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The purpose of this study was to compare the effects of short-term low-fat (LF) and high-fat (HF) 

diets on fed-state hepatic triacylglycerol (TAG) secretion, the content of proteins involved in TAG 

assembly and secretion, fatty acid oxidation (FAO), and the fatty acid profile of stored TAG. 

Using selectively bred obese-prone Sprague–Dawley rats, we directly measured fed-state hepatic 

TAG secretion, using Tyloxapol (a lipoprotein lipase inhibitor) and a standardized oral mixed 

meal (45% carbohydrate, 40% fat, 15% protein) bolus in animals fed a HF or LF diet for 2 weeks, 

after which the rats were maintained on their respective diet for 1 week (washout) prior to the liver 

being excised to measure protein content, FAO, and TAG fatty acid profiles. Hepatic DGAT-1 

protein expression was ~27% lower in HF- than in LF-fed animals (p < 0.05); the protein 

expression of all other molecules was similar in the 2 diets. The fed-state hepatic TAG secretion 

rate was ~39% lower (p < 0.05) in HF- (4.62 ± 0.18 mmol·h−1) than in LF- (7.60 ± 0.57 

mmol·h−1) fed animals. Hepatic TAG content was ~2-fold higher (p < 0.05) in HF- (1.07 ± 0.15 

nmol·g−1 tissue) than in LF- (0.50 ± 0.16 nmol·g−1 tissue) fed animals. In addition, the fatty acid 

profile of liver TAG in HF-fed animals closely resembled the diet, whereas in LF-fed animals, the 

fatty acid profile consisted of mostly de novo synthesized fatty acids. FAO was not altered by diet. 

LF and HF diets differentially alter fed-state hepatic TAG secretion, hepatic fatty acid profiles, 

and DGAT-1 protein expression.
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Introduction

Elevated postprandial triacylglycerol (TAG) concentrations are associated with an increased 

risk of cardiovascular disease (CVD) and death in humans (Nordestgaard et al. 2007). 

Experimental models suggest that excessive TAG concentrations are proatherogenic and 

contribute to CVD through direct and indirect mechanisms. Experimental studies have 

shown that excessive TAG concentrations directly contribute to CVD by interfering with the 

function of endothelial progenitor cells (Liu et al. 2009), inducing apoptosis in endothelial 

cells (Shin et al. 2004), increasing inflammation (Norata et al. 2007), and increasing 

circulating endothelial cell microparticles (increase endothelial cell dysfunction) (Ferreira et 

al. 2004). In addition, excessive TAG concentrations contribute indirectly to CVD by 

suppressing the protective effect of high-density-lipoprotein cholesterol (Patel et al. 2009). 

In the post-prandial period, the increase in TAG concentrations is attributed mostly to an 

increase in endogenous very-low-density lipoprotein TAG particles (Nakajima et al. 2011). 

Given that dietary interventions are often the first line of defense against CVD, it is 

important to examine the mechanisms that control postprandial endogenous TAG 

concentrations so that effective therapies can be identified.

Previous research in humans (Brons et al. 2009; Gardner et al. 2007; Harber et al. 2005; 

Mittendorfer and Sidossis 2001; Roberts et al. 2008) and rodents (Abumrad et al. 1978; 

Boivin and Deshaies 1995; Cahova et al. 2012), comparing the effects of short-term (2 days 

to 6 weeks) high-fat (HF) diets (40%–60% fat) and low fat (LF) diets (≤35% fat), has 

demonstrated that HF diets reduce fasting plasma TAG concentrations. These changes occur 
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during energy deficit, energy balance, and energy surplus conditions prior to the 

development of metabolic disease. The mechanism responsible for these paradoxic effects of 

diet composition on fasting plasma TAG concentrations is mediated by alterations in fasting 

hepatic TAG secretion. Short-term HF diets reduce fasting plasma TAG concentrations by 

reducing the hepatic TAG secretion rate in vivo and ex vivo (Boivin and Deshaies 1995; 

Cahova et al. 2012; Francone et al. 1992; Kalopissis et al. 1981; Oussadou et al. 1996), 

whereas LF diets high in simple sugars, particularly fructose, increase fasting plasma TAG 

by increasing hepatic TAG secretion in vivo (Cahova et al. 2012; Kazumi et al. 1986). 

Although these studies have established that HF diets, compared with LF diets, reduce 

fasting-state hepatic TAG secretion in vivo and ex vivo, it is not known if HF diets, 

compared with LF diets, reduce fed-state hepatic TAG secretion in vivo. Previous research 

has shown that acute feeding can alter hepatic TAG secretion. For example, in perfused rat 

livers from LF-fed rats, ex vivo hepatic TAG secretion was greater in fed than in fasted 

livers (Wilcox and Heimberg 1987). Given that no research has examined how LF and HF 

diets alter fed-state hepatic TAG secretion in vivo, more research is needed.

Liver TAGs can be synthesized by 1 of the 2 diacylglycerol acyltransferases (DGAT-1 and 

DGAT-2), which catalyze the esterification of diacylglyceride with long-chain acyl-CoA 

esters (Wurie et al. 2012). Although both enzymes catalyze the same reaction, they are 

nonredundant and act in sequence rather than in parallel. The DGAT-1 protein uses 

exogenous fatty acid in the re-esterification of diacylglycerol and monoacylglycerol 

generated during intracellular lipolysis (Wurie et al. 2012). In contrast, the DGAT-2 protein 

acts upstream of DGAT-1, using nascent diacylglyceride and de novo synthesized fatty acids 

as substrates (Wurie et al. 2012). Both enzymes can modulate hepatic TAG secretion. For 

instance, hepatic TAG secretion in mice is attenuated when DGAT-2 is knocked down, but 

not DGAT-1 (Liu et al. 2008), whereas overexpression of DGAT-1 (Liang et al. 2004; 

Yamazaki et al. 2005), but not DGAT-2 (Yamazaki et al. 2005), increases hepatic TAG 

secretion. Collectively, DGAT-1 and -2 can modulate hepatic TAG secretion. However, it is 

not known if LF and HF diets differentially alter the protein expression of hepatic DGAT-1 

or -2.

The liver secretes TAGs as part of very-low-density lipoprotein (VLDL)-TAG. It is not 

completely clear how VLDL-TAGs are assembled, but it has been proposed that the 

assembly of VLDL-TAGs occurs in 2 distinct steps (Olofsson et al. 2000). In step 1, the 

microsomal TAG transfer protein (MTP) cotranslationally lipidates apolipoprotein B (apoB) 

in the endoplasmic reticulum to form a pre-VLDL particle. This step is critical because the 

knockout of MTP in mice significantly reduces VLDL-TAG secretion (Raabe et al. 1999). 

In addition to MTP, the sortilin-1 protein is a critical regulator of VLDL-TAG secretion and 

is involved in trafficking the apoB protein toward the lipidation pathway (Ai et al. 2012). In 

step 2, TAGs are added to the pre-VLDL particle, ultimately forming mature VLDL-TAG 

particles for secretion. The effect of a short-term LF or HF diet on hepatic MTP, sortilin-1, 

and apoB-48 or −100 is not known.

Collectively, short-term HF diets, compared with LF diets, decrease fasting-state hepatic 

TAG secretion, but it is not clear if this occurs during the fed state in obese-prone Sprague–

Dawley rats. In addition, the effect that previous diet (HF vs. LF) has on the protein content 
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of key enzymes involved in TAG assembly and secretion in relation to hepatic TAG content, 

fatty acid oxidation (FAO), and the fatty acid profile of stored TAG in obese-prone Sprague-

Dawley rats is not known. Therefore, the purpose of this study was to examine how LF and 

HF diets alter fed-state hepatic TAG secretion, the protein expression of key enzymes 

involved in TAG assembly and secretion, FAO, and the fatty acid profile of stored TAG in 

obese-prone Sprague–Dawley rats.

Materials and methods

Animals and study design

The Institutional Animal Care and Use Committee at the University of Missouri–Columbia 

and the Subcommittee for Animal Safety at the Harry S. Truman Memorial VA Hospital 

approved this animal protocol. Fourteen obese-prone Sprague–Dawley rats from the stock 

originally created by Dr. Barry Levin (Levin et al. 1997) were purchased from Taconic 

Farms, Inc. (Hudson, N.Y., USA) when they were 4–5 weeks of age. They were housed in 

pairs in a temperature- and light-controlled room (12-h light/12-h dark cycle), and had 

access to standard rodent chow and water ad libitum 24 h a day. At 8–9 weeks of age, the 

rats were randomized into 1 of 2 diets: a LF diet (energy as 10% fat, 70% carbohydrate 

(17% fructose), and 20% protein; D12450B, Research Diets, Inc.); or a HF diet (60% fat, 

20% carbohydrate (3% fructose), and 20% protein; D12492, Research Diets, Inc.). After 2 

weeks on the LF or HF diet, fed-state hepatic TAG secretion was assessed following a 

mixed meal oral gavage bolus in vivo. After a 1-week washout period, the rats were 

sacrificed and livers were excised for the measurement of FAO and key proteins involved in 

TAG assembly and VLDL-TAG secretion. Thus, the animals were on their diet for a total of 

3 weeks. Rats were anesthetized (pentobarbital 75 mg·kg−1) and sacrificed by cardiac 

puncture.

Feeding, food consumption, and body weight

The rats were given ad libitum access to food and water during the acclimation period and 

during the first week of the experiment. During the second and third weeks of the 

experiment, the rats were given ad libitum access to food only between 0800 and 2100 h. 

The food was pulled and the rats were fasted between 2100 and 0800 h to get the rats 

accustomed to the TAG secretion protocol (described below). During the first 4 days of this 

feeding regimen, daily food intake decreased, but by the fifth day, the rats became 

acclimated to the feeding regimen and consumed the same amount of food daily as they did 

when given ad libitum access to food 24 h per day. Access to water was provided 24 h a day 

ad libitum throughout the experiment.

Hepatic TAG secretion protocol

After 2 weeks on the HF or LF diet and a 10 h overnight fast, the rats were intravenously 

injected with 500 mg·kg−1 of the nonionic detergent Tyloxapol, over a 1.0–1.5 min period, 

in a tail vein. Tyloxapol is a known lipoprotein lipase inhibitor and allowed us to directly 

assess hepatic TAG secretion after each diet. Thirty minutes after the Tyloxapol injection, 

the rats were orally gavaged with a liquid meal (described below). Tail vein blood samples 

were taken at baseline prior to Tyloxapol injection and every hour after the oral gavage for 4 
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h to assess hepatic TAG secretion. The Tyloxapol injection resulted in a linear increase in 

serum TAG; the TAG secretion rate was calculated as the slope of the linear increase in 

TAG (mmol·h−1). The volume of blood obtained did not allow for the separation of 

endogenous and exogenous TAG with density gradient ultracentrifugation. However, it is 

assumed that exogenous TAG secretion is similar in the 2 diets because all of the rats 

received the same amount of exogenous fat in the mixed meal bolus (instead of per body 

mass). Thus, it is assumed that any differences in TAG secretion observed are because of 

differences in endogenous hepatic TAG secretion.

Liquid mixed meal

The oral gavage mixed meal was 20 calories, made up of 40% fat, 45% carbohydrate 

(13.75% fructose, 11.25% glucose, 20.00% maltodextrin), and 15% protein, so that it 

reflected a typical western diet meal. The meal was made by mixing heavy whipping cream 

(Wal-Mart Stores, Inc., Bentonville, Ark., USA), fructose (NOW Foods, Bloomingdale, Ill., 

USA), glucose (NOW Foods), maltodextrin (NOW Foods), and unflavored whey protein 

isolate (The Isopure Company, LLC, Hauppauge, N.Y., USA) into a 8–10 mL water 

solution. This was put into a 10 mL syringe for the oral gavage meal. We gave all rats the 

same standardized mixed meal, instead of adjusting the meal size to body size, for the 

reasons described above.

Blood and tissue collection, homogenization, and FAO

After anesthetizing the rats, ~6–8 mL of blood was taken from the left ventricle of the heart, 

added to serum or EDTA tubes, separated by centrifugation (6 min, 8000g, 4 °C), and stored 

at −80 °C until analysis. The liver homogenization and FAO techniques were performed as 

described elsewhere (Rector et al. 2008). Liver tissue for FAO (~50–100 mg) was 

homogenized and kept on ice until oxidation experiments, which were conducted later the 

same day. Radiolabeled [1-14C] palmitate (American Radiochemicals) was used to measure 

FAO in fresh liver homogenate. Liver tissue for Western blots and liver TAG were quickly 

removed from anesthetized rats, flash frozen in liquid nitrogen, and then stored at −80 °C 

until analysis. Retroperitoneal, mesenteric, and epididymal fat pads were carefully removed, 

weighed, and flash frozen in liquid nitrogen.

Serum TAG, free fatty acid, and insulin

Serum TAG concentrations were determined using a commercially available colorimetric 

assay kit (Infinity, Fisher Diagnostics, Middletown, Va., USA). Serum total free fatty acid 

concentrations were measured with an enzymatic colorimetric assay (Wako Chemicals USA, 

Inc. Richmond, Va., USA). Serum insulin was determined with an ELISA kit (Comparative 

Clinical Pathology Services, LLC, Columbia, Mo., USA).

Intrahepatic TAG concentrations and the fatty acid profile of hepatic TAG

Intrahepatic TAG concentrations were determined using a commercially available kit 

(Sigma, F6428), as described elsewhere (Rector et al. 2008). Hepatic fatty acid profiles were 

determined using a modified version of the chloroform–methanol technique described by 

Folch et al. (1957). Briefly, liver tissue was homogenized in ice-cold Trizma and EDTA 

Heden et al. Page 5

Appl Physiol Nutr Metab. Author manuscript; available in PMC 2016 January 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



buffer (50 mmol·L−1 Tris and 1 mmol·L−1 EDTA; pH 7.4), and lipids were extracted in 

chloroform, methanol, and acetic acid (2:1:0.015). Extracted lipids were then run on a thin-

layer chromatography silica plate (Sigma Chemical Co., St. Louis, Mo., USA) in a tank 

containing hexane, diethyl ether, and acetic acid (70:30:1). The chemical 2,7-

dichlorofluorscein was used to visualize the individual lipid species on the thin-layer 

chromatography plate. Triglyceride fractions were scraped from the thin-layer 

chromatography plate, methylated by incubation with toluene 0.5 mol·L−1 and sodium 

methoxide (methanol) (1:2) for 1 min, and then separated in isooctane. Fatty acid methyl 

esters were analyzed with gas chromatography (Agilent Technologies, Wilmington, Del., 

USA).

Western blot analysis

Liver samples were homogenized using lysis buffer, and Western blot-ready Laemmli 

samples were created from liver tissue lysates. Samples were separated with SDS–PAGE, 

transferred to a polyvinyl difluoride membrane, and probed with primary antibodies. Protein 

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

and protein loading was corrected with 0.1% amido-black (Sigma) staining to determine 

total protein, as described elsewhere (Rector et al. 2008). The DGAT-1 antibody was 

purchased from Sigma–Aldrich Co. LLC (St. Louis, Mo., USA). The DGAT-2, sortilin-1, 

and apoB antibodies were purchased from Abcam (Cambridge, Mass., USA). The MTP 

antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, Calif., USA).

Statistics

The SPSS statistical software, version 20 (IBM Corporation, Armonk, N.Y., USA), was 

used to conduct an independent sample t test for each outcome measure. Values are reported 

as means ± standard error, and significance was set at p ≤ 0.05. Feeding efficiency was 

calculated by dividing body weight gain (g) by calories of food consumed. Daily fatty acid 

intake was calculated by multiplying daily fat consumption by the fatty acid content (%) of 

the diet.

Results

Animal characteristics and diet

The animal characteristics are listed in Table 1. Body weight at baseline, 2 weeks, and 3 

weeks was 17%, 20%, and 12% greater, respectively, in the HF-fed animals than in the LF-

fed animals (p < 0.05). Although daily food intake was similar in the 2 groups, the higher 

energy density of the HF diet resulted in increased daily caloric intake and feeding 

efficiency (32% and 27%, respectively) in HF-fed animals than in LF-fed animals (p < 0.05) 

during the first 2 weeks of the diet. Fasting serum glucose, lactate, and total free fatty acid 

concentrations were not different in the 2 groups (p > 0.05), but there was a trend (p = 

0.095) for insulin to be lower in the HF group. Table 2 lists the average fatty acid content of 

each diet and the average fatty acid intake per day.
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Adiposity and hepatic TAG content

The increased adiposity of obesity is associated with a greater prevalence of liver TAG 

accumulation, and both pathophysiologies are associated with increased fasting hepatic TAG 

secretion in humans and rodents. To assess changes in adiposity and liver TAG 

accumulation, we measured fat pad weight/body weight ratios and intrahepatic TAG content 

(Fig. 1). The short-term HF diet increased adiposity; the retroperitoneal and epididymal fat 

pad weight/body weight ratios were 25% and 31% greater, respectively, in the HF group 

than in the LF group (p < 0.05). Also, the mesenteric fat pad/body weight ratio tended to be 

higher in HF-fed animals (p = 0.15). Further, the short-term HF diet resulted in a greater 

than 2-fold increase in intrahepatic TAG accumulation, compared with the LF diet. As in 

previous research, these data demonstrate that short-term HF feeding is sufficient to produce 

increased adiposity and steatosis in obese-prone male Sprague–Dawley rats (Jackman et al. 

2010; Levin et al. 1997).

Fatty acid profile of hepatic TAG

The fatty acid profile of liver TAG is listed in Table 3. The concentration of every fatty acid 

in liver TAG was significantly different in the LF- and HF-diet groups (p < 0.05). In 

particular, the specific fatty acid that was most affected by HF feeding was linoleic acid 

(18:2n-6), which was ~3.5-fold greater in the HF- than in the LF-diet group. Also largely 

affected by HF feeding were palmitoleic acid (16:1) and oleic acid (18:1n9), which were 

~94% and 31% lower, respectively, in the HF group.

Fasting TAG and the fed-state hepatic TAG secretion rate

Fasting TAG concentrations and the fed-state hepatic TAG secretion rate are presented in 

Fig. 2. To assess the effect of a short-term HF diet on steady-state serum TAG 

concentrations, we assessed serum TAG concentrations after an 11 h fast. The HF-diet group 

had 54% lower fasting serum TAG concentrations than the LF-diet group (p < 0.05). 

Increased plasma insulin and reduced lipolysis reduces free fatty acid availability to the 

liver, thus lowering hepatic TAG secretion in insulin-sensitive animals (Rennie et al. 2000; 

Zammit et al. 1999). This proposed effect of insulin is complicated by the observed increase 

in TAG secretion after acute fructose exposure to the liver (Mayes 1993). For the first time, 

we directly assessed fed-state hepatic TAG secretion (mmol·h−1) in rats orally gavaged with 

a standardized liquid mixed meal after a Tyloxapol injection. The short-term HF diet 

resulted in a 39% decrease in the fed-state hepatic TAG secretion rate over the 4 h test, 

compared with the LF diet. Serum TAG measured 1, 2, 3, and 4 h after Tyloxapol injection 

were 42%, 44%, 41%, and 40%, respectively, lower in the HF- than in the LF-diet group (p 

< 0.05). Thus, both fasted and fed-state TAG secretion is lowered by a short-term HF diet.

Hepatic fatty acid oxidation

It is possible that alterations in hepatic TAG secretion are mediated by alterations in hepatic 

FAO through changes in the liver lipid available for packaging as VLDL-TAG. Measures of 

hepatic complete FAO to CO2, incomplete FAO (acid soluble metabolites), and total FAO 

(complete + incomplete FAO) are presented in Fig. 3. The short-term HF diet did not result 

in differences in any liver FAO measures, compared with the LF diet.
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Protein expression

Liver TAGs are synthesized by 1 of the 2 DGAT proteins, and can then either be stored as 

liver TAG or packaged into a VLDL-TAG particle for secretion; thus, the DGAT proteins 

play an important role in hepatic TAG secretion. Average DGAT-1 protein expression was 

~27% lower in HF- than in LF-fed animals (p < 0.05) (Fig. 4), whereas DGAT-2 protein 

expression was not altered by diet composition. In addition to the DGAT proteins, hepatic 

MTP, sortilin-1, and apoB proteins play important roles in the packaging and secretion of 

hepatic TAG. However, the protein expression of apoB-100, apoB-48, MTP, and sortilin-1 

were not altered by diet composition; thus, only representative blots are shown (p > 0.05) 

(Fig. 4).

Discussion

Abnormally elevated postprandial TAG concentrations, particularly those of endogenous 

origin, are a major risk factor for the development of CVD (Adiels et al. 2008; Nordestgaard 

et al. 2007). Dietary intervention is often the first line of defense against CVD, so it is 

important to understand how diet can affect postprandial endogenous TAG concentrations. It 

has been established that the composition and duration of dietary interventions can have a 

profound impact on the rate of hepatic TAG secretion during the fasted state (Abumrad et al. 

1978; Boivin and Deshaies 1995; Brons et al. 2009; Cahova et al. 2012; Gardner et al. 2007; 

Harber et al. 2005; Mittendorfer and Sidossis 2001; Roberts et al. 2008), but the effects of 

diet composition on fed-state hepatic TAG secretion is less clear. Thus, the aim of this study 

was to examine how LF and HF diets alter fed-state hepatic TAG secretion, the protein 

expression of key enzymes involved in TAG assembly and secretion, FAO, and the fatty 

acid profile of stored TAG in an animal model of obesity (Levin et al. 1997). The main 

finding of this study is that a short-term HF diet, compared with a LF diet, increases 

adiposity and hepatic TAG accumulation while simultaneously reducing in vivo hepatic 

TAG secretion, both during fasting and after a meal delivered by oral gavage. These changes 

were associated with reduced DGAT-1 protein expression, a critical enzyme in TAG 

formation. Neither the short-term LF diet nor the HF diet had an impact on hepatic MTP, 

sortilin-1, or apoB-48 or −100 protein content. In addition, the short-term LF and HF diets 

did not alter hepatic FAO, but resulted in a differential fatty acid profile of liver TAG.

The liver is the only organ that synthesizes and secretes TAG of endogenous origin and, 

thus, is the primary regulator of blood TAG concentrations. The liver has a remarkable 

ability to adapt its rate of TAG secretion to diet composition. This is the first study to assess 

how diet composition alters in vivo fed-state hepatic TAG secretion. Our data show that a 

HF diet, compared with a LF diet, reduces the fed-state TAG secretion rate by 39%, even 

when the same mixed meal is ingested. This finding expands on previous research that has 

shown that HF diets reduce the hepatic TAG secretion rate in fasted animals in vivo and ex 

vivo (Boivin and Deshaies 1995; Cahova et al. 2012; Francone et al. 1992; Kalopissis et al. 

1981; Oussadou et al. 1996). The effect of HF feeding on hepatic TAG secretion might be 

mediated by altered partitioning of hepatic fatty acid away from VLDL-TAG synthesis and 

secretion, toward catabolic disposal through FAO. Early work in this area supports this 

hypothesis. In primary hepatocytes (from rats fed a 60% HF diet), HF feeding inhibited 
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VLDL-TAG secretion by partitioning fatty acid away from lipogenesis and TAG synthesis 

and secretion, and toward FAO (Francone et al. 1992; Oussadou et al. 1996). However, we 

did not find any significant differences in FAO between diets. In agreement with our 

findings, Cahova et al. (2012) demonstrated that HF feeding, compared with standard rodent 

chow (low in fat), did not significantly alter FAO in the fasted or fed state, although a high-

sucrose diet (70% sucrose), compared with standard rodent chow, significantly reduced 

FAO in both the fasted and fed state. The discrepancy in the effect of HF feeding on hepatic 

FAO between studies could be due to differences in animal models, diets, and 

methodologies. For instance, we used obese-prone Sprague–Dawley rats and Cahova et al. 

(2012) used male hereditary hypertriglyceridemic rats, and both studies found no difference 

in FAO between HF and LF diets or standard chow diets. However, other investigators used 

Zucker or Wistar rats and reported that a HF diet increased FAO, compared with a LF diet 

(Francone et al. 1992; Oussadou et al. 1996). Further, we and others (Cahova et al. 2012) 

utilized radiolabeled [1-14C] palmitate to assess FAO, whereas previous work utilized 

radiolabeled [1-14C] oleate (Francone et al. 1992; Oussadou et al. 1996) and different 

procedures to assess FAO. It is possible that HF feeding increases oleate oxidation without 

altering palmitate oxidation. This observation warrants further investigation.

For the first time, our data demonstrate that short-term LF and HF diets differentially alter 

DGAT-1 protein expression without altering DGAT-2, MTP, sortilin-1, or apoB-48 or -100 

protein expression, and this was associated with reduced fed-state hepatic TAG secretion. 

Previous research has shown that complete knockout of the DGAT-1 protein in the liver of 

mice has no effect on hepatic TAG secretion (Liu et al. 2008), suggesting that lower hepatic 

DGAT-1 protein expression in HF-fed animals does not contribute to the decrease in hepatic 

TAG secretion. Instead, we hypothesize that reduced DGAT-1 protein expression might be a 

response to, rather than a cause of, lower hepatic TAG secretion. Given that the hepatic 

TAG secretion rate was lower and hepatic TAGs were ~2-fold higher, the need for the 

machinery (DGAT-1) to maintain the hepatic TAG pool was reduced, which could be fed 

back and result in a decrease in DGAT-1 protein expression to prevent excessive buildup of 

hepatic TAG. This hypothesis is corroborated by previous research in mice that 

demonstrated that hepatic DGAT-1 deficiency resulted in the protection of HF-diet-induced 

hepatic steatosis (Villanueva et al. 2009). There is some evidence that over-expression of 

DGAT-1 increases VLDL secretion (Liang et al. 2004; Yamazaki et al. 2005). Thus, in our 

study, it is possible that the greater DGAT-1 protein expression in LF-fed animals, 

compared with HF-fed animals, helped contribute to the greater hepatic TAG secretion rate. 

We hypothesize that the biologic reason for this phenomenon can be explained by the fact 

that the main component of newly secreted VLDL is TAG, and given that TAG secretion 

was higher in LF-fed animals, increased DGAT-1 protein expression might be necessary to 

maintain the intra-luminal endoplasmic reticular TAG pool that is used for the lipidation of 

nascent VLDL, which would allow the TAG secretion rate to remain high.

It has been hypothesized that the reduction in hepatic TAG secretion in HF-fed animals is 

not a result of the increase in exogenous fat intake, but rather a result of reduced exogenous 

carbohydrate intake (Oussadou et al. 1996). Numerous studies have shown that high-

carbohydrate diets that contain the simple sugars glucose and fructose can markedly increase 

hepatic TAG secretion (Boivin and Deshaies 1995; Cahova et al. 2012; Kazumi et al. 1986; 
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Mayes 1993; Mittendorfer and Sidossis 2001; Parks et al. 2008; Roberts et al. 2008), and 

that this is associated with increased de novo lipogenesis (Faeh et al. 2005; Mayes 1993). 

These data suggest that hepatic TAG secretion is dependent on an increase in de novo 

lipogenesis. In further support of this hypothesis, knocking down enzymes involved in 

hepatic de novo lipogenesis, including DGAT-2 (Liu et al. 2008) and stearoyl-CoA 

desaturase-1 (SCD-1) (Miyazaki et al. 2007), significantly reduces hepatic TAG secretion. 

Thus, it is probable that it was really the lowering of carbohydrate intake during the HF diet, 

rather than the increase in exogenous fatty acids entering the system, that had the most direct 

impact on modulating fed-state hepatic TAG secretion in our study.

The dietary fatty acid composition of the HF diet (oleic acid > linoleic acid > palmitic acid) 

closely matched the fatty acid profile of liver TAG (linoleic acid > oleic acid > palmitic 

acid); this has been documented before (Ciapaite et al. 2011). This close coupling of dietary 

fatty acid intake with fatty acids stored in liver TAG possibly occurred because dietary fatty 

acid delivery to the liver exceeded exogenous fatty acid oxidative and secretory capacity, 

resulting in accumulation of dietary fatty acid in liver TAG. In particular, daily linoleic acid 

(18:2n-6) ingestion was ~4-fold higher in HF-fed animals than in LF-fed animals, and this 

was accompanied by a ~3.5-fold higher accumulation of linoleic acid in the hepatic TAG of 

these animals. In contrast, in the LF diet, dietary fatty acid composition (linoleic acid > oleic 

acid > palmitic acid) did not match the fatty acid profile of liver TAG (oleic acid > palmitic 

acid > palmitoleic acid); this has also been documented before (Ciapaite et al. 2011). This 

difference likely occurred because the fat in the diet is low; thus, most liver TAG was 

probably derived from de novo synthesis. In our study, oleic acid (18:1n-9) constituted the 

greatest percentage of fatty acids in the liver TAG of LF-fed animals, because this fatty acid, 

along with palmitoleic acid (16:1), is the major end product of SCD-1-catalyzed hepatic de 

novo lipogenesis (Miyazaki et al. 2001). It is possible that the greater incorporation of de 

novo synthesized oleic or palmitoleic acid in the liver TAG of LF fed animals in our study 

allowed the greater hepatic TAG secretion induced by LF feeding. This hypothesis is 

supported by previous research that demonstrated that the knockout of SCD-1 in mouse liver 

results in lower oleic and palmitoleic acid in the liver TAG of LF-fed animals (Miyazaki et 

al. 2001). This was accompanied by a reduction in plasma TAG levels, presumably because 

of reduced hepatic TAG secretion (Miyazaki et al. 2001). In addition, when cultured with 

exogenous oleate, McA-RH7777 cells (Dolinsky et al. 2004; Sundaram et al. 2010; Tran et 

al. 2002, 2006; Wang et al. 1997) and Hep G2 cells (Arrol et al. 2000) secrete many more 

TAG-rich VLDL particles than cultures with no oleate or other fatty acids.

Dietary recommendations for adults often suggest diets lower in fat and higher in grains, 

vegetables, and fruits (carbohydrates) to optimize health. However, our data show that LF 

and HF diets have pros and cons. For example, although the LF diet did not promote as 

much weight gain, it resulted in hypertriglyceridemia, whereas the HF diet dramatically 

reduced TAG concentrations, but at the cost of hepatic steatosis. Given that both of these 

diets were at the extremes, perhaps a more balanced diet, with the fat and carbohydrate 

content somewhere in between the 2 diets we studied, would be more suitable for reducing 

metabolic disease risk.
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In conclusion, our data show for the first time that a short-term HF diet, compared with a 

short-term LF diet, reduces fed-state hepatic TAG secretion and DGAT-1 protein expression 

in obese-prone Sprague–Dawley rats.
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Fig. 1. 
Adiposity and hepatic triacylglycerol (TAG) content.

(A) Retroperitoneal (RP) fat pad weight/body weight ratio. (B) Mesenteric fat pad weight/

body weight ratio. (C) Epididymal (Epi) fat pad weight/body weight ratio. (D) Liver TAG. 

HF, high fat; LF, low fat. *, p < 0.05 vs. LF-diet group.
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Fig. 2. 
Fasting triacylglycerol (TAG) and the fed-state hepatic TAG secretion rate. (A) Fasting 

serum TAG concentrations. (B) TAG secretion rate. (C) Time course of TAG during 

Tyloxapol experiment. HF, high fat; LF, low fat. *, p < 0.05 vs. LF-diet group.
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Fig. 3. 
Complete (A), incomplete (B), and total (C) hepatic fatty acid oxidation (FAO). HF, high 

fat; LF, low fat.
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Fig. 4. 
Western blot protein expression. (A) Diacylglycerol acyltransferase-1 (DGAT-1) protein 

expression. (B) Protein expression of key proteins involved in hepatic triacylglycerol 

synthesis and secretion. HF, high fat; LF, low fat. *, p < 0.05 vs. LF-diet group.
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Table 1

Animal characteristics.

Characteristic Low-fat diet High-fat diet p

Body weight at baseline (g) 324±10 379±9 0.001

Body weight at 2 wk (g) 383±13 461±7 <0.001

Final body weight at 3 wk (g) 413±13 464±10 0.010

Daily food intake (g) 23.9±1.0 22.9±0.7 0.453

Daily caloric intake (calories) 92.0±3.9 120.2±3.8 <0.001

Feeding efficiency 0.050±0.004 0.064±0.004 0.050

Fasting serum glucose (mmol·L−1) 9.2±0.3 8.4±0.4 0.151

Fasting serum insulin (ng·mL−1) 6.1±0.6 4.5±0.6 0.095

Fasting serum free fatty acid (mEq·L−1) 0.25±0.04 0.27±0.05 0.711

Fasting serum lactate (mmol·L−1) 3.4±0.7 2.3±0.2 0.161

Note: Values are means ± standard error. Feeding efficiency = body weight gain (g)/calories of food consumed.
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Table 2

Dietary fatty acid composition and fatty acid intake.

Fatty acid

Fatty acid content (%) Fatty acid intake (g·d−1)

Low-fat diet High-fat diet Low-fat diet High-fat diet

C 14:0 0.5 1.1 0.01±0.0 0.16±0.01*

C 16:0 14.9 19.8 0.34±0.03 2.81±0.15*

C 16:1 0.7 1.3 0.02±0.0 0.19±0.01*

C 18:0 7.1 10.6 0.16±0.01 1.51±0.08*

C 18:1n-9 28.9 34.3 0.67±0.06 4.88±0.26*

C 18:2n-6 42 28.9 0.97±0.08 4.12±0.22*

C 18:3n-3 5 2.1 0.12±0.01 0.29±0.02*

20:1 0.2 0.6 0.01±0.0 0.08±0.0*

20:2n-6 0.5 0.8 0.01±0.0 0.11±0.01*

20:3n-6 0 0.1 0±0.0 0.02±0.0*

20:4n-6 0.2 0.3 0.01±0.0 0.04±0.0*

22:5n-3 0 0.1 0±0.0 0.01±0.0*

Note: Values are means ± standard error; n = 4 per group. Fatty acid content in the diet is expressed in % (w/w). Fatty acids not listed were not 
detected in the diet.

*
p < 0.01 vs. low-fat-diet group.
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Table 3

Fatty acid profile in liver triacylglycerol (%).

Fatty acid Low-fat diet High-fat diet p

14:0 0.7±0.1 0.2±0.0 0.001

14:1 0.1±0.0 0.0±0.0 0.005

16:0 29.3±1.2 25.0±0.3 0.013

16:1 10.7±1.0 0.6±0.1 <0.001

18:0 1.6±0.1 3.7±0.1 <0.001

18:1n-9 39.7±0.9 27.4±0.7 <0.001

18:1n-7 7.4±0.3 1.8±0.0 <0.001

18:2n-6 9.4±1.4 33.7±0.2 <0.001

20:4n-6 0.5±0.1 3.9±0.7 0.021

22:4n-6 0.2±0.0 1.3±0.2 0.003

22:5n-3 0.4±0.1 2.4±0.3 0.002

Total 100.0 100.0

Note: Values are means ± standard error; n = 4 per group. Fatty acids not listed were not detected in the liver.
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