Tokyo, Japan). Morphometric 

analysis was performed using Imaging Software NIS-Elements AR 3.0 (Laboratory Imaging, 

Prague, Czech Republic). The morphometry data are based on measurements of ~500 cells taken 

randomly from 3-6 different sections per animal. 

 

Glucose homeostasis 

An intraperitoneal glucose tolerance test was performed after overnight fasting (15–16 hours), at 

week 10, week 25 and week 33. Blood glucose was assessed by tail bleeds at the baseline 

(fasting blood glucose; just before the glucose injection) and 15, 30, 60, 120 and 180 min after 

the injection of D-glucose (1 g/kg body weight). Results were expressed as area under the curve 

(AUC) for glucose 45. Blood samples collected at the baseline were also used to measure 

insulinaemia. In addition, to assess changes of glycemia in response to fasted-to-fed transition, 
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mice scheduled for killing at week 35 were subjected to tail bleeding at week 15. Before the 

bleeding, one half of mice within each experimental group was either (i) fasted for 14 hours 

(food was absent in the cage between 8:00 am and 10:00 pm; i.e. fasted state), or (ii) fasted for 

10 hours (between 8:00 am and 6:00 pm and allowed free access to food for the following 3 

hours; i.e. re-fed state). In each mouse, blood glucose was assessed in both fasted and re-fed 

state, while altering the above protocols during two subsequent days (adapted procedure, 

following ref. 46). 

 

Gene expression analysis 

Total RNA was isolated from gWAT using TRIzol Reagent (Invitrogen, Carlsbad, CA). Total 

RNA (1 µg) was reverse transcribed to cDNA and gene expression was evaluated  by 

quantitative real-time PCR (qRT-PCR), using the LightCycler Instrument 480 (Roche 

Diagnostics, Mannheim, Germany) and qPCR kit LightCycler 480 SYBR Green I Master (Roche 

Diagnostics). Oligonucleotide primers were designed using Lasergene software (DNAStar, 

Madison, WI). The following primer pairs were used: monocyte chemoattractant protein-1 

(MCP-1; forward, 5’-GTTAACGCCCCACTCAC-3’, reverse, 5’-GGTTCCGATCCAGGTTT-

3’); tumor necrosis factor α (Tnfα; forward, 5’- GAAGTTCCCAAATGGCCTCCCTCTC -3’, 

reverse, 5’- GCCACTCCAGCTGCTCCTCCACTTG -3’); macrosialin (Cd68; forward, 5’-

CACTTCGGGCCATGTTTCTCTTG-3’, reverse, 5’-AGGGGCTGGTAGGTTGATTGTCGT-

3’). Levels of transcripts were standardized using the gene encoding eukaryotic translation 

elongation factor 2 (Eef2; forward, 5’- GAAACGCGCAGATGTCCAAAAGTC-3’, reverse, 5’- 

GCCGGGCTGCAAGTCTAAGG-3’).   
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Statistics 

All values are presented as means ± SE. Data were analysed by two-way ANOVA using 

SigmaStat (SSI, San Jose, CA) statistical software. The Holm-Sidak test for multiple 

comparisons was used. Changes in glycemia (Fig. 3a) and in plasma insulin levels (Fig. 3d) in 

individual mice were analysed using repeated measures ANOVA. Threshold of significance was 

defined at P ≤ 0.05.  

 

Results 

 

Growth characteristics 

At the time of weaning, body weight of male mice was significantly higher than that of females, 

and males remained heavier during the whole 35-week-period of ST-feeding (Fig. 1 and Table 

1). Within a couple of weeks after weaning, mice of both sexes fed HF diet became significantly 

heavier than their respective ST-fed controls. During ~20 initial weeks, HF-fed male mice 

showed higher body weight than females, while females gained weight faster than males, and 

from the week 20 onwards, females showed equal body weight as males, and even tended to be 

heavier than males eventually (Fig. 1). Thus, females gained more weight during the 35-week 

feeding period compared to males (Table 1). Food consumption remained stable with age in both 

sexes and dietary groups.  HF-fed males exhibited the same caloric intake as ST-fed males, while 

caloric intake was higher in HF-fed than ST-fed females. Inter-sex differences in caloric intake 

were not observed, except for ST-fed female mice during week 4-14 showing lower food intake 

than ST-fed males (Table 1).  

In ST-fed mice, at both week 15 and week 35, no significant differences in weight of either 

gWAT or scWAT were observed between the sexes, but male mice tended to accumulate more 

fat. The opposite situation was observed in HF-fed mice, where females displayed the tendency 
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for a greater accumulation of fat in both depots at week 15. The difference was even more 

pronounced at week 35, with males exhibiting smaller fat depots, especially in the case of gWAT 

(~3.8-fold difference) as compared with corresponding female mice (Table 1). Similar trends 

were observed after normalization of depot weights to total body weight (Table 1).   

HF-feeding increased the weight of the liver. However, at both week 15 and week 35 (as well 

as in ST-fed mice at week 35), the liver was smaller in female than in male mice (Table 1). 

Female mice were less prone to HF diet-induced liver steatosis, as revealed by the biochemical 

analysis of the tissue (Table 1) and by its histological staining for lipids (Fig. 2). However, no 

differences were detected between the sexes with respect to lipid accumulation in skeletal muscle 

(not shown). 

 

Plasma markers 

Levels of lipids and several hormones were measured in plasma of mice killed in ad libitum fed 

state at week 15 and week 35 (Table 2). In ST-fed mice, levels of TAG decreased with age, and 

especially at week 35, female had lower TAG levels than male mice, while no age- or sex-

specific differences in NEFA or cholesterol levels were observed. Except for NEFA, plasma 

lipid levels were increased in response to HF-feeding; TAG levels were lower in the older mice, 

and they were also lower in female than in male mice at week 15. No other age- or sex-

dependent differences were observed in plasma lipid levels in HF-fed mice (Table 2).  

Plasma insulin levels in random-fed state in ST-fed mice were lower in female than in male 

mice, with the lowest levels observed in females at week 35. Insulin levels increased with HF-

feeding and with its duration, suggesting induction of insulin resistance, however, female mice 

were partially protected, as observed at both week 15 (~2.4-fold difference in plasma insulin) 

and week 35 (~2-fold difference in plasma insulin) (Table 2).  



 11

Plasma leptin levels in ST-fed mice increased with age, and at week 35, the levels were lower 

in female than in male mice. Leptin levels increased with HF-feeding and with its duration, with 

female mice at week 35 showing higher levels than the corresponding male mice (Table 2).   

Levels of total adiponectin (for a representative Western blot, see Suppl. Fig. 1), especially of 

its biologically active high molecular weight (HMW) form, which is implicated in enhancement 

of insulin sensitivity 47, tended to be decreased by HF-feeding, and HMW adiponectin levels 

were significantly depressed by HF diet at week 15 in male mice and at week 35 in females. 

Nevertheless, the levels of both total as well as HMW adiponectin were always higher in female 

than in male mice, with the HMW adiponectin in HF-fed mice showing a bigger difference 

between the sexes at week 15 than at week 35 (~1.9-fold vs. ~1.6-fold difference, respectively; 

Table 2). Moreover, in a separate experiment, we have observed higher plasma total adiponectin 

in female mice already at the time of weaning at 4 weeks of age (0.68 ± 0.04 vs. 1.03 ± 0.06 

A.U. in males and females, respectively; n=9, P≤ 0.01), with even doubled levels of HMW form 

(0.24 ± 0.1 vs. 0.49 ± 0.3 A.U. in males and females, respectively; P≤ 0.01). 

 

Glucose homeostasis 

When evaluated at week 15, mice of both genders fed ST diet, as well as female mice fed HF 

diet, were able to decrease substantially glycemia during fasting, but HF-fed male mice were not 

able to do so, indicating metabolic inflexibility to glucose in these mice (Fig. 3a). 

To assess the sex differences in the development of HF diet-induced insulin resistance, 

intraperitoneal glucose tolerance test was performed at week 10, week 25 and week 33 (Fig. 

3b,c, and Suppl. Fig. 2). Fasting blood glucose levels at the baseline (Fig. 3b), as well as AUC 

derived from glycemic curves (Fig. 3c) suggested better glucose tolerance in female than in male 

mice fed ST diet at all three time points analysed (except for glycemia at week 10), with a mild 

deterioration of glucose homeostasis with ageing. HF-feeding aggravated glucose intolerance in 
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both male and female mice. However, in contrast to male mice, which became strongly affected 

already at week 10, deterioration of glucose tolerance in response to HF-feeding in female mice 

required longer period to develop, with a significant effect observed at week 25, and even more 

pronounced effect at week 33, when mice of both sexes showed identical values of both fasting 

blood glucose and AUC for glycemia during the test.   

To further characterize glucose homeostasis at week 33, plasma insulin levels were also 

determined at the baseline and at 30 min after the glucose injection (Fig. 3d), i.e. at the time of 

presumed highest insulin response (when plasma glucose levels reach the peak values; see Supp. 

Fig. 1). In ST-fed mice, insulin levels at the baseline and at 30 min after the glucose injection 

were similar in the both sexes (Fig. 3d). In the HF-fed mice, already the baseline insulin levels 

were higher than in the ST-fed mice and the levels increased further in response to glucose 

reaching significantly higher levels in male than in female mice (Fig. 3d).   

 

Adipose tissue morphology and inflammation 

Further analysis was performed to characterise possible links between sex-dependent effects of 

HF-feeding on glucose homeostasis and changes in adipose tissue morphology and 

inflammation. Histological analysis combined with morphometry revealed that in ST-fed mice 

mean area of adipocytes was larger in gWAT as compared to scWAT. However, the mean size of 

adipocytes was comparable between the sexes and it did not differ between week 15 and week 35 

(Fig. 4e,i,g,k). In both sexes and in both fat depots, HF-feeding significantly increased the 

adipocyte size at week 15 as well as at week 35. As observed before 28, mean adipocyte size in 

gWAT (Fig. 4e,i), but not in scWAT (Fig. 4g,k) decreased with age. The shift in the mean size of 

adipocyte in gWAT with the duration of HF-feeding reflected relatively high preponderance of 

small adipocytes at week 35 (Suppl. Fig. 3). In contrast to gWAT, no major difference in the 

adipocyte size distribution between week 15 and week 35 was observed in scWAT (Suppl. Fig. 
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4). At week 15, mean size of adipocytes in both gWAT and scWAT of HF-fed female mice 

tended to be larger than in male mice fed the same diet (Fig. 4e,g) and at week 35, the mean size 

of adipocytes in both fat depots was significantly larger in female compared to male mice (Fig. 

4i,k). 

HF diet-induced hypertrophy of adipose tissue was associated with increased content of 

macrophages, immunodetected as crown-like structure (CLS) aggregates surrounding individual 

adipocytes (Fig. 4a-d), and indicating induction of low-grade adipose tissue inflammation 29. 

Thus, whereas CLS could be hardly detected in any sample of adipose tissue of ST-fed mice 

(Fig. 4f,j,h,l), the CLS density was significantly higher in fat depots of HF-fed mice (Fig 4f,j,h,l), 

and it increased further several fold in gWAT, with a small increase in scWAT, between week 15 

and week 35 (Fig 4f,j,h,l). Although the degree of adipose tissue macrophage infiltration is 

usually correlated with size of adipocytes (see Introduction), adipose tissue of female mice 

contained much less CLS than their male counterparts. This was most apparent in both fat depots 

at week 35 (Fig. 4j,l), as well as in gWAT at week 15 (Fig. 4f).  

In addition to the histological analysis, cellularity of gWAT was characterized using 

estimation of tissue DNA. At week 15, lower DNA concentration was found in HF-fed than in 

ST-fed mice, regardless of the sex (Fig. 5a). At week 35, a different picture was observed. There 

was no difference between the ST-fed male and female mice, however, HF-feeding increased the 

DNA concentration only in male mice (Fig. 5b).    

 

Gene expression 

To further characterise inflammatory status of adipose tissue in HF-fed mice, expression of 

several proinflammatory markers was assessed in gWAT, which showed higher induction of 

macrophage infiltration in response to HF diet than scWAT (see above). In mice of both sexes, 

HF-feeding markedly increased expression of genes for MCP-1, TNFα and CD68, with a 
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stronger induction in mice fed HF diet for the longer time (Fig. 6). At week 15, all these genes 

showed lower expression in female than in male mice (although the difference in TNFα did not 

reach a statistical significance; Fig. 6a). At week 35, only a trend for lower expression in female 

mice was observed with TNFα and CD68 (Fig. 6b).  

 

Discussion 

 

In this study, using a murine model of HF diet-induced morbid obesity, we showed that the 

weight gain, mass of both scWAT and gWAT fat depots, and mean size of adipocytes in these fat 

depots were all significantly increased in female compared to male mice in response to HF diet 

administered from weaning for a period of 35 weeks, i.e. HF-feeding of a very long duration 

until 10 months of age.  At this time point, the body weight was stabilized and reached a similar 

level in both sexes. Although the total content of body lipids was not assessed at the end of HF-

feeding, it was also likely increased in females, as supported by their increased plasma leptin 

levels. Until week 15, males gained more weight and their body mass was higher than in females 

until week 20. In mice fed a low-fat ST diet, males were heavier, tended to accumulate more fat 

than females, while no effect on adipocyte size was found during the study. We verified the 

hypothesis (see Introduction) that the capacity for enlargement is increased in adipocytes of 

female compared to male mice in response to a long-term HF-feeding, possibly reflecting the 

higher insulin sensitivity of the female adipocytes. In contrast to similar studies performed 

previously 6,7,19, the sex-dependent metabolic phenotypes observed in this mouse model of 

dietary obesity could not be attributed to a lower body weight gain, adiposity, and/or smaller fat 

cells in females. Most of the results were confirmed by an independent experiment on a separate 

cohort of animals (not shown). 
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Study of Grove et al., published recently in this journal 19, showed less inflamed gWAT in 

female than in male C57BL/6 mice fed HF diet for 12 weeks after weaning, with female mice 

having lower fat mass. Moreover, in female mice, the size of adipocytes tended to be smaller in 

gWAT, while it was significantly smaller in scWAT 19. In our experiments, adipose tissue 

inflammation assessed as the density of CLS was also much lower in gWAT of female compared 

to male mice at week 15, i.e. the time point when no significant differences in the size of 

adipocytes were observed between the sexes. However, in contrast to the study by Grove et al. 19, 

we have prolonged the HF-feeding until the week 35, when adipocytes within each fat depot 

were larger in female compared to male mice. Also at this time point, we observed sex-

dependent differences in the CLS accumulation in gWAT and scWAT with females having much 

lower macrophage accumulation in both fat depots. These results are supported by the data on 

DNA concentration in gWAT, namely at week 35. At this time, HF-fed mice showed equal 

(female mice) or higher (male mice) tissue DNA concentration as compared with the ST-fed 

mice, in spite of larger adipocytes in the HF-fed animals, in agreement with an increased 

infiltration of adipose tissue with immune cells in response to HF-feeding 22, and with the 

prominent inflammatory changes occurring in the male mice. 

That female mice had lower inflammatory response was a surprising observation, since it is 

generally believed that macrophage infiltration and inflammation of adipose tissue in obesity is 

correlated with adipocyte hypertrophy 13,14,19,29,30. Moreover, in agreement with the published 

data on extensive remodeling of gWAT in male mice during the course of HF diet-induced 

obesity 28, our data document smaller adipocytes and lower mass of gWAT depot in males at 

week 35 than at week 15. In contrast, the mass of gWAT in HF-fed female mice was ~2.8-fold 

bigger at week 35 than at week 15, indicating very different patterns of gWAT remodeling in the 

two sexes. Our data also confirmed fat depot-specific differences 19,28 in the induction of adipose 

tissue macrophage infiltration by HF diet, with a relatively small infiltration in scWAT at either 
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week 15 or week 35, compared to a much stronger infiltration in gWAT, which increased ~10-

fold between week 15 and week 35. 

Our observation that hypertrophy of adipocytes can be dissociated from adipose tissue 

inflammation is not without precedent. Thus, the genetic disruption of MCP-1 receptor gene 48, 

transport protein lipocalin-2 49 or disruption of the gene for a component of extracellular matrix, 

namely collagen VI 17, resulted in larger adipocytes, lower adipose tissue inflammation and 

attenuated insulin resistance in male mice fed the HF diet. These data suggest a role for 

extracellular matrix in the mechanisms underlying adipocyte death, due to restriction of 

adipocytes’ enlargement and shear stress 17. However, we could not find any differences between 

the sexes concerning the gene expression of the components of extracellular matrix, including 

collagen VI and lumican (not shown). This suggests that other mechanism(s) than the 

extracellular matrix-dependent shear stress contributed to reduced inflammation in females’ 

adipose tissue.  

Our data confirm the previously observed (see Introduction) sex differences at the level of 

glycemic control, documenting an earlier onset of glucose intolerance in male as compared to 

female mice challenged with HF diet. Although blood glucose clearance during the glucose 

tolerance test was similar in mice of both sexes at the end of the long-term HF-feeding, lower 

levels of plasma insulin were required in females to maintain the same glucose tolerance as 

males. We have also examined whether the differences in glycemic control reflected sex-

dependent changes in the expression of proinflammatory markers in adipose tissue. Consistent 

with the previous findings 20,26,50,51 , we observed profound increases in the expression of pro-

inflammatory markers such as MCP-1, TNFα, and macrophage marker CD68 in adipose tissue 

of mice of both sexes during the course of HF diet-induced obesity. In agreement with the sex-

dependent differences in macrophage infiltration of gWAT, the expression of MCP-1, TNFα and 

CD68 was lower in gWAT of females at week 15, however, unexpectedly, no significant 
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differences in the expression of selected genes (MCP-1, TNFα and CD68) were observed 

between the sexes at week 35. The lack of correlation between macrophage infiltration and 

expression of the inflammatory cytokines in gWAT at week 35 remains to be explained. 

However, it is compatible with other results showing that the absence of MCP-1 does not limit 

the recruitment of macrophages to gWAT 52, and the lack of a correlation between macrophage 

content in gWAT and the levels of proinflammatory cytokines in plasma in mice fed HF diet 

19,28. In fact, the previous study 19 in mice fed HF diet for 12 weeks after weaning showed similar 

plasma levels of TNFα, IL-6, interleukin-1β, MCP-1 and granulocyte-macrophage colony-

stimulating factor in male and female mice, in spite of a robust sexual dimorphism in 

macrophage infiltration and in the expression of genes for inflammatory markers in gWAT. 

Therefore, the above results suggest that macrophage-released proinflammatory cytokines may 

not play a major role in the differential induction of systemic insulin resistance by HF diet in 

male and female mice. On the other hand, macrophages in adipose tissue could contribute to sex-

dependent tissue remodeling during the course of HF-feeding 28. This would be in agreement 

with the concept (see above) that increased expandability of adipose tissue, reflected by a higher 

capacity for adipocyte enlargement and lower macrophage infiltration, could counteract ectopic 

fat deposition and lipotoxicity in females.  

Adiponectin or estrogens should be considered among the factors contributing to the sex-

dependent differences in insulin sensitivity, since both hormones possess antiinflammatory 

properties and protect from insulin resistance 34,53,54. In fact, female mice consistently showed 

much higher levels of adiponectin in plasma compared to males, including the biologically active 

HMW form 47, and this feature was independent of the type of diet, expression of inflammatory 

markers in adipose tissue, and duration of HF-feeding. These results are in accordance with other 

animal 36,55,56 as well as human 57,58 studies showing higher adiponectin levels in females. 

Adiponectin may preserve insulin sensitivity in females by various mechanisms, including the 
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activation of AMPK 31, as well as by promoting the switch between proinflammatory (M1) and 

antiinflammatory (M2) macrophages in adipose tissue 59. Thus, relatively low levels of hepatic 

steatosis in female mice exposed to HF diet could be explained, at least in part, by the AMPK-

mediated effect of adiponectin. Indeed, higher phosphorylation of hepatic AMPK was observed 

in adult female as compared with male mice fed HF diet, suggesting a higher AMPK activity in 

the females (Jelenik et al., unpublished results). However, the involvement of possible sexual 

dimorphism in macrophage polarization in response to adiponectin and HF diet remains an open 

question (see Suppl. Tables 2 and 4, ref. 19). 

       An important question remains to be answered, whether the increased capacity for 

adipocyte enlargement in female as compared to male mice is also relevant to human obesity. A 

carefully conducted study in human subjects has not shown any significant differences between 

the sexes regarding the curvilinear relationship between body fat mass and fat cell volume in 

subcutaneous fat, while only a trend for adipocytes in women to grow bigger could be observed 

(see Fig. 1 a,b of ref. 60).  In this respect, further studies should focus on human subjects with 

morbid obesity. 

 In conclusion, in a model of morbid obesity induced in C57BL/6N mice by a long-term 

(35 weeks) HF-feeding, females eventually accumulated more fat and exhibited larger adipocytes 

compared to males. In spite of larger adipocytes in gWAT as well as in scWAT, the frequency of 

dead adipocytes, marked by macrophage infiltration of adipose tissue, was reduced in female 

compared to male mice. Lower plasma levels of insulin together with a markedly increased 

adiponectin and less pronounced hepatosteatosis imply better insulin sensitivity in female mice 

during the course of HF-feeding, independent of the expression of proinflammatory cytokines in 

adipose tissue. Our results suggest an increased intrinsic capacity for adipocyte enlargement in 

females in the face of a relatively mild tissue remodeling and macrophage infiltration. Thus, 



 19

adipose tissue expandability and adiponectin can substantially contribute to a greater resistance 

of female mice to deterioration of glycemic control during the development of dietary obesity.  

 

Supplementary information is available at International Journal of Obesity’s website.  
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Table 1  Growth characteristics, adiposity, and liver weight and TAG content     
 

 ST  HF 
 Male Female  Male Female 

BW (g)      
Week 0 17.8 ± 0.2 14.3 ± 0.3*  18.2 ± 1.0 14.3 ± 0.3* 
Week 15 28.5 ± 0.4 24.1 ± 0.4*     43.6 ± 1.9#   36.4 ± 1.7#*  
Week 35 35.3 ± 0.7 27.6 ± 0.8*    55.4 ± 2.2# 57.7 ± 2.6# 

BWG (g)      
Week 15 11.6 ± 0.6 10.6 ± 0.5  27.2 ± 1.4#   23.1 ± 2.3#*  
Week 35 17.5 ± 0.6 13.2 ± 0.6  37.2 ± 1.8# 43.4 ± 2.4# 

FC (kJ/day)      
Week 4-14 66.3 ± 0.7 56.2 ± 1.4*  69.5 ± 2.4 68.5 ± 3.6# 
Week 17-30 64.8 ± 1.1 61.1 ± 2.3  66.7 ± 4.1 70.6 ± 2.0# 

gWAT (mg)      
Week 15 484 ± 31 364 ± 26      1881 ± 158# 2147 ± 301# 
Week 35 1032 ± 107 711 ± 97   1565 ± 95   5989 ± 470#*  

gWAT (% of BW)      
Week 15 1.8 ± 0.1 1.62 ± 0.1    4.8 ± 0.4# 5.87 ± 0.5#*  
Week 35 2.9 ± 0.3 2.5 ± 0.3  2.8 ± 02 10.2 ± 0.5#*  

scWAT (mg)      
Week 15 217 ± 14 195 ± 11  797 ± 95#  873 ± 117# 
Week 35 312 ± 35 271 ± 24  1297 ± 113# 1590 ± 133#*  

scWAT (% of BW)      
Week 15 0.8 ± 0.0 0.8 ± 0.1  2.0 ± 0.2# 2.4 ±0.2# 
Week 35 0.9 ± 01 1.0 ± 0.1  2.3 ± 0.2#    2.7 ± 0.2#*  

Liver (mg)      
Week 15 1247 ± 55  1144 ± 29  1606 ± 130#  1236 ± 56* 
Week 35 1544 ± 51    1160 ± 56*  2541 ± 231#     1806 ± 111#*  

Liver (% of BW)      
Week 15 4.6 ± 0.2 4.9 ± 0.1   4.0 ± 0.1# 3.6 ± 0.1#*  
Week 35 4.4 ± 0.1 4.2 ± 0.1  4.5 ± 0.3   3.1 ± 0.1#*  

Liver TAG (mg/g of tissue)      
Week 15 28 ± 1 32 ± 3  109 ± 20# 72 ± 6#*  
Week 35 34 ± 3 38 ± 3  197 ± 27#        121 ± 8#*  

 
Male and female mice weaned at four weeks of age (week 0) onto ST or HF diet were analysed 

after 15 weeks or 35 weeks (n=10) of feeding their respective diets. BW, body weight; BWG, 

body weight gain since week 0; FC, mean food consumption; gWAT, gonadal white adipose 

tissue; scWAT, subcutaneous white adipose tissue; TAG, triglycerides. Data are means ± SE. 

*significant differences between sexes within diet, #significant differences between diets within 

sex (ANOVA). 
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                Table 2  Plasma lipids and hormones 
 
 ST  HF 
 Male Female  Male Female 
TAG (mmol/l)      

Week 15 1.20 ± 0.12 1.01 ± 0.05   1.66 ± 0.21# 1.21 ± 0.14* 
Week 35 0.97 ± 0.11   0.61 ± 0.04*  0.96 ± 0.03 0.92 ± 0.06# 

NEFA (mmol/l)      
Week 15 0.51 ± 0.04 0.48 ± 0.03  0.59 ± 0.06  0.62 ± 0.06  
Week 35 0.40 ± 0.05 0.39 ± 0.03  0.41 ± 0.06  0.46 ± 0.03  

Cholesterol (mmol/l)      
Week 15 1.77 ± 0.11 1.54 ± 0.10  4.08 ± 0.30# 3.55 ± 0.20# 
Week 35 1.96 ± 0.10 1.47 ± 0.06  4.78 ± 0.38#   4.08 ± 0.25#*  

Insulin (ng/ml)      
Week 15 0.88 ± 0.21 0.38 ± 0.04*   2.71 ± 0.54# 1.15 ± 0.23#*  
Week 35 0.97 ± 0.16 0.21 ± 0.03*  4.68 ± 0.45# 2.30 ± 0.46#*  

Leptin (ng/ml)      
Week 15   6.2 ± 0.7  8.8 ± 0.8  45.5 ± 7.6# 41.7 ± 8.0# 
Week 35 17.7 ± 2.0    9.1 ± 1.7*  71.9 ± 4.7#   89.6 ± 2.8#*  

Adiponectin (A.U.)      
Week 15      
  HMW 0.45 ± 0.03  0.62 ± 0.05*   0.33 ± 0.02# 0.63 ± 0.03* 
  MMW 0.46 ± 0.02  0.65 ± 0.04*  0.44 ± 0.02 0.60 ± 0.03* 
 LMW 0.02 ± 0.00 0.02 ± 0.00  0.01 ± 0.00 0.02 ± 0.00* 
Total 0.94 ± 0.05   1.29 ± 0.08*    0.78 ± 0.03# 1.25 ± 0.05* 

Week 35      
  HMW 0.46 ± 0.04   0.86 ± 0.10*  0.40 ± 0.06   0.63 ± 0.07#*  
  MMW 0.55 ± 0.03   0.80 ± 0.06*  0.50 ± 0.02  0.78 ± 0.07* 
  LMW 0.04 ± 0.01 0.03 ± 0.00    0.02 ± 0.00#      0.03 ± 0.00 
Total 1.06 ± 0.06   1.69 ± 0.15*  0.92 ± 0.07   1.44 ± 0.13* 

 
Male and female mice weaned at four weeks of age onto ST or HF diet were analysed after 15 weeks 

or 35 weeks (n=10) of feeding their respective diets. A.U., arbitrary units; TAG, triglycerides; 

NEFA, non-estherified fatty acids; HMW, high molecular weight adiponectin; MMW, medium 

molecular weight adiponectin; LMW, low molecular weight adiponectin. Data are means ± SE. 

*significant differences between sexes within diet; #significant differences between diets within 

sexes (ANOVA). 
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Legends to figures 

 

Figure 1  Growth curves. Mice of both sexes were weaned to either ST or HF diet at four weeks 

of age (week 0). Some mice (n=10 from each sex) were killed at week 15, while the remaining 

mice were killed at week 35. Data are means ± SE (n=20 between week 0-15; and n=10 between 

week 16-35). Intraperitoneal glucose tolerance test (GTT) was performed at week 10, 25 and 33, 

respectively.  

 

Figure 2  Liver histology. Oil-red O staining showing triglyceride accumulation (red color) in 

the liver (sections counterstained with hematoxylin) of male and female mice 35 weeks after 

weaning to either ST or HF diet. Bar, 0.1 mm. 

 

Figure 3  Glucose homeostasis. (a) Plasma glucose levels in fasted and fed mice at week 15 (see 

text for details). (b-d) Intraperitoneal glucose tolerance test was performed at week 10, 25 and 

33, respectively, after weaning to either ST or HF diet (see also Supp. Fig. 1). (b) Fasting blood 

glucose at time 0 of the glucose tolerance tests performed at week 10, 25 and 33, respectively. (c) 

Area under the glycemic curve (AUC) of the tests performed at week 10, 25 and 33, respectively. 

(d) Plasma insulin levels at time 0 and 30 min of the test performed at week 33. Data are means 

± SE (n=10; at week 10, only part of mice was randomly selected for the testing). *significant 

difference between the sexes within the same diet, #significant difference between the diets 

within the same sex (ANOVA), ‡significant difference before and after the respective treatment 

(RM ANOVA). 

 

Figure 4  Adipose tissue histology – morphometry of adipocytes and macrophage infiltration. 

(a-d) Immunodetection of MAC-2 positive macrophages aggregated in crown-like structures 
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(CLS; brownish color indicated by arrows) in gWAT and scWAT of male (M) and female (F) 

mice 35 weeks after weaning to either ST or HF diet. Sections were counterstained with 

hematoxylin-eosin. Bar, 0.1 mm. At week 15 (e-h) and week 35 (i-l), size of adipocytes was 

evaluated by morphometric analysis in hematoxylin-eosin stained sections of gWAT (e,i) and 

scWAT (g,k) in both sexes. Frequency of CLS in gWAT (f,j) and scWAT (h,l) in both sexes. 

Data are means ± SE (n=8; within each group, mouse with the lowest and with the highest body 

weight, respectively, were not analysed). *significant difference between the sexes within the 

same diet, #significant difference between the diets within the same sex (ANOVA). 

 

Figure 5  DNA quantification in gWAT of male (M) and female (F) mice fed ST or HF diet at 

week 15 (a) and  week 35 (b). Data are ± SE (n=7-10). *significant difference between the sexes 

within the same diet, #significant difference between the diets within the same sex (ANOVA). 

 

Figure 6  Quantification of gene expression in gWAT of male and female mice fed ST or HF 

diet at (a) week 15 and (b) week 35. Expression of selected genes was evaluated using qRT-PCR 

and standardized relative to ST diet fed male mice at week 15. Data are means ± SE (n=7-10). 

*significant difference between the sexes within the same diet, #significant difference between 

the diets within the same sex (ANOVA). MCP-1, monocyte chemoattractant protein-1; 

TNFα , tumor necrosis factor α; CD68, macrosialin. 
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