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Abstract

This study investigated the influence of three high-fat diets (HFDs), differing in the percentage of 

total calories from saturated fat (SF) (6%, 12%, 24%) but identical in total fat (40%), for a 16-

week period in mice on a variety of tissue-specific cellular processes believed to be at the root of 

obesity-related diseases. Specifically, we examined ectopic lipid accumulation, oxidative capacity 

[peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) mRNA and 

protein; mtDNA; Cox IV and cytochrome C protein; citrate synthase activity; and gene expression 

of fission 1, mitofusin (Mfn) 1 and Mfn2], oxidative stress (4-hydroxy-2-nonenal), endoplasmic 

reticulum (ER) stress (binding immunoglobulin protein, activating transcription factor 6-p50, p-

eukaryotic initiation factor 2 alpha and x-box binding protein 1 spliced protein), inflammatory [p-

c-Jun N-terminal kinase (JNK), p-nuclear factor kappa-B, p-p38 mitogen-activated protein kinase) 

and insulin signaling (p-Akt), and inflammation [tumor necrosis factor-alpha, monocyte 

chemotactic protein-1, interleukin-6, F4/80, toll-like receptor (TLR)2 and TLR4 gene expression] 

in various tissues, including the adipose tissue, liver, skeletal muscle and heart. In general, adipose 

and hepatic tissues were the only tissues which displayed evidence of dysfunction. All HFDs 

down-regulated adipose, cardiac and hepatic PGC-1α mRNA and hepatic citrate synthase activity, 

and induced adipose tissue oxidative stress, whereas only the 6%-SF and 12%-SF diet produced 

hepatic steatosis. However, compared to the 6%-SF and 24%-SF diets, consumption of the 12%-

SF diet resulted in the greatest degree of dysregulation (hepatic ER and oxidative stress, JNK 

activation, increased F4/80 gene expression and down-regulation of adipose tissue Akt signaling). 

These findings suggest that the saturated fatty acid composition of an HFD can greatly influence 

the processes responsible for obesity-related diseases — nonalcoholic fatty liver disease, in 

particular — as well as provide further evidence that the mechanisms at the root of these diseases 

are diet and tissue sensitive.
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1. Introduction

Humans face an obesity epidemic; in the United States alone, more than 30% of the adult 

population is obese, with 50% of adults projected to become obese by 2030 [1]. The medical 

consequences of obesity are serious, as obese individuals are at an increased risk of 

developing multiple life-threatening conditions including type 2 diabetes mellitus, 

cardiovascular disease and cancer [2]. The fundamental cause of these afflictions is related 

to various molecular, endocrine and metabolic changes resulting primarily from a prolonged 

over-indulgence in energy-dense, high-fat foods without a sufficient matching of energy 

expenditure.

The utilization of high-fat-diet (HFD)-induced obesity animal models in clinical research 

has shed light onto the possible culprits responsible for obesity-related diseases: ectopic 

lipid accumulation, mitochondrial dysfunction, oxidative and endoplasmic reticulum (ER) 

stress, insulin resistance (IR) and inflammation [3–8]. However, while all of these factors 

are likely to play a role in obesity-related diseases, there is currently very little evidence on 

the tissue-specific pathogenesis of these processes, the extent to which each one of these 

variables is interlinked and the degree to which lipid composition may influence these 

factors.

Saturated fatty acids (SFAs) have been shown to greatly influence obesity progression and 

associated molecular disturbances; they not only possess proinflammatory properties, known 

to promote IR through activation of nuclear factor kappa-β (NFκβ) and c-Jun N-terminal 

kinase (JNK), but overexposure of SFAs to various cell types has been shown to induce 

apoptosis as well as ER and oxidative stress more so than unsaturated fatty acids (USFAs) 

[9–12]. Furthermore, long-chain saturated fatty acids (LCSFAs, >C12:0) are not as 

efficiently oxidized as USFAs and thus are more likely to promote adiposity and ectopic 

lipid accumulation [13,14]. We have recently reported that adiposity, macrophage behavior, 

inflammation and IR can be greatly affected by dietary SF content [15]. However, it was 

found that these outcomes are not necessarily proportional to the percentage of SF in the 

diet; a diet most closely mimicking the standard American diet (12% and 40% of overall 

calories from saturated fat and total fat, respectively) led to the greatest adiposity (body 

weight, body fat percentage, fat mass and adipocyte size), macrophage infiltration into 

adipose tissue (expression of F4/80 and CD11c), inflammation (NFκB activation) and IR, 

whereas diets composed of 6% (6%-SF) and 24% (24%-SF) of total calories from SF, but an 

equivalent level of overall calories from fat (40%), produced lower levels of these variables, 

with the 24%-SF diet resulting in the least degree of IR [15]. We felt that these results 

warranted a more thorough examination into the influence that HFDs, of varying SF content, 

have on several high-fat-feeding-induced molecular changes believed to be at the core of the 

underlying mechanisms responsible for the illnesses stemming from obesity.
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Therefore, the purpose of this investigation was to extend the findings from our previous 

study by examining the effects of these three HFDs, differing in the percentage of total 

calories from SF (6%, 12%, and 24% of total caloric intake) but identical in total fat (40%), 

on several molecular, endocrine and metabolic changes in multiple tissues, including 

adipose, hepatic, skeletal muscle and cardiac. This was done using tissues collected during 

the previous investigation [15]. To our knowledge, this is the first study to examine the 

tissue-specific pathogenesis of these processes in a variety of tissues and under the same 

investigation, and the first to assess the extent to which dietary SF content may influence 

these responses.

2. Materials and methods

2.1. Animals

Male C57BL/6 mice were bred and cared for in the animal facility at the University of South 

Carolina. They were housed four to five per cage, maintained on a 12:12-h light–dark cycle 

in a low-stress environment (22°C, 50% humidity, low noise), and given food and water ad 

libitum. Principles of laboratory animal care were followed, and the Institutional Animal 

Care and Usage Committee of the University of South Carolina approved all experiments.

It was not possible to calculate individual food intake, as mice were housed four to five per 

cage. However, in general, we did not observe any differences in weekly food intake (food 

consumed by mice in each cage/number of mice in cage) among the HFD-fed mice over the 

course of the study.

2.2. Diets

At 4 weeks of age, mice were randomly assigned to one of five treatment diets (n=8–9/

group): two control diets (AIN-76A, AIN-76A Mod) and three HFDs (6%-SF, 12%-SF and 

24%-SF) (BioServ, Frenchtown, NJ, USA) [15]. Diets were administered for a period of 16 

weeks (i.e., 4–20 weeks of age). The percentage of calories provided by each of the three 

macronutrients, the ratio of monounsaturated:polyunsaturated FAs (MUFA: PUFA) and the 

omega-6:omega-3 were identical for the HFDs and were designed to be similar to the 

standard American diet [16,17]. The second control diet (AIN-76A Mod) was used in order 

to match the MUFA:PUFA and the omega-6:omega-3 of the HFDs. Additional detail on 

these diets is provided by Enos et al. [15] and in Table 1.

2.3. Tissue collection

At 20 weeks of age and following 16 weeks of dietary intervention, mice were sacrificed for 

tissue collection. The epididymal fat pad, liver, left and right gastrocnemius, and heart were 

removed, cleaned and immediately snap-frozen in liquid nitrogen and stored at −80°C until 

analysis.

2.4. Oil red O staining and tissue lipid accumulation

Frozen 10-μm liver sections were cut using a cryostat (Leica Biosystems, Germany) set at 

−20°C. Hematoxylin and eosin (H&E) and oil red O (Sigma, St. Louis, MO, USA) staining 

of the liver was performed as previously described [18]. Lipids were isolated from the liver, 
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heart and gastrocnemius utilizing the Folch extraction method and were quantified 

gravimetrically [19].

2.5. Quantification of mitochondrial DNA/nuclear DNA

A QIAamp DNA mini kit (Qiagen, Valencia, CA, USA) was used for DNA isolation from 

the epididymal adipose tissue, liver, heart and left gastrocnemius as previously described 

[20]. Isolated DNA was subjected to quantitative real-time polymerase chain reaction (PCR) 

(100 ng/reaction) carried out with Universal PCR Master Mix (Applied Biosystems, Foster 

City, CA, USA). Comparison of kinetics of amplification of β-actin [Endogenous Control 

(VIC)/MGB Probe, catalog no. 4352341E] (Applied Biosystems) and cytochrome b 

(forward: TATTCCTTCATGTCGGACGA; reverse: AAATGCTGTGGCTATGACTG; 

probe: ACCTGAAACATTGGAGTACTTCTACTG) was used to determine the relative 

amounts of nuclear and mtDNA.

2.6. Citrate synthase activity

Citrate synthase activity was determined in the epididymal adipose tissue, liver, heart and 

left gastrocnemius as previously described [21]. Briefly, samples were diluted in 

homogenization medium (50 mM Tris, 0.15 M KCL, pH 7.4), homogenized and centrifuged 

at 1000g at 4°C for 10 min. The protein concentration of the resultant supernatant was 

determined by the Bradford method [22]. Subsequently, each sample was freeze-thawed 

(×3) before being analyzed for enzyme activity. Maximal citrate synthase activity was 

determined spectrophotometrically at 25°C by measuring the rate of disappearance of acetyl-

CoA at 232 nm in an assay reagent (100 mM Tris, pH 8.1) with excess acetyl CoA (0.2 mM) 

and oxaloacetate (0.17 mM) (Sigma) over a 5-min interval. Enzyme activity was normalized 

to the amount of sample protein loaded to the assay reagent. The two control diets 

(AIN-76A and AIN-76A Mod) were combined to represent the “control” diets for these 

analyses.

2.7. Western blots

Epididymal adipose tissue, liver, half of the right gastrocnemius and heart were 

homogenized in radioimmunoprecipitation buffer (Sigma), which included a protease 

inhibitor cocktail (Sigma), 1% glycerophosphate (100×), 0.5% sodium orthovanadate (1 

mM) and 1% sodium fluoride (5 mM). The protein concentration was determined by the 

Bradford method. Western blots were performed as previously described using primary 

antibodies for Cox IV, cytochrome C, GAPDH, β-actin, phosphorylated (Ser536) and total 

NFkB p65, phosphorylated (Thr183/Tyr185) and total JNK, phosphorylated (Ser473 and 

Thr308) and total Akt, binding immunoglobulin protein (BiP), phosphorylated (Ser51) and 

total eukaryotic initiation factor 2 alpha (EIF2α), phosphorylated p-38 mitogen-activated 

protein kinase (MAPK) (Thr180/Tyr182) (Cell Signaling, Danvers, MA, USA), 4-

hydroxy-2-nonenal (4-HNE) (Alpha Diagnostics International, San Antonio, TX, USA), 

activating transcription factor 6 (ATF6)-p50 (Imgenex, San Diego, CA, USA), peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) along with a positive 

control (sc-2209), total p-38 MAPK, as well as x-box binding protein 1 spliced (XBP-1s) 

(Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) [17]. As there were no differences 

Enos et al. Page 4

J Nutr Biochem. Author manuscript; available in PMC 2015 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the activation of any of the measured proteins between the two control diets (AIN-76A 

and AIN-76A Mod), these samples were combined to represent the “control” diets for these 

analyses.

2.8. Gene expression

Epididymal adipose tissue, liver, gastrocnemius and heart were homogenized under liquid 

nitrogen using a polytron, and total RNA was extracted using TRIzol reagent (Invitrogen, 

Carlsbad, CA, USA) and RNeasy mini-spin columns (Qiagen) (adipose tissue only). 

Quantification of hepatic, skeletal muscle and cardiac gene expression for F4/80, monocyte 

chemotactic protein-1 (MCP-1), interleukin 6 (IL-6), toll-like receptor (TLR)-4, TLR-2, 

tumor necrosis factor-alpha (TNF-α), PGC-1α (including adipose tissue) as well fission 1 

(Fis1), mitofusin (Mfn)1 and Mfn2 mRNA in adipose and hepatic tissues was performed as 

previously described [20] using Applied Biosystems reagents. Analysis of inflammatory 

mediators in adipose tissue is published elsewhere and therefore was not repeated in this 

current investigation [15]. Similar to citrate synthase activity analyses, the two control diets 

(AIN-76A and AIN-76A Mod) were combined to represent the “control” diets for Fis1, 

Mfn1 and Mfn2 gene expression quantification.

2.9. Statistical analysis

Data were analyzed using a one-way analysis of variance using commercial software 

(SigmaStat, SPSS, Chicago, IL, USA). Student–Newman–Keuls test was used for all post 

hoc analyses. Analyses that did not meet normal assumptions (equal variance and normal 

distribution) were repeated using a nonparametric multiple comparison procedure (Dunn’s 

test). Statistical significance was set with an alpha value of P≤.05. Data are presented as 

mean (±S.E.M.).

3. Results

3.1. Excess lipid accumulation is evident in hepatic tissue of 6%-SF- and 12%-SF-fed mice

Of the nonadipose tissues analyzed, we show a significant accumulation of excess lipids in 

the liver as a result of HFD consumption. Interestingly, only the 6%-SF and 12%-SF diets 

produced this effect; the 24%-SF diet resulted in a similar level of hepatic lipid 

accumulation as the control diets (P≤.05) (Fig. 1A–B). On the other hand, there were no 

differences in lipid accumulation across the diets in the heart or gastrocnemius (Fig. 1A).

3.2. HFDs down-regulate PGC-1α gene expression in adipose, hepatic and cardiac tissues 
and modulate citrate synthase activity in the liver without affecting PGC-1α protein 
concentration or mitochondrial content

All HFDs elicited a significant down-regulation in PGC-1α gene expression in adipose, 

hepatic and cardiac tissues compared to one or both of the control diets (P≤.05) (Fig. 2A, C, 

G). Interestingly, however, no differences were found in PGC-1α protein concentration 

across the diets in any of the tissues examined (Fig. 2B, D, F, H).

Mitochondrial content was assessed by quantification of mtDNA copy number relative to 

nuclear DNA (data not shown) and Cox IV and cytochrome C protein concentrations (Fig. 
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3A). None of the HFD treatments elicited any changes in mitochondrial content in any of 

tissues analyzed.

Despite the fact that there were no differences in mitochondrial density, there was a 

significant decrease in citrate synthase activity/μg of protein for all three HFDs in the liver 

only (P≤.05) (Fig. 3B). We next examined the gene expression of proteins involved in 

mitochondrial fission (Fis1) and fusion (Mfn1 and Mfn2) as well as the relative ratio of 

Fis1:Mfn1 and Fis1:Mfn2 mRNA, as an imbalance between these two mitochondrial 

processes can negatively impact oxidative capacity [23]. No differences were found in the 

gene expression of Fis1, Mfn1, Mfn2 or the ratio between these fission and fusion markers 

in the adipose tissue (Fig. 3C). On the other hand, in the liver, although consumption of each 

of the HFDs did not influence the Fis1 or Mfn1 mRNA expression, it did increase Mfn2 

gene expression, significantly reducing the relative Fis1:Mfn2 mRNA ratio for all HFD mice 

compared to control-diet mice (P≤.05) (Fig. 3D).

3.3. All HFDs induce oxidative stress in the adipose tissue, but only the 12%-SF diet does 
so in the liver

We assessed oxidative stress by examining the tissue concentration of the PUFA 

peroxidation product, 4-HNE, a common marker of oxidative damage [24]. 4-HNE was 

found to be elevated in the adipose tissue of all three HFD groups (P≤.05) (Fig. 4A) and in 

the liver of the 12%-SF-fed mice (P≤.05) (Fig. 4B). Additionally, there was a trend for the 

12%-SF diet to increase hepatic lipid peroxidation compared to the 6%-SF diet (P=.074). 

Conversely, HFD consumption had no effect on 4-HNE concentrations in the skeletal 

muscle or the heart.

3.4. ER stress is evident in the liver following consumption of the 12%-SF diet

In addition to measuring the protein concentration of BiP, we assessed the activation of each 

of the three ER-stress pathways by examining the protein concentrations of ATF6-p50 

(ATF6 pathway), p-EIF2α (PERK pathway) and XBP-1s (IRE1 pathway).

It was found that all three HFDs increased adipose tissue BiP protein concentration 

compared to control-fed mice (P≤.05) (Fig. 5A). However, there was no evidence of 

activation of any of the three ER-stress pathways in the adipose tissue. Such evidence was 

found only in the liver of the 12%-SF-fed mice, as there were a significant increase in 

ATF6-p50 protein concentration compared to all other diets (P≤.05) (Fig. 5B) and a trend 

for an increase in p-EIF2α compared to the 6%-SF (P=.056), 24%-SF (P=.055) and control-

fed mice (P=.077). Interestingly, however, we found the quantity of BiP protein to be 

significantly increased in only the liver of the 24%-SF fed mice compared to all other diets 

(P≤.05) (Fig. 5B). There were no changes in any of the ER stress markers in the skeletal 

muscle or the heart.

3.5. Up-regulation of inflammatory signaling and inflammation is nonexistent or minimal in 
the skeletal muscle and heart but is evident in the liver

Hepatic phosphorylated-JNK (p-JNK) and cardiac phosphorylated p-38 MAPK (p-p38) were 

the only inflammatory signaling molecules found to be up-regulated in any of the tissues 
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analyzed; p-JNK was found to be significantly elevated in the 12%-SF diet compared to the 

control- and 6%-SF-fed mice (P≤.05) (Fig. 6A), whereas p-p38 was found to be elevated in 

all HFD-fed mice compared to control-fed mice (P≤.05) (Fig. 6C). With regard to 

inflammatory markers, the 12%-SF diet increased hepatic F4/80 and TLR-4 expression 

compared to both control diets and the AIN-76A diet, respectively (P≤.05) (Fig. 7A). 

However, the 12%-SF diet did not significantly influence skeletal muscle inflammatory 

markers (Fig. 7B) and surprisingly reduced cardiac TNF-α expression in the heart compared 

to control diets (P≤.05) (Fig. 7C). Regarding the 6%-SF and 24%-SF diets, they elicited 

minimal inflammation in the skeletal muscle and liver, respectively; the 6%-SF diet induced 

a significant increase in skeletal muscle MCP-1 expression compared to control-fed mice 

(P≤.05) (Fig. 7B), and the 24%-SF-fed mice displayed an increase in hepatic TNF-α 

expression compared to the AIN-76A-fed mice (P≤.05) (Fig. 7A).

3.6. Adipose tissue basal Akt activation is diminished in adipose tissue of 6%-SF and 12%-
SF mice

Under basal conditions, we found phosphorylated-Akt (p-Akt) (Ser473) to be significantly 

down-regulated in the adipose tissue of 12%-SF-fed mice (P≤.05) and a trend to be lower in 

the 6%-SF-fed mice (P=.083) compared to control-fed mice (Fig. 8A). In contrast, we found 

no difference in basal p-Akt (Ser473 and/or Thr308) in any other tissue between any of the 

treatment groups (Figs. 8B–D) or in the hepatic relative ratio of p-Akt Ser473:Thr308 (Fig. 

8B).

4. Discussion

Obesity is characterized by the accumulation of excess body fat and an increased risk of 

disease resulting from a complex network of interrelated molecular perturbations; ectopic 

lipid accumulation, mitochondrial dysfunction, oxidative and ER stress, inflammation and 

IR have all been singled out as possible culprits. Because the majority of the studies 

examining these processes do so in isolated models and/or while utilizing a single HFD, it is 

difficult to comprehend the extent to which these manifestations are intertwined and the 

degree to which they are influenced by lipid composition. Thus, in this investigation, we 

examined the effect of three HFDs differing in the percentage of total calories from SF (6%, 

12% and 24%) but identical in total fat (40%) on each of these cellular and molecular 

changes in a variety of tissues, including the adipose and hepatic tissue, skeletal muscle and 

heart. This was a follow-up to our previous investigation in which we surprisingly found that 

the diet most closely mimicking the standard American diet (12% of calories from SF) led to 

the greatest adiposity, macrophage infiltration into adipose tissue, inflammation and IR, 

whereas diets composed of 6% and 24% of total calories from SF produced lower levels of 

these variables, with the 24%-SF diet resulting in the least degree of IR [15].

Ectopic fat accumulation is a common outcome associated with obesity. Large lipid 

depositions in the liver (hepatic steatosis) and in the skeletal muscle have been shown to 

play a prominent role in the development of metabolic dysfunction [25,26]. Consumption of 

the 6%-SF and 12%-SF diets resulted in elevated levels of lipid accumulation compared to 

the control or 24%-SF diets. Furthermore, the excessive hepatic lipid aggregation preceded 
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any significant accumulation in either the skeletal muscle or cardiac tissue as supported by 

others [27].

Because ectopic lipid accumulation is strongly associated with changes in mitochondrial 

capacity, we next examined markers of mitochondrial biogenesis, content and function. 

HFD consumption reduced the mRNA expression of PGC-1α, a marker of mitochondrial 

biogenesis, in the adipose tissue, liver and heart, but not in the skeletal muscle. Interestingly, 

however, we did not see any statistically significant changes in PGC-1α protein levels or 

mitochondrial content in any of the tissues analyzed. This may be explained by the fact that 

PGC-1α is known to be posttranslationally modified [28]. However, the factors that regulate 

this process in an obese model are not fully understood, as previous work shows that obesity 

may result in either a decrease or increase in PGC-1α protein concentration without any 

variation in PGC-1α mRNA expression [29–31]. Furthermore, while a large number of 

studies have investigated the influence of obesity on PGC-1α, they have failed to measure 

both PGC-1α gene expression and protein concentration together [32–39].

Hepatic citrate synthase activity, on the other hand, was decreased with each of the HFDs, 

suggesting that HFD-induced decrements in mitochondrial function occur in the liver prior 

to any such diminishments in other tissues. The fact that the 24%-SF-fed mice exhibited a 

decrease similar to those consuming the 6%-SF and 12%-SF diets is interesting, as this 

reduction in citrate synthase activity occurred despite the fact that they had similar hepatic 

lipid levels to control-fed mice. This suggests that mitochondria dysfunction may precede 

ectopic lipid accumulation as reported by others [40]. However, this is not true in all cases, 

as others have shown no impairment in mitochondrial function, yet ectopic fat accumulates 

[41].

A possible rationale for the reduced citrate synthase activity may be related to changes in the 

equilibrium between mitochondrial fission and fusion, as an imbalance between these two 

processes can lead to mitochondria dysfunction [23]. We did see a significant increase in the 

mRNA expression of the fusion marker Mfn2 for all HFDs resulting in an unbalanced ratio 

of relative Fis1:Mfn2 gene expression. However, it is uncertain whether changes in the 

balance between fission and fusion preceded the decrements in citrate synthase activity or 

vice versa. In addition, it is interesting to note that hepatic Mfn2 gene expression was up-

regulated in all HFD-fed mice, as others have reported Mfn2 mRNA expression to be 

reduced in skeletal muscle of obese individuals and Mfn2 overexpression in rats has been 

shown to reverse IR [42–44].

It is also conceivable that oxidative and/or ER stress may have contributed to the decrements 

in citrate synthase activity. Both oxidative stress and ER stress are known to influence 

various processes including inflammation, insulin signaling and mitochondrial capacity 

[3,45–47]. Although we did not see any significant changes in citrate synthase activity in the 

adipose tissue, all three HFDs induced adipose tissue oxidative stress. On the other hand, all 

HFDs significantly decreased hepatic citrate synthase activity, yet only the 12%-SF diet 

exhibited a significant increase in oxidative stress. Thus, oxidative stress, in the form of lipid 

peroxidation, is not necessarily paired to diminishments in oxidative capacity.
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In order to establish a relationship between oxidative and ER stress, we measured the protein 

concentrations of p-EIF2α, ATF6 p50 and XBP-1s, as well as the molecular chaperone BiP. 

Activation of one or more of the ER-stress pathways was only evident in the liver of the 

12%-SF-fed mice as substantiated by a trend towards an increase in p-EIF2α and an 

elevation in ATF6-p50. We thought it perplexing that BiP was elevated in the adipose tissue 

of all three HFDs and in the liver of the 24%-SF mice without evidence for activation of any 

of the three ER-stress pathways. It is known that BiP resides on the luminal side of the ER 

membrane bound to each of the three ER-stress-response inducers (PERK, IRE1α, ATF6-α) 

[45]. Once misfolded proteins aggregate, BiP is released from its bound form, initiating the 

activation of the ER stress transducers. Thus, it is also puzzling that BiP was not elevated in 

the liver of the 12%-SF diet — the diet shown to promote hepatic steatosis and activation of 

at least one of the ER stress pathways — yet was elevated in the liver 24%-SF diet — the 

diet resulting in no significant hepatic lipid accumulation or activation of any of the ER-

stress pathways. These observations imply that BiP expression may be regulated via a 

pathway independent of the three unfolded-protein response signaling branches. In addition, 

given that current knowledge regarding ER stress and BiP behavior is largely based upon in 

vitro studies, it may be that BiP regulation is slightly different in the context of HFD-

induced obesity and in vivo models.

Because oxidative stress and ER stress have been tightly linked to inflammatory processes 

[46,48], we next examined inflammatory signaling molecules as well as markers of 

inflammation. We have previously reported that adipose tissue concentration of p-JNK was 

significantly increased in all three of these HFDs, whereas only the 12%-SF-fed mice 

exhibited a significantly higher degree of NFκB p65 activation compared to control-fed 

mice [15]. Of the three inflammatory pathways examined, only hepatic p-JNK was elevated 

in 12%-SF-fed mice compared to control and 6%-SF-fed mice. This was no surprise given 

that ER and oxidative stress are two known activators of JNK [49]. Upon activation, JNK 

can produce IR via serine phosphorylation of IRS-1 [49]. The 12%-SF mice also exhibited 

increased expression of the macrophage marker F4/80 and TLR-4. Based upon the results of 

this study, it seems that hepatic impairments in mitochondrial function, ER and oxidative 

stress, JNK activation and accumulation of macrophages precede the full progression into 

steatohepatitis. The finding that the consumption of the 6%-SF and 24%-SF diets resulted in 

elevated skeletal muscle MCP-1 and hepatic TNF-α gene expression, respectively, without 

any significant change in phosphorylated JNK, p38 MAPK and NFκB-p65 indicates that 

other signaling pathways are likely involved in influencing the expression of these markers. 

Of further interest is the observation that p38 MAPK activation was significantly up-

regulated in the heart of all HFD-fed mice with no apparent concomitant change in 

inflammation — save for a decrease in TNF-α gene expression in the 12%-SF-fed mice. 

Although p38 MAPK is classically known as a proinflammatory signaling protein, it has 

also been shown to play an important role in cardiac hypertrophy and dysfunction [50] — 

common side effects of HFD-induced obesity [51].

In our previous investigation, we reported that mice consuming the 12%-SF diet experienced 

the most severe IR, followed by the 6%-SF and 24%-SF diets, as assessed by the 

homeostasis model assessment index [15]. Past research indicates that HFD-induced IR is a 
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tissue-sensitive process, occurring first in the liver, followed by white adipose tissue and 

skeletal muscle, respectively [7,52,53]. Given this, we expected lower basal levels of hepatic 

p-Akt (Ser473) in addition to down-regulation of p-Akt (Ser473) in the adipose tissue of the 

HFD-fed mice. However, this was not the case — only adipose tissue concentration of p-Akt 

(Ser 473) was found to be significantly down-regulated, or trending to be, in the 12%-SF 

and 6%-SF mice, respectively. In addendum to hepatic p-Akt (Ser473), we also investigated 

hepatic Akt phosphorylation at Thr308 and the ratio between these two phosphorylated 

residues. Others have shown that ER stress can differentially regulate Akt activation at these 

two sites, and the ratio of these two residues can ultimately influence downstream substrate 

activity [54]. Yet, we did not see any difference in these outcomes between any of the 

groups. It should be noted that, although we did not see any basal changes in hepatic p-Akt, 

it does not mean that the HFD-fed mice did not exhibit hepatic IR. Others have shown, 

despite IR, basal levels of p-Akt in hepatic, adipose and/or skeletal muscle tissue to be 

similar between low-fat-diet-fed and HFD-fed mice; however, when stimulated by insulin, 

the low-fat-diet-fed mice exhibited a greater degree of Akt activation than the HFD-fed mice 

[55]. With this being said, it is intriguing to see reduced basal activation of Akt in the 

adipose tissue of the 6%-SF- and 12%-SF-fed mice without any changes in hepatic Akt 

activation for any of the treatment diets. These results provide evidence of the incomplete 

understanding of the factors that manipulate Akt activation in the settings of obesity and IR.

In general, it is evident that the hepatic and adipose tissue displayed a greater level of 

dysfunction than the skeletal muscle and heart, which seemed to be dependent on the diet 

consumed. Specifically, the 24%-SF diet failed to produce hepatic steatosis or down-

regulation of adipose tissue p-Akt, whereas consumption of the 6%-SF diet resulted in 

hepatic steatosis but did not induce characteristics of deregulatory processes similar to the 

12%-SF diet. An explanation for the observed similarities in basal levels of adipose tissue p-

Akt and hepatic lipid content between the 24%-SF diet and the control diets relative to the 

6%-SF and 12%-SF diets may be the increased medium-chain fatty acid (MCFA) content of 

the 24%-SF diet (12% vs. 4% and .1% of total calories as MCFAs for the 24%-SF, 12%-SF 

and 6%-SF diets, respectively). These variations exist as it was not possible for the 

composition of the SF in each of the HFDs to be consistent while utilizing various lipid-rich 

ingredients and simultaneously controlling for the omega-6:omega-3 and MUFA:PUFA 

ratios. Given their shorter chain length, MCFAs are much more efficiently oxidized than 

LCFAs [13,56,57]. Indeed, recently, it was shown that MCFAs dose-dependently prevent 

hepatic steatosis in a rat model of nonalcoholic fatty liver disease (NAFLD) [58]. Another 

plausible rationale for the lack of hepatic lipid accumulation produced by the 24%-SF diet 

compared to the 6%-SF and 12%-SF diets may be the lower MUFA content of the 24%-SF 

diet (11%, 19% and 23% of total calories from MUFAs in 24%-SF, 12%-SF and 6%-SF 

diets, respectively). It has been reported that MUFAs, when provided in significant amounts, 

promote SFA esterification into triglycerides [59,60]. Thus, the significantly lower content 

of MUFAs in the 24%-SF diet may have led to the partitioning of the LCSFAs into 

phospholipids or to serve as precursors for intracellular lipid intermediates such as 

diacylglycerols and ceramides. Integration of SFAs into phospholipids can stiffen the 

cellular membrane and negatively impact membrane-associated functions [12], while 

diacylglycerols and ceramides can function as secondary messengers within the cell and 
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have been linked to metabolic dysfunction [25]. This may explain why the 24%-SF diet, 

comprised of more LCSFAs — the FAs thought to be largely responsible for SF’s 

detrimental impact on cellular processes — than either the 12%-SF or 6%-SF diets (12.2% 

versus 8.4% and 5.9%, respectively), up-regulated hepatic BiP concentration and TNF-α 

gene expression. Even so, the ability to quickly metabolize the significant amount of 

MCFAs comprising the 24%-SF diet — thus minimizing their capacity to be stored, 

incorporated into phospholipids and/or serve as substrates for lipid intermediates — likely 

protected against hepatic lipotoxicity, thus minimizing hepatic perturbations.

It is important to point out that the MCFA argument may not be valid when explaining the 

similar degree of hepatic steatosis but distinct differences in hepatic dysfunction between the 

12%-SF and 6%-SF diets. It is likely that the MCFA caloric content of the diet would need 

to be higher to produce similar effects generated by the 24%-SF diet. Thus, a possible 

explanation for these outcomes may be due to the difference in absolute SFA content 

between the 6%-SF and 12%-SF diets (in particular, the differences in LCSFAs — 5.9% 

versus 8.4% of total calories for the 6%-SF and 12%-SF diets, respectively) coupled with 

the greater level of MUFAs in the 6%-SF versus the 12%-SF diets (23% versus 19% of total 

calories from MUFAs). These differences likely influenced the lipid composition of the 

cellular membrane and/or the hepatic FA depositions. In support of this, Wang et al., 

through the utilization of two HFDs, one composed largely of SFAs and the other composed 

primarily of PUFAs, showed that, despite a similar degree of hepatic steatosis, the SFA-

laden diet resulted in a greater concentration of hepatic SFA accumulation producing ER 

stress and apoptosis — two perturbations not induced by the PUFA-rich diet [61]. 

Interestingly, however, both HFDs elicited the same degree of hepatic mitochondrial 

dysfunction, independent of the SFA composition of the lipid deposition. Although 2.5% 

and 4% variations in LCSFA and MUFA content between the 6%-SF and 12%-SF diets, 

respectively, seem like modest differences, others have shown that supplementing an HFD 

with 2.5% of a given fat source leading to a minimal change in LCFA composition can 

greatly impact the development of NAFLD [62]. It is evident that the divergent findings 

reported in the study, as well as our previous investigation, suggest that not one species of 

FAs is responsible for the given outcomes, but rather an ensemble of variations in several 

classes of FAs.

In conclusion, this is the first study to examine the influence of three HFDs differing in the 

percentage of total calories from saturated fat (6%, 12%, 24%) but identical in total fat 

(40%) on a plethora of tissue-specific cellular processes underlying the obese condition. Our 

results suggest that high-fat feeding induces adipose tissue and liver perturbations prior to 

any significant initiation of cellular distress in the skeletal muscle and heart. Additionally, 

findings from this study paired with those from our previous study [15] show that the SFA 

composition of an HFD can greatly influence the processes responsible for obesity-related 

diseases, as well as provide further evidence that the mechanisms at the root of these 

diseases are diet and tissue sensitive. In the future, timeline and dietary manipulation studies 

should be employed to better understand the tissue-specific pathology of dysfunctional 

cellular processes and the influence that dietary manipulation has on these outcomes so that 

therapeutic modalities may be conceived to more efficiently combat the obesity epidemic.
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Abbreviations

4-HNE 4-hydroxy-2-nonenal

ATF6 activating transcription factor 6

BiP binding immunoglobulin protein

EIF2α eukaryotic initiation factor 2 alpha

FAs fatty acids

Fis1 fission 1

H&E hematoxylin and eosin

HFD high-fat diet

IRE1 inositol-requiring enzyme 1

IL-6 interleukin-6

IR insulin resistance

JNK c-Jun N-terminal kinase

LCFAs long-chain fatty acids

LCSFAs long-chain saturated fatty acids

MAPK mitogen-activated protein kinase

MCFAs medium-chain fatty acids

MCP-1 monocyte chemotactic protein-1

Mfn1 mitofusin 1

Mfn2 mitofusin 2

MUFA monounsaturated fatty acid

NAFLD nonalcoholic fatty liver disease

NFκB nuclear factor kappa-B

PERK protein kinase RNA-like endoplasmic reticulum kinase

PGC-1α peroxisome proliferator-activated receptor gamma coactivator 1-alpha

PUFA polyunsaturated fatty acid

SF saturated fat

SFAs saturated fatty acids

TLR toll-like receptor

TNF-α tumor necrosis factor-alpha
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USFAs unsaturated fatty acids

XBP-1s x-box binding protein 1 spliced
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Fig. 1. 
Ectopic lipid accumulation. Relative lipid accumulation (n=5–9/group) in (A) liver, 

gastrocnemius and heart and representative images of H&E and (B) oil red O staining of 

liver shot at a magnification of 10×. Diets not sharing a common letter differ significantly 

from one another (P≤.05).
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Fig. 2. 
Mitochondrial biogenesis. Relative mRNA expression (n=8–9/group) and representative 

Western blots (n=6–7/group) of PGC-1α in (A, B) adipose tissue, (C, D) liver, (E, F) 

skeletal muscle and (G, H) heart. Diets not sharing a common letter differ significantly from 

one another (P≤.05). Western blots presented as relative intensity of densitometry (IOD).
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Fig. 3. 
Oxidative capacity. Representative Western blots (n=6–7/group) of (A) Cox IV and 

cytochrome C and (B) relative citrate synthase activity per μg of protein (n=8–9/group) in 

adipose tissue, liver, skeletal muscle and heart as well as relative gene expression of Fis1, 

Mfn1, Mfn2, Fis1:Mfn1 and Fis1:Mfn2 in (C) adipose tissue and (D) liver. Diets not sharing 

a common letter differ significantly from one another (P≤.05). Western blots presented as 

relative IOD.
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Fig. 4. 
Oxidative stress. Representative Western blots of 4-HNE in (A) adipose tissue, (B) liver, (C) 

skeletal muscle and (D) heart (n=6–7/group). Diets not sharing a common letter differ 

significantly from one another (P≤.05). Western blots presented as relative IOD.
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Fig. 5. 
ER stress. Representative Western blots of BiP, p-EIF2α, ATF6-p50 and XBP-1s in (A) 

adipose tissue, (B) liver, (C) skeletal muscle and (D) heart (n=6–7/group). Diets not sharing 

a common letter differ significantly from one another (P≤.05). Western blots presented as 

relative IOD.
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Fig. 6. 
Inflammatory signaling. Representative Western blots of p-JNK, p-p38 MAPK and p-NFκB 

p65 in (A) liver, (B) skeletal muscle and (C) heart (n=6–7/group). Diets not sharing a 

common letter differ significantly from one another (P≤.05). Western blots presented as 

relative IOD.
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Fig. 7. 
Inflammation. Relative mRNA expression of TNF-α, IL-6, MCP-1, F4/80, TLR-4 and 

TLR-2 in (A) liver, (B) skeletal muscle and (C) heart (n=8–9/group). Diets not sharing a 

common letter differ significantly from one another (P≤.05).
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Fig. 8. 
Akt activation. Representative Western blots of p-Akt (Ser473) as well as p-Akt (Thr308) 

and p-Akt (Ser473)/p-Akt (Thr308) (liver only) in (A) adipose tissue, (B) liver, (C) skeletal 

muscle and (D) heart (n=6–7/group). Diets not sharing a common letter differ significantly 

from one another (P≤.05). Western blots presented as relative IOD.
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